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Abstract Seasonal variations in the transports of total alkalinity (TAlk) and dissolved inorganic carbon
(DIC) from the Lower Changjiang (Yangtze) River/Estuary to the East China Sea were investigated based
on a series of field surveys in 2015-2017, including monthly samplings at Datong Station and seasonal
mapping cruises in the Changjiang Estuary and the adjacent northwestern East China Sea. In comparison
with historical data sets, the Changjiang TAlk flux varied around a nearly stable average over the past 55
years. This is much different from some American rivers, where TAlk export fluxes increased for a century
long. To assess effects of riverine carbonate inputs on coastal carbonate chemistry, we compared several cases
showing freshwater-dilution-induced decline in coastal aragonite saturation state (Qarag), including
rainwater dilution and riverine water dilution. Without riverine carbonate inputs, the effect of a unit of
salinity decrease (due to rainwater dilution) on Q,,; Was expected to be counteracted by a DIC removal of 10
umol/kg relative to the baseline value along relevant conservative mixing line, when coastal Q,,, Was close
to a critical value of 1.5. Considering terrestrial carbonate inputs from Changjiang, however, the freshwater-
dilution-induced coastal Q,,s suppression decreased by 12%. Our data also showed that more than 10% of
wet-season DIC flux discharged from the Changjiang Estuary was sequestered by biological activities in
nearshore areas, while the TAlk flux was rarely affected. This biological alteration effectively transformed the
terrestrial carbonate system from a feature of DIC:TAlk >1.0 to the usual seawater feature of DIC:TAlk <0.9.

Plain Language Summary Changjiang (Yangtze River) serves as the second largest carbonate
contributor to the ocean among the world large rivers. We examined riverine/estuarine transport fluxes of
total alkalinity (TAlk) and dissolved inorganic carbon (DIC) in the continuum from the Lower Changjiang
to its estuary and to the adjacent northwestern East China Sea. In comparison with historical data, the
Changjiang TAIk flux varied around a nearly stable average over the past 55 years, which was much different
from the American case of century-long TAlk increase in some rivers. We also assessed effects of riverine
carbonate inputs on the coastal carbonate chemistry. Results suggest that terrestrial carbonate inputs
decreased the freshwater-dilution-induced carbonate mineral suppression in coastal zones. Based on field
data, we estimated that more than 10% of wet-season DIC flux discharged from the Changjiang Estuary was
sequestered by biological activities in nearshore areas, while the TAlk flux was rarely affected. We explained
how biological drawdown of riverine DIC transformed the terrestrial feature of DIC:TAIk ratio higher than
1.0 to the usual seawater feature of DIC:TAlk ratio less than 0.9, supporting Alfred C. Redfield's argument on
“the influence of organisms on the composition of seawater” in the 1960s or earlier.

1. Introduction

Rivers and estuaries connect terrestrial and oceanic carbon reservoirs, discharging a dissolved inorganic car-
bon (DIC) flux of 0.4x10"° g/year to the ocean (Bauer et al., 2013; Meybeck, 1993; Prentice et al., 2001). In
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many temperate and subtropical rivers, such as the American Mississippi (Dagg et al., 2005; Guo et al., 2012),
Delaware River (Joesoef et al., 2017), European Tagus River (Oliveira et al., 2017), and Asian Pearl River,
China (Guo et al., 2008), the DIC is mostly composed of HCO; ™ ion, which is the major chemical production
of carbonate and silicate weathering. The HCO;™ ion concentration also dominates total alkalinity (TAIk).
The latter is defined as the sum of [HCO; ], 2[CO5*7], [B(OH), ], [OH ] and all other weak bases in water
that can accept H* ions when titrated to the carbonic acid endpoint (Dickson, 1992). These DIC and TAlk
fluxes affect coastal carbonate dynamics, with particularly acute influences on carbonate saturation states
(Q, which is defined as [Ca®*] x [CO5>7] Ksp*, where Ksp* is the apparent solubility product for either calcite
or aragonite, the two major mineral forms of CaCO3) that is necessary for growths of shellfishes and many
other calcifiers (Hu et al., 2017; Jiang et al., 2010; Salisbury et al., 2008).

To measure terrestrial inorganic carbon or TAlk in the ocean, DIC or TAlk values are usually assumed to be
linearly related to salinity, i.e. considering water dilution only (Friis et al., 2003; Fry et al., 2015; Zhai, Chen,
et al., 2014). However, precipitation and evaporation in open oceans also affect DIC and TAIk in proportion
with salinity. This makes it difficult to differentiate the terrestrial DIC and TAIk in a coastal setting from
the salinity-based mixing with marine sources. Therefore, neither salinity normalized DIC nor salinity normal-
ized TAlk is a qualified single parameter for identifying terrestrial signals from seawater DIC and TAlk values.

Open oceans typically have DIC:TAlk ratios of <0.9 (e.g., Takahashi et al., 2014; Wang, Wanninkhof, et al.,
2013; Zhai & Zhao, 2016), strikingly different from the riverine carbonate system. The latter is usually char-
acterized by a DIC:TAlk ratio of slightly higher than or nearly equal to 1. Even in tropical rivers such as the
Amazon and Congo Rivers, DIC:TAIk ratios are as high as 1.5-3, since these river waters contain high con-
centrations of free CO, (Aufdenkampe et al., 2011; Kortzinger, 2003; Wang, Bienvenu, et al., 2013). We con-
tend that the DIC:TAIk ratio is a better geochemical indicator than the salinity normalized TAlk (also better
than the salinity normalized DIC) to distinguish between terrestrial carbonate system and oceanic carbonate
system. So far, it remains unclear how the terrestrial carbonate system is transformed into the seawater car-
bonate system in coastal oceans. To better understand the fate of riverine DIC in estuaries and coastal zones,
more regional studies are needed, especially in large-river estuaries such as the Changjiang Estuary.

In addition, recent evidence suggests that humans have altered inorganic carbon fluxes in some river-estuary
continuums (e.g., Cai et al., 2008; Raymond & Cole, 2003; Regnier et al., 2013). The Mississippi and some
other American rivers increased their bicarbonate (HCO; ™) export fluxes by ~70% in the twentieth century,
mainly owing to mining and land use changes causing an anthropogenic enhancement of chemical weath-
ering (Kaushal et al., 2013; Raymond et al., 2008). In the Mississippi basin, for example, ~20 g CaCOs - m~2
cropland - year™" was introduced to neutralize acidic soil (Oh & Raymond, 2006; West & McBride, 2005).
This large-scale agricultural practice of liming undoubtedly increases the riverine transport flux of TAlk.
However, Asian rivers behave differently from the American rivers. For example, the lower Yellow River
showed simultaneous declines in water discharge and material fluxes in the past 50 years (Wang, Yang,
et al., 2006; Wang et al., 2010). In Changjiang (Yangtze River), the Three Gorges Dam started its first filling
stage during June 2003 to May 2006 at ~2,000 km upstream from the river mouth of Changjiang. Although
the decline in transport flux of suspended particle matters in Changjiang has been well documented in lit-
eratures (e.g., Dai et al., 2011; Zhao et al., 2015), the possible disturbance of the Three Gorges Dam to
Changjiang DIC discharge is still unstudied.

Moreover, the ocean acidification problem in response to increasing atmospheric CO, (Caldeira & Wickett,
2003; Doney et al., 2009; Orr et al., 2005) strikes at biotopes of many coastal oceans. Owing to the combined
effect of the atmospheric CO, invasion and some local oceanographic processes, the coastal acidification will
likely worsen in the coming decades (e.g., Cai et al., 2011; Ekstrom et al., 2015; Li & Zhai, 2019). For example,
low aragonite saturation state index (Q,r,g) Was frequently observed in coastal zones due to freshwater
inputs (Hu et al., 2017; Jiang et al., 2010; Salisbury et al., 2008; Zhai et al., 2015). Although Chou et al.
(2013) have investigated the freshwater dilution effect on Qg dynamics in relatively high-salinity areas
in the Changjiang Estuary, such effects in large estuaries with huge amounts of freshwater and riverine inor-
ganic carbon inputs are still poorly understood.

Chemically, Q,r, > 1 indicates that the CaCO5 mineral of aragonite is stable in the seawater, while Q.5 < 1
indicates that the mineral is unstable. Based on a field data investigation, Li and Zhai (2019) revealed that
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the summertime net community calcification rate in subsurface waters of the North Yellow Sea declined to
zero when the Qg,, value reached the critical level of 1.5-1.6. In this study, to determine the severity of the
threat of low-Q,,g sSeawater in coastal oceans to marine calcifying organisms, we used an Qq,g value of 1.5
as a critical threshold for marine shellfish development (e.g., Ekstrom et al., 2015; Gruber et al., 2012;
Waldbusser et al., 2015).

In this study, we examined riverine/estuarine transport fluxes of TAlk and DIC in the continuum from
Lower Changjiang to its estuary and to the adjacent northwestern East China Sea (ECS; Figure 1a). By
comparing our time-series data obtained during 2005-2017 with historical data over the past 5 decades,
long-term variations of TAlk and DIC fluxes were studied. Using new field data obtained from our seasonal
mapping cruises carried out in the Changjiang Estuary during 2015-2017, we studied potential effects of the
Changjiang carbonate inputs on the coastal zone carbonate chemistry. Together with earlier-obtained data-
sets, we also attempted to better understand the fate of terrestrial inorganic carbon on the shelf. This under-
standing is essential for closing carbon budgets in river-dominated ocean margins of scientific importance.

2. Materials and Methods
2.1. Study Area

Changjiang (Yangtze River) is the world's 4th largest river by virtue of water discharge (Dai & Trenberth,
2002), accounting for 90-95% of the total riverine water inputs into the ECS (Chen et al., 2001). Its drainage
area of 1.8x10° km? covers 20% of the total terrestrial area of China, where extensive agriculture has been
sustained for thousands of years, nowadays nourishing 30% of the population of China (http://www.cjw.
gov.cn/zjzx/cjyl/lyxz/). Changjiang originates in the Tibetan Plateau and flows eastward through the
Yun-Gui Plateau, Sichuan Basin and the Three-Gorges region, where the basement rocks are abundant in
carbonates (Chen et al., 2002). Then it drains the subtropical plains in central and eastern China and finally
enters the ECS. Changjiang is characterized by rather high alkalinity and carbonate weathering rates as
compared with many other major rivers in the world (Gaillardet et al., 1999).

Datong Station is the hydrological station located farthest downstream in Changjiang, 624 km upstream
from the river mouth (Figure 1b), sampling 95% of the entire Changjiang watershed. The river course at
the Station is 1,800 m wide and ~30 m deep at the highest water level (Figures 1c and 1d).

Approximately 330 km downstream from Datong Station, Chongming Island develops (Figure 1b) due to
long-term estuarine sedimentary processes. The areas between 121°E (the west side of Chongming Island)
and 122°E are regarded as the inner Changjiang Estuary (Zhai et al., 2007). The present-day inner
Changjiang Estuary is about 120 km long and more than 90 km wide at its outlet, including two primary
branches divided by Chongming Island. The South Branch connects to the ECS through three deep passages
with a water depth of 20 m, while the North Branch features numerous intertidal zones with shallow water
depths of 1 to 8 m (Zhai et al., 2017). From the South Branch to the ECS, a salinity front develops around 122°
E, where surface-water salinity varied from <10 in the inner estuary to typically 10-31 in the outer estuary
(Zhai et al., 2007). The Changjiang Estuary has several local sources of TAlk and DIC from Huangpujiang
River, a downstream major tributary of Changjiang (Zhai et al., 2007), from the North Branch of
Changjiang Estuary (Zhai et al., 2017), and from tidal marshes east to Chongming Island where anaerobic
processes such as denitrification occur in sediment (Wang, Chen, et al., 2006). The influence of
Changjiang river plume, that is, Changjiang Diluted Water (CDW) extends hundreds of kilometers offshore
(Bai et al., 2014). The enormous freshwater discharge and nutrient and sediment loads greatly affect
biogeochemical processes in the western ECS (Chen et al., 2008; Gong et al., 2000). For example, intensive
algal blooms were usually observed in this region in spring and summer, mostly due to increasing nutrient
inputs from the Changjiang River during the two seasons (e.g., Chen et al., 2003; He et al., 2013; Zhai,
Chen, et al., 2014).

The climate is primarily affected by the East-Asian Monsoon. In the cold/dry winter (from December to early
March of the following year), the outer Changjiang Estuary is dominated by the monsoon-driven Yellow Sea
Coastal Current (YSCC) and the CDW flows southward (Zhai, Chen, et al., 2014). In the warm/wet summer
(from June to early September), the CDW flows northeastward and carries tremendous amounts of materials
into the ECS (Chen, 2009; Figure 1b).
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Figure 1. Maps showing (a) the continuum spanning from the lower Changjiang (Yangtze River) to the Changjiang
Estuary, and to the adjacent East China Sea (ECS), and (b) sampling sites together with the circulation and depth con-
tour in the ECS and the South Yellow Sea, and (¢ and d) the horizontal section and vertical samples at Datong Station. In
the East China Sea and the South Yellow Sea (demarcated by a straight line from the north of the Changjiang Estuary to
Jeju Island, Korea), major currents include the Kuroshio, TsushiMa Warm Current (TMWC) and Taiwan Warm Current
(TWWC) existing throughout the year, and the Yellow Sea Coastal Current (YSCC) and Yellow Sea Warm Current
(YSWC) in the northeast monsoon seasons. The Changjiang Diluted Water (CDW) and Yellow Sea Cold Water Mass
(YSCW) appear during southwest monsoon seasons. The Datong Station and a sampling site at river end (west of
Chongming Island) were marked using pentacles. HPJ = Huangpujiang River, which is the farthest downstream tributary
of the Changjiang, collecting most runoffs from the metropolitan Shanghai.

2.2. Sampling and Analyses

To characterize monthly variations of the riverine transports of DIC and TAIk, 16 surveys were carried out at
Datong Station, one in each month from May 2015 to August 2016 (Table 1), usually collecting nine water
samples of different depths along a cross section (Figures 1c and 1d). During this period, mapping cruises
were also conducted in March and July 2015, March and July 2016 and February and July 2017, sampling
the Changjiang Estuary from its river end to the northwestern ECS (Figure 1b). To extend our temporal cov-
erage, 16 previous estuarine/coastal mapping cruises (spanning different seasons in 2005-2012) and another
inner-estuary survey (during 9-10 May 2017) were included in this study (Tables 2 and 3 and Figure 2).

During our estuarine mapping cruises in 2015-2017, water samples were collected at two or three different
depths (including sea surface and the bottom water) using 5 or 30 L Niskin bottles. The ancillary data of in
situ temperature were obtained using a calibrated Conductivity-Temperature-Depth/Pressure unit (SBE-19
plus, Sea Bird Co.) or a calibrated YSI6600 multi-parameter probe. Salinity (Practical Salinity Scale of 1978)
was measured with a calibrated WTW's TetrCon®925 probe. The dissolved oxygen (DO) samples were col-
lected, fixed, and titrated aboard following the classic Winkler procedure at the satisfactory level of <0.5%.
A small quantity of NaN3 was added during subsample fixation to remove possible interferences from
nitrites (Wong, 2012). The DO saturation (DO%) was calculated from field-measured DO concentration
divided by the DO concentration at equilibrium with the atmosphere which was calculated from tempera-
ture, salinity and local air pressure, as per the Benson and Krause (1984) equation. To quantify the effects
of net community metabolism, apparent oxygen utilization (AOU) was also calculated by subtracting the
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Table 1

TAlk and DIC (Mean + SD) at Datong Station and the Monthly Riverine Transport Fluxes in the Lower Changjiang River

Sampling date Monthly water discharge (m3/s) TAIk (umol/kg) DIC (umol/kg) Fraik (mol/s) Fpic (mol/s)
12 May 2015 30,943 1,931+10 (n=9) 1,943+12 (n=9) 59,563 59,943
12 June 2015 50,151 1,480 (n=1) 1,485 (n=1) 73,980 74,230
14 July 2015 49,488 1,671+16 (n=6) 1,684+13 (n=6) 82,453 83,082
17 August 2015 32,723 1,62149 (n=6) 1,628+12 (n=6) 52,887 53,101
15 September 2015 30,375 No data 1,746+11 (n=9) No data 52,892
12 October 2015 26,911 No data 1,764+9 (n=9) No data 47,342
16 November 2015 26,078 1,761+7 (n=7) 1,770+3 (n=7) 45,781 46,010
11 December 2015 25,695 1,571+14 (n=9) 1,609+15 (n=9) 40,247 41,223
14 January 2016 21,082 1,694+14 (n=9) 1,707+12 (n=9) 35,606 35,873
17 February 2016 20,434 1,578+6 (n=6) 1,585+4 (n=6) 32,155 32,300
14 March 2016 21,227 1,734+11 (n=8) 1,73949 (n=8) 36,699 36,811
11 April 2016 34,728 1,603+12 (n=6) 1,615+16 (n=6) 55,513 55,923
19 May 2016 47,053 1,509+10 (n=7) 1,532+11 (n=7) 70,780 71,891
16 June 2016 49,838 1,592+5 (n=7) 1,617+16 (n=7) 79,107 80,340
13 July 2016 65,622 1,734+18 (n=6) 1,756427 (n=6) 113,456 114,910
18 August 2016 51,026 1,751+10 (n=9) 1,778+10 (n=9) 89,099 90,462

field-measured DO concentration from the air-equilibrated DO. Assuming the water starts with a fully
saturated state, and ignoring immediate effects of air-sea exchange and water mixing, an AOU > 0
implies net community respiration, while an AOU < 0 implies net community production.

Seawater samples (out of 122°E, usually with Salinity of > 10) for DIC and TAlk analyses were stored in 60-
ml borosilicate glass bottles (bubble free) and 140-ml high-density polyethylene bottles, respectively. They
were immediately mixed with 50 ul of saturated HgCl,, and then sealed and preserved at room temperature
until determination. According to Huang et al. (2012), there were no statistical differences for seawater sam-
ples between the measuring results from our procedure and from those stored in the borosilicate glass bottles
suggested by Dickson et al. (2007). The freshwater, or low-salinity samples (Salinity < 10), were stored in
250-ml Teflon coated glass bottles (Corning Pyrex®, Corning Inc., USA) together with ground-glass stoppers,
mixed with 200 ul of saturated HgCl,. According to a parallel storage technique study conducted in our 2015
surveys, these Teflon-coated glass bottles are suitable for relatively long-term (~70 days) storage of fresh-
water carbonate samples (Liu & Zhai, 2016).

DIC and TAlk data were collected by commercial analytical systems (Model AS-C3 and AS-ALK1+, Apollo
SciTech Inc., USA). Following Cai (2003) and Zhai et al. (2007), DIC was measured by infrared detection fol-
lowing acid extraction of a 0.5- to 0.9-ml sample with a Kloehn® digital syringe pump, and TAlk was deter-
mined at 25 °C by Gran acidimetric titration on a 15- to 25-ml sample with a Kloehn® digital syringe pump,
using a precision pH meter and an Orion® 8102BN Ross electrode for detection. Both DIC and TAlk deter-
minations were referred to Certificated Reference Materials (CRM) from Andrew G. Dickson's lab at
Scripps Institute of Oceanography at a precision of + 2 pmol/kg (Dickson et al., 2007; Zhai et al., 2007).

2.3. Flux Estimation

We daily collected the Datong Station water discharge data (Figure 2a) from China Bureau of Hydrology
(http://xxfb.mwr.cn/ssIndex.html) and/or Changjiang Water Resources Commission, China (http://www.
cjh.com.cn/). The daily discharge data were summed up to obtain weekly, monthly and yearly water dis-
charges from the river to the estuary over the study period. Based on an in-situ study conducted in the
Changjiang Estuary, there is no significant difference between the water discharges at Datong Station and
those at the river end of the estuary (Wang, Pan, et al., 2006). Assuming TAlk and DIC concentrations
remained in a steady state during the month under investigation, as evidenced by our earlier results showing
that TAlk and DIC values in the river-end only varied less than 4% within each month (Zhai et al., 2007), the
monthly averaged transport fluxes (F) were estimated via TAlk and DIC concentrations multiplied by
relevant monthly averaged water discharges (Q). To detect the sensitivity of short-term variations in water
discharges on flux estimations, the weekly and monthly averaged fluxes were calculated via TAlk and
DIC concentrations multiplied by the weekly and monthly averaged water discharge, respectively. The
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Table 2

TAlk and DIC (Mean + SD) at the River-End (West of Chongming Island) and Monthly Riverine Transport Fluxes Into the inner Changjiang Estuary

Sampling dates

Monthly water discharge (m3/ s)

6-7 October 2005
26-29 December 2005
6-7 April 2006

13 April 2007

13 October 2007

15 December 2008
12 April 2009

15 April 2010

11 January 2011

15 April 2011

19 July 2011

18 October 2011

16 February 2012

15 March 2015

09 July 2015

11 March 2016

5 July 2016

19-23 February 2017
9-10 May 2017

21 July 2017

TAIk (umol/kg) DIC (umol/kg) Frak (mol/s) Fpic (mol/s)
31,320 1,712+13 (n=6) * 1,727+18 (n=6) * 53,474 53,917
13,981 1,952+13 (n=22) * 1,968+18 (n=22) % 27,214 27,440
24,200 1,639+36 (n=15) * 1,640+36 (n=15) * 39,543 39,571
17,141 1,591+9 (n=10) No data 27,194 No data
25,992 1,781+18 (n=3) No data 46,155 No data
17,036 1,755+2 (n=2) 1,758+7 (n=2) 29,810 29,861
22,898 1,691+1 (n=2) 1,710+2 (n=2) 38,605 39,039
30,427 1,495 (n=1) ° 1,520 (n=1)° 45354 46,112
15,431 1,592 (n=1) 1,600 (n=1) 24,494 24,617
16,020 1,846+5 (n=4) 1,888+4 (n=4) 29,486 30,152
36,873 1,710+12 (n=3) 1,761+25 (n=3) 62,866 64,725
20,773 1,735+10 (n=2) 1,760+10 (n=2) 35,935 36,453
15,551 1,722 (n=1) 1,784 (n=1) 26,700 27,665
20,802 1,782+1 (n=2) ¢ 1,805+3 (n=2) © 36,966 37,431
49,488 1,734+7 (n=2) © 1,762+5 (n=2) © 85,549 86,955
21,227 No data 1,865+26 (n=2) No data 39,464
65,622 1,707+7 (n=2) 1,775+7 (n=2) 111,712 116,157
13,335 1,874+15 (n=4) 1,883+14 (n=4) 24,918 25,033
29,143 1,698+11 (n=4) 1,750+11 (n=4) 49,343 50,856
58,510 1,554+28 (n=4) 1,590+18 (n=4) 90,635 92,757

4These data were from Zhai et al. (2007). PThese data were from Zhai et al. (2017). “These data were from Liu and Zhai (2016).

comparison results suggested that there were no significant differences between the fluxes based on the
monthly averaged water discharge and those based on the weekly averaged water discharge (TAlk, R* =
0.985, p < 0.001; DIC, R* = 0.984, p < 0.001; Figure S1 in the supporting information).

In order to extend flux time-series, we plotted F against Q to obtain a simplified relationship between
monthly flux and water discharge, as equation (1):

F =axQ (1)

where a represents discharge-weighted mean concentration. The yearly fluxes are determined by summing
up all the 12 monthly data in a whole year.

To evaluate the net effect of estuarine processes on the carbonate fluxes, we calculated the estuarine TAlk
and DIC export fluxes to the sea using the effective concentration method (Cai et al., 2004; Officer, 1979).
The effective TAlk and DIC concentrations for the estuarine export flux estimation were obtained by extra-
polating data-based conservative mixing lines of TAlk and DIC from the high-salinity area to zero salinity
(Cai et al., 2004). The differences between the effective TAlk and DIC concentrations and measured TAlk
and DIC concentrations at the river end-member indicated the additions or removals of TAlk and DIC in
the estuary (Boyle et al., 1974; Cai & Wang, 1998; Officer, 1979). Then the effective TAlk and DIC concen-
trations were multiplied by the water discharge from the Changjiang River to get the estuarine export fluxes
to the sea.

2.4. Calculation of Other Carbonate System Parameters From TAlk and DIC

The partial pressure of CO, (pCO,), pHr (the negative logarithm of the total concentration of H* and HSO,~
ions) and Q,,, were calculated from temperature, salinity, and measured DIC and TAIk using the software
CO2SYS.XLS (Version 24; Pelletier et al., 2015), which is an updated version of the original CO2SYS.EXE
(Lewis & Wallace, 1998). The Millero et al. (2006) dissociation constants of carbonic acid were used in
the calculation due to their broad applicability with ranges of temperature (0-50 °C) and salinity (0-50).
The Dickson (1990) dissociation constant was used for HSO,~ ion. The phosphate and silicate values
required by the program were unavailable and replaced by zero. According to Lukawska-Matuszewska
(2016), this simplification may result in an underestimation of non-carbonate inorganic alkalinity of tens
of umol/kg in low-salinity area, under the present-day silicate level of ~100 pmol/kg and phosphate level
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Table 3

Effective Values of TAlk and DIC Concentrations at River End-Member and the Monthly Estuarine Export Fluxes From the Changjiang Estuary to the Sea
Sampling dates Monthly water discharge (m3/s) TAIK (umol/kg)  DIC (umol/kg)  Frark (mol/s)  Fpic (mol/s)
24-26 December 2005 and 01 January 2006 13,981a 1,970 2,000 27,462 27,880
8-27 April and 2-7 May 2007 17,141"1 1,825 1,830 (lZOOb) 31,190 31,275 (4,3O7C)
7-9 November 2007 25,992 1,830 1,860 47,425 48,203
6-13 April 2009 22,898 1,700 1,730 (900bg 38,811 39,496 (4,993c)
12-20 June 2010 50,357 1,600 1,670 (1,200") 80,334 83,848 (9,2036)
1-10 November 2010 17,876 1,800 1,850 32,081 32,972
8-13 April 2011 16,020 2,020 2,050 32,266 32,745
7-22 July 2011 36,873 1,760 1,790 (900b) 64,704 65,807 (6,6MC)
17-21 October 2011 20,773 1,900 1,915 39,353 39,664

2-3 May 2012 42,243 1,610 1,640 (1,200b) 67,811 69,074 (7,4136)
11-21 March 2015 20,802 2,100 2,145 43,555 44,488
9-20 July 2015 49,488 1,705 1,735 (850°) 84,129 85,609 (7,652°)
11-17 March 2016 21,227 1,720 1,800 36,402 38,095
4-15 July 2016 65,622 1,705 1,735 (SOOb) 111,556 113,519 (22,973C)
20-31 July 2017 58,510 1,570 1,600 (1,000) 91,589 93,339 (9,293°)

aAveraggd water discharge in the first month of the sampling period. bSpeciﬁc effective concentrations at zero salinity considering the biological drawdown of
DIC (Cy _pio in section 4.3). “Biological-production-induced flux loss in the outer estuary (L pio in section 4.3).

of 1-2 umol/kg in the Lower Changjiang (e.g., Zhai et al., 2017). This is why the calculation results at salinity
<10 are uncertain. The Ca®* concentrations were assumed to be proportional to salinity as presented in
Millero (1979) and the values of apparent solubility product for aragonite (Ksp*mg) were taken from
Mucci (1983).

To assess the quality of the carbonate system data, we also calculated pH data using the National Bureau of
Standards (NBS) scale based on DIC and TAlk values. These data were compared with field-measured pH
data (also obtained using the NBS scale). Most measured and calculated values at salinity of > 10 were sig-
nificantly consistent with each other (R* = 0.985, p < 0.001), suggesting that measurements of the carbonate
system parameters were reliable (Figure S2).

3. Results
3.1. Hydrological Settings

Water discharge of Changjiang was recorded at 9.06 x 10" m*/year at Datong Station in 2015, which was
nearly the same as the long-term average of 9.03x10"* m?®/year over the period of 1963-1999 (Liu et al.,
2002) before the building of Three Gorges Dam. In 2016, however, its annual water discharge reached
10.41 x 10" m*/year, representing the highest annual water discharge since the Three-Gorges Dam's com-
pletion. Such dramatic flooding is presumably due to the strong El Nifio-Southern Oscillation (ENSO) event
in 2015-2016 (Mei et al., 2018).

The hydrology of Lower Changjiang was characterized by a single water discharge peak in July (Figure S3).
Thus, our February-March cruises (with relatively low water discharge of 2.08 x 10* m?/s in March 2015,
2.12 x 10* m*/s in March 2016 and 1.33 x 10* m*/s in February 2017) represented the end of the dry season,
while our July cruises (with high water discharge values of 4.95 x 10* m*/s in July 2015, 6.56 x 10* m*/s in
July 2016 and 5.85 x 10" m?/s in July 2017) represented the flood season.

In the inner Changjiang Estuary (west of 122°E), the water column was well mixed at almost all stations. The
early spring water temperature was ~11 °C in March of 2015-2016 and 8-10 °C in February 2017 (Figure 3a).
The summertime water temperature was ~26 °C in July of 2015-2016 and ~29 °C in July 2017 (Figure 3f).
The wintertime salinity was 0.16-0.87 in March of 2015-2016 in the inner estuary. In February 2017, how-
ever, relatively high salinity of 4-14 was observed at two stations close to the riverine mouth at 122°E
(Figure 3b). Summertime salinity was always lower than 0.2 in the inner estuary during our three July
cruises (Figure 3g). The early spring DO was nearly in equilibrium with the atmosphere, while the summer-
time DO was undersaturated (~75%; Figures 3c and 3h).
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Figure 2. (a) Evolution of water discharge at Datong Station from 2005 to 2017 and (b and c) Changjiang monthly fluxes of
total alkalinity (TAlk) and dissolved inorganic carbon (DIC). Water discharge data are from China Bureau of
Hydrology (now at http://xxfb.mwr.cn/ssIndex.html) and/or Changjiang Water Resources Commission (http://www.cjh.
com.cn/). In panel (a), the gray dashed curve shows the long-term average of monthly water discharge during 1963-1999
(Liu et al., 2002). Gray vertical lines show sampling periods of our 15 mapping cruises in the outer Changjiang

Estuary, including those surveys described by Zhai et al. (2007); Zhai, Chen, et al., 2014), Zhai and Hong (2012), Liu
and Zhai (2016), and Zhai (2018). In panels (b) and (c), the gray solid lines represent the calculated TAlk and DIC fluxes
based on equations (10) and (11), respectively. The open circles show data at Datong Station and the open triangles
indicate the river-end data at the site west of Chongming Island.

The outer Changjiang Estuary was vertically well-mixed at most stations during our early spring cruises of
2015-2017. The water temperature ranged from 7.7 to 15.8 °C and the salinity ranged from 7.72 to 34.78 in
the outer estuary (Figures 3a and 3b). A significant salinity front was observed around ~122.5°E where
freshwater mixed with sea waters, and the CDW with salinity <31 occupied the west of 123°E. The lowest
water temperatures of 6.6-8.8 °C (with salinity values of 31.2-32.4) were measured at several northwest
stations. The nearly air-equilibrated DO (DO% ranging between 91% and 111%) in whole water columns
indicated again the strong vertical water mixing and air-sea exchange compared to biological processes
(Figure 3c).

In July, strong water column stratification occurred in the outer estuary (Figures 3f-3h) owing to sea surface
heating and freshwater intrusion. The surface water temperature ranged from 20.5 to 30.9 °C and the bottom
water temperature ranged from 18.5 to 28.3 °C. The salinity front was also observed around the estuary
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Figure 3. Flow-path distributions of (a and f) water temperature, (b and g) salinity, (c and h) DO saturation, (d and i) total
alkalinity (TAlk), and (e and j) dissolved inorganic carbon (DIC) in the Changjiang Estuary in late spring and summer.
Some of our 2015 data have been published by Liu and Zhai (2016). The vertical line indicates the boundary along 122°E
between the inner and outer parts of the Changjiang Estuary (Zhai et al., 2007). In panels (d), (e), (i), and (j), dashed
horizontal lines represent the Datong Station TAlk and DIC concentrations obtained in the relevant month.

mouth of ~122.5°E, while the CDW with salinity <31 extended to 123.4°E in July 2015 and even 124°E
during the July 2016-2017. High sea surface DO% values of 120% to 212% were measured at most stations,
showing significant biological production in the surface water of the outer estuary. The bottom-water DO
% (from 32% to 90%), however, were lower than the air-equilibrated level, indicating the domination of
oxygen-depletion processes.
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3.2. TAlk and DIC in the Changjiang Estuary and Beyond

At Datong Station, TAlk varied between 1,480 and 1,931 umol/kg from May 2015 to August 2016, while DIC
was measured at 1,485-1,943 umol/kg, slightly higher than TAlk over the survey period (Table 1). To exam-
ine monthly variations, we plotted TAlk and DIC concentrations at Datong Station (survey-averaged values
with relative standard deviation values of <1%) versus corresponding water discharges (Figures 4a and 4b).
Unlike the historical monthly variations of TAlk and DIC concentrations (Liu et al., 2002) before the Three
Gorges Dam was built, our TAlk and DIC concentrations in dry seasons (from October to March of the next
year) were similar to those obtained in the flood season (from June to September; Figures 4a and 4b).
Significantly, present-day TAlk and DIC concentrations in dry seasons were lower than the historical
long-term average values (Figure S4), presumably due to dry-season water retention of the Three Gorges
Dam. It is worth noting that the upper Changjiang waters contain a high level of the weathering product
TAlk (Wu et al., 2007; Zhang et al., 2014).

In the inner Changjiang Estuary, TAlk increased from 1,782 pumol/kg at a site west of Chongming Island
(~121°E) to 2,148 pumol/kg at a site near the river mouth (~122°E), while DIC rose from 1,803 umol/kg at
the west site (~121°E) to 2,212 umol/kg near the river mouth (~122°E) during our early spring cruises
(Figures 3d and 3e). DIC values in March 2016 varied between 1,724 and 1,883 umol/kg in the inner estuary,
where low DIC values of 1,724-1,775 umol/kg were observed in the central area of the inner estuary. The
dynamic changes of TAlk and DIC in the inner estuary were likely subject to insufficient water mixing,
resulted from the limited residence time (e.g., 7-8 days in spring, Zhai et al., 2017) and numerous local water
sources such as the Huangpujiang River input (Figure 1b; Zhai et al., 2007) and spillover fluxes from the
North Branch (Zhai et al., 2017). Such intra-monthly dynamics were unresolved in this study. During July
cruises, TAlk and DIC varied limitedly along the longitude in the inner estuary (Figures 3i and 3j). The sum-
mertime values of TAlk and DIC were slightly lower than those obtained in our February-March cruises,
presumably due to the dilution effect of rainwater in wet seasons. Most TAlk and DIC concentrations at
the site west of Chongming Island (~121°E) were slightly higher than those obtained at Datong Station dur-
ing the same study period.

In the outer Changjiang Estuary, TAlk and DIC were plotted against salinity (Figure 5). During our
early spring cruises (February-March in 2015-2017), most data were linearly related to the
salinity (Figures 5a and 5b). In March 2015, TAlk ranged from 2,000 to 2,327 umol/kg and DIC varied-
between 2,020 and 2,183 umol/kg. Several very high TAlk values of 2,292-2,327 umol/kg were observed
at two northwest stations during the March 2015 cruise (with a salinity range of 31.6-32.4), indicating
the effect of monsoon-driven YSCC (with higher DIC and TAIk) intrusion, as previously reported
by Zhai, Chen, et al. (2014) in this region. In March 2016, TAlk and DIC ranged from 1,877 to 2,257
umol/kg and from 1,856 to 2,043 umol/kg in the outer estuary, respectively. In February 2017, TAlk
varied between 2,034 and 2,345 umol/kg. Extremely high TAlk values of >2,300 pumol/kg were
also observed at those northwest stations. The different relationship between carbonate parameters
and salinity observed in March 2015, March 2016 and February 2017 (Figures 5a and 5b) suggested
that the freshwater end-member values of TAlk and DIC of the CDW were subject to inter-annual
variations.

During our July cruises, TAlk ranged from 1,752 to 2,274 pumol/kg and DIC was from 1,407 to 2,110
umol/kg in the outer estuary (Figures 5e and 5f). TAlk still showed tight relationships with salinity.
However, DIC exhibited a much weaker relationship with salinity in summer, since DIC variation is sub-
ject to alteration of primary production (related to DIC removal) and respiration and/or remineralization
(related to DIC addition). Most sea surface DIC values were lower than 1,900 umol/kg, likely due to the
summertime net community production in this region. This was evidenced by very high sea surface DO%
of 120-212% in the CDW in summer. In contrast, very high DIC values of >2,050 umol/kg in bottom
waters was associated with quite low DO% values of <75%, showing the effects of net community respira-
tion and/or remineralization. It is worth noting that typically seawater DIC:TAlk ratio of 0.84-0.94 was
revealed in ECS offshore waters (salinity >31), which was substantially lower than the riverine DIC:
TAIk ratio of >1 as shown in Table 2.

In July 2015 and 2017, conservative water mixing lines of TAlk versus salinity were fitted based on field data
with salinity >10, as equations (2) and (3):
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Figure 4. Monthly averaged concentrations of (a and b) total alkalinity (TAlk) and dissolved inorganic carbon (DIC)
versus water discharge and (c and d) the riverine transport fluxes versus the water discharge at Datong Station. In
panels (a) and (b), circles connected with solid lines indicate historical long-term averaged monthly values (Liu et al.,
2002), and triangles connected with dashed lines represent data collected in this study (Table 1). The historical monthly
variations have been discussed by Zhai et al. (2007). In panels (c) and (d), the solid and dashed lines show relationships
in 1963-1999 and in 2015-2016, respectively.

TALkeonservative-inJuly2015 (1 mo] /kg) = 16.09xsalinity + 1705 (R? = 0.97,n = 119) )

TALkeonservative-InJuly2017 (1 mo] /kg) = 20.54xsalinity + 1570 (R* = 0.98,n = 78) ©)

TAlk data of our July 2016 cruise also followed equation (2), except for two nearshore TAlk values
(1,945-1,992 pumol/kg at salinity 11 and 12) that were higher than predicted values from salinity. They
were obtained at two stations around 122.3°E 31.6°N, where salt marsh developed and likely releasing
dissolved inorganic elements to overlying waters (Zhai et al., 2017). The freshwater end-members of
TAlk and DIC in July 2017 were lower than those in 2015 and 2016 (see water mixing lines in
Figures 5e and 5f). Extrapolating equations (2) and (3) to the highest salinity of 34.56 during our surveys,
the TAlk values of ECS offshore waters were estimated at 2261 (in 2015 and 2016) and 2280 (in 2017)
umol/kg. Both were comparable with the TAlk value of the Kuroshio Tropical Water, that is, 2,293
umol/kg at a salinity of 34.9 (Chen & Wang, 1999), suggesting that the relevant ECS offshore waters
observed in this study may originate from Kuroshio surface waters as earlier illustrated by Chen et al.
(1995) and recently by Zhai, Chen, et al. (2014).

DIC is not a conservative parameter. In this study, the riverine end-member value of DIC was assumed to be
30 umol/kg higher than that of TAlk (Guo et al., 2012). A sampling site with salinity of 33.82 and DO% of
102.8% (DIC = 1,963 umol/kg) during our July 2015 cruise was adopted to calculate the offshore seawater
end-member. Then we established a conservative water mixing line of DIC versus salinity as follow:

DyCeenservative-inJuly2015 (o] /kg) = 6.74xsalinity + 1735 4)

DyCeonservative-inJuly2017 (1 0] /kg) = 11.25xsalinity 4+ 1600 (5)

From the above equations, relevant riverine pCO, could be calculated at 1,174 patm (at 26 °C) in 2015 and
1,209 patm (at 28 °C) in 2017, similar to the field-measured values (1105470 patm at 28°C in August 2003) in
the inner Changjiang Estuary (Chen et al., 2008; Zhai et al., 2007). Extrapolating equations (2)-(5) to a
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Figure 5. Carbonate parameters versus salinity in the outer Changjiang Estuary in spring (a-d) and summer (e-h) during
2015-2017. YSCC = Yellow Sea Coastal Current, CDW = Changjiang Diluted Water. The assumed water mixing lines of
TAlk and DIC in the CDW refer to equations (2)-(5).

salinity of 33.8-34.0, the ECS offshore waters had pCO, values of 392-400 patm at the usual offshore surface
temperature of ~25 °C, which was similar to the air-equilibrated level (390-400 patm).

3.3. TAlk and DIC Fluxes

The monthly riverine TAlk and DIC transport fluxes in the lower Changjiang River from May 2015 to August
2016 were calculated as shown in Table 1. Despite the regime shift of seasonal variations in TAlk and DIC
during the past 55 years (Figures 4a and 4b), significant positive correlations between monthly riverine
fluxes and water discharges were quite stable (Figures 4c and 4d). This is because the variation in water dis-
charge was usually much larger than variations in TAlk and DIC concentrations. The relationships between
the monthly riverine transport fluxes of TAlk (Frajx) and DIC (Fpic) and water discharge (Q) at Datong
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Station in 1963-1999 were established based on data reported by Liu et al. (2002), as equations (6) and (7).
Similarly, relationships between Q and fluxes in 2015-2016 were equations (8) and (9).

FrapPHong1963-1999 _ 1 763 1imol /LxQ (R* = =12) (6)
FpicPHonglo6-199 _ 1 819 ymol /LxQ (R* = =12) (7)
FraP2one015-2016 — 1 646 1imol /LxQ (R* = 0.96,n = 14) (8)
FpycPAene2015-016 1 670 uimol /LxQ (R? = = 16) 9)

At Datong Station, the discharge-weighted mean concentrations of TAlk and DIC in 2015-2016 were 7-8%
lower than historical long-term average in 1963-1999 (Figures 4c and 4d). By summing up all monthly fluxes
over a year, the yearly riverine TAlk and DIC transport fluxes in the lower Changjiang River were 1.49 x 102
mol/year and 1.51 x 10" mol/year in 2015, respectively. The riverine TAlk and DIC transport fluxes in 2016
were estimated at 1.71 x 10'? mol/year and 1.74 x 10" mol/year, respectively. About 67% of the fluxes
occurred in wet seasons (from April to September), while the other 33% appeared in dry seasons (from
October to March of the next year).

The river-end TAlk and DIC (at the estuarine site west of Chongming Island) were summarized based on a
decadal dataset of 20 field cruises over 2005-2017 (Table 2). We established quantitative relationships
between monthly riverine transport fluxes into the estuary and Q, as equations (10) and (11):

FpapRVerEnd2005=2017 — 1 /673 imol/LxQ (R? = 0.99,n = 19) (10)

FyRverEnd2005=2017 — 1 714 pmol/LxQ (R* = 0.99, n = 18) (11)

The TAlk and DIC discharge-weighted mean concentrations at river-end over 2005-2017 were slightly
higher (~2%) than those obtained at Datong Station. The calculated monthly transport fluxes matched the
field-measured results with the averaged difference of 5%, suggesting that the carbonate increases along
the riverine transport were insignificant from Datong Station to Chongming Island.

In 2005-2017, annual mean fluxes of (1.44 + 0.20) x 102 mol TAlk/year and (1.48 + 0.21) x 10* mol
DIC/year were transported into the Changjiang Estuary, which were 8-9% lower than the historical long-
term mean values of (1.58 + 0.21) X 102 mol TAlk/year and (1.63 + 0.22) X 10'? mol DIC/year (Liu et al.,
2002). Our decadal flux results were also slightly lower than another five-year (1997-2001) averaged
HCO;™ flux of 1.53 x 10" mol/year at a sampling site ~180 km upstream to the river mouth of
Changjiang (Li & Zhang, 2003) and a riverine DIC flux of 1.54 x 10'* mol/year in 2005-2006 (Zhai et al.,
2007). Excluding the extreme droughts in 2006 and 2011 (having water discharge values of ~75% of the past
long-term average), the annual averaged riverine TAlk and DIC fluxes were 1.50 x 10'* mol/year and 1.54 x
10'? mol/year in the recent decade, which were still lower than Liu et al. (2002) historical results by 5-6%.

To obtain the estuarine export fluxes to the sea, effective TAlk and DIC concentrations were extracted by
extrapolating data-based conservative mixing lines from the high-salinity area to zero salinity (Table 3
and Figures 6 and 7), following procedures described earlier by Cai et al. (2004), Guo et al. (2008), and
Joesoef et al. (2017). The relationships between monthly estuarine TAlk and DIC export fluxes and Q in
2005-2017 were established as equations (12) and (13):

FraBPo2005-2017 _ 1 687 umol /LxQ (R* = 0.98,n = 15) (12)

FpycPPor093=2017 — 1 721 pmol/LxQ (R* = 0.98,n = 15) (13)

The estuarine TAlk and DIC export fluxes from the Changjiang Estuary into the sea were averaged at (1.46 +
0.20) x 10" mol/year and (1.49 + 0.21) x 102 mol/year over the period of 2005-2017, representing the sec-
ond highest carbonate dischargers in the world (Figure S5) after the Amazon (2.4 x 10" mol/year; Cai et al.,
2008) and accounts for ~4.5% of the total riverine DIC flux in the world (33 x 10'? mol/year, Bauer et al.,
2013). As summarized in Table 4, the discharge-weighted mean concentrations of TAlk and DIC at river-
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Figure 6. Sea surface total alkalinity (TAIk) versus salinity in the outer Changjiang Estuary during 2005-2017. Data in late
2005 and early 2006 are from Zhai et al. (2007), while data in 2007 are from Zhai and Hong (2012) and Zhai, Chen, et al. (2014).
Data in May 2012 are from Zhai (2018), while data in 2015 have been partially published by Liu and Zhai (2016). Insert
panels show sampling sites. Broken lines together with equations are the assumed conservative water mixing lines.
end in 2005-2017 were 5-6% lower than the historical long-term average in 1963-1999. The TAlk and DIC
fluxes from the Lower Changjiang to the ECS exhibited slight (insignificant) increases of 2-3% along the out-
flow way (Table 4).
3.4. Distributions of pH and Aragonite Saturation State in the Outer Changjiang Estuary
In March, pHr slightly increased from 7.90 to 8.14 in the outer estuary along with the salinity rise, while
Qarag T0se from 0.64 at the river mouth to 2.57 in the ECS offshore waters (Figures 5c and 5d). In the
CDW area with a salinity range of 10-31, most March pHy were lower than 8.1, while March Q,,, values
were no more than 2.0. At the two northwest stations affected by YSCC during our March 2015 cruise,
pHr and Q,,, values were lower than other stations with similar salinity. Except for the northwest stations
affected by YSCC, both pHt and Q,,g in March were linearly correlated with salinity.
In July, distributions of pHt and Q.5 were complex in the outer Changjiang estuary (Figures 5g and 5h).
The surface-water pHrt varied from 7.69 to 8.79, while the bottom-water pHr values were lower than 8.1.
Most low-salinity Q. ranged from 0.79 to 1.46, which was similar to the results obtained in March (i.e.,
XIONG ET AL. 2128
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Figure 7. Sea surface dissolved inorganic carbon (DIC) versus salinity in the outer Changjiang Estuary during 2005-2017.
Data in late 2005 and early 2006 are from Zhai et al. (2007), while data in 2007 are from Zhai and Hong (2012) and
Zhai, Chen, et al. (2014). Data in May 2012 are from Zhai (2018), while data in 2015 have been partially published by
Liu and Zhai (2016). Inserted panels show sampling sites. Broken lines together with equations are the assumed conser-
vative mixing lines. Grey solid lines are plotted to determine effective concentrations considering the maximum DIC
drawdown from biological production.

the low-salinity March Q,, values of 1.00-1.50 at the salinity of 10-20). Extremely high values of sea
surface pHry (8.79) and Q,p, (7.75) at salinity 18 were obtained at a southeastern station where we
observed an algae bloom during the field survey. The high pHr values (from 7.78 to 8.55) and Qg (from
1.59 to 6.15) were obtained in the high-salinity surface waters (salinity >20). In contrast, the bottom-water
pHr (7.81-8.08) and Q,,s values (1.39-2.82) were usually lower than their surface-water values in
moderate and high salinity areas of the outer estuary.

4. Discussion
4.1. Long-Term Trend in TAlk and DIC Fluxes From the Changjiang River

Unlike the Mississippi with an increase in TAlk flux of ~70% over the twentieth century (Raymond et al.,
2008), Changjiang TAlk transport flux varied around a nearly stable average over the past 55 years
(Figure 8a). Similarly, water discharge from the Changjiang exhibited no long-term trend, even after the
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Table 4
Summary of Water Discharge (Q) Weighted Mean Concentrations (a) and Fluxes (F = a X Q) Estimated in This Study

aTAlk apic Frak Fpic

pmol/L umol/L 10"2 mol/year 10"2 mol/year
Datong Station (1963-1999) a 1,763 (n=12, R2=0.97) 1,819 (n=12, R2=0.97) 1.58+0.21 1.63+0.22
Datong Station (2015-2016) 1,646 (n=14, R°=0.96) 1,670 (n=16, R?>=0.96) 1.49-1.71 1.51-1.74
Riverine flux estimation (West of Chongming Island, 2005-2017) 1,673 (n=19, R2:0.99) 1,714 (n=18, R2:0.99) 1.44+0.20 1.48+0.21
Export flux estimation (2005-2017) 1,687 (n=15, R2:0.98) 1,721 (n=15, R2:0.98) 1.46+0.20 1.49+0.21

Note. Errors showed influences of standard deviations of Changjiang water discharge on the flux estimation.
These data were based on results reported by Liu et al. (2002).

operation and maintenance of the Three Gorges Dam (Figure 8b). In the Changjiang Basin, intensive
cultivation of crops and rice has been established for thousands of years, likely buffering the effect of
potential chemical weathering enhancement from anthropogenic activities such as agricultural
fertilization and sewage drainage (Guo, Wang, et al., 2015). According to Liu and Wang (2013), the
Changjiang Basin experienced three agricultural development stages including extensive cultivation (~220
BCE-300 CE), intensive development of the plain (~300-1360 CE) and overdevelopment of the hilly
regions (1370-1850 CE). Now it is in a stagnation stage due to the rapid industrialization and
urbanization (Liu & Wang, 2013). By contrast, America has a relatively short history for about 200 years
and its extensive agriculture is a relatively recent activity (He et al., 2015). The recent agricultural practices
are changing American soil chemistry (Oh & Raymond, 2006; West & McBride, 2005) and thereby likely
increasing the riverine TAlk transport flux.

The dissolved silicate (DSi), another major product of chemical weathering, also showed relatively stable
concentration (100-150 umol/L) and flux (~7 X 10'° mol/year) in the Lower Changjiang over the past several
decades (Figures 8c and 8d). These data provide further evidence supporting the possible buffering effect of
the Changjiang Basin on the potential chemical weathering enhancement from anthropogenic activities.

4.2. Effects of Riverine Carbonate Inputs on Nearshore pH and Aragonite Saturation State

To distinguish the complex coastal processes in the Changjiang Estuary, we quantitatively analyzed the ideal
effects of DIC addition/removal (ADIC, relative to the baseline value along relevant conservative mixing
line, with a positive value indicating the addition and a negative value indicating the removal) on [CO5*
7], pHy and Qg at different salinities (from 15 to 34) based on equations (2) and (4) at 25 °C (Figure 9).
ADIC was defined as equation (14):

ADIC = DIC-DICeonservative (14)

Ata given salinity, [CO5*7], pHrand Qarag in the river plume waters decreased along with ADIC increase. In
other words, net community production (respiration and/or remineralization) induced DIC removal (addi-
tion), raising (diminishing) [CcO5*T], pHr and Q.. At a given ADIC, [CO5%7] and Qarag increased along
with salinity increase. pHt was relatively insensitive to salinity change when ADIC ranged from -200 to
50 umol/kg (Figure 9b). When ADIC > 50 umol/kg, pHr increased along with salinity increase. When
ADIC < -200 umol/kg, however, pHry decreased along with salinity increase, which needs further investiga-
tion. Note that Q,,, variations mostly depend on [CO5*7] during the dilution process, since the quotient of
[Ca**] and Ksp*arag varies limitedly (<5%) at a salinity range from 15 to 32 (see Figure S6 related to Zhai
et al., 2015).

Most field-data-based plots of [CO32’], pHr and Qg in July cruises followed the modeling results
(Figure 9), suggesting that the modeling results were generally realistic. Excluding the metabolic processes
(ADIC = 0), a decline in salinity of one unit led to a pHy decrease of 0.0053 and Qg decline of 0.083 in the
Changjiang Estuary. Based on Figures 9b and 9c, we reorganized new plots with ADIC versus salinity
(Figure 10). The dashed lines in Figure 10 were critical isolines of pHy and Q.. These critical isolines were
equivalent to the below partial differential equations:
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Figure 8. Time series of yearly fluxes of (a) total alkalinity, (b) freshwater, and (c) dissolved silicate in the Lower
Changjiang from the 1960s to 2017. The 2005-2017 yearly fluxes of total alkalinity were calculated based on equa-

tion (10). Panel (d) shows the evolution of dissolved silicate concentrations in the lower Changjiang River during the past
decades, synthesizing literature data from Dai et al. (2011), Zhang (2011), Huang (2012), Miiller et al. (2012), and Ran et al.
(2016).

[(9pHy/6Salinity) / (9pHz/ODIC) ] iy o = 3-23 15)
[(9pHy/6Salinity) /(3pHr/ODIC) ray ] yypg; = 0-90 17)
[(9urag/0Salinity) / (6Qarag /ODIC) 1 | gupg™r5 = 875 (18)
[(8Qurag/0Salinity) / (0Qarag /ODIC) 1 | oupg™30 = 703 (19

When coastal pHt was close to a relatively low value of 7.9, the further pHr decrease under a salinity decline
of one unit could be counteracted by a ADIC decrease of 3.23 umol/kg. If the coastal pHy approached 8.1, it
exhibited quite insensitive to salinity changes. The effect of a unit of salinity decrease on Q,,s decline was
expected to be counteracted by a ADIC decrease of 8.75 umol/kg when coastal Q.5 Was close to a critical
value of 1.5, while it was equivalent to a ADIC decrease of 7.03 umol/kg when coastal Qg Was close to
3. This illustrates that high pHry and Q,,, were relatively insensitive to salinity changes as compared with
low pHr and Q4. Figure 10 also showed that, data-based plots of pHr and €,,g mostly located in the cor-
rect sections, suggesting that this model could be applied to predict coastal pHt and Q. in the river plume
area during the flood season.

In the outer Changjiang Estuary with salinity >10, the survey-based lowest Q¢ values in bottom waters
was detected at 1.52 in July 2016 and 1.39 in July 2017. Both were lower than the lowest value in July
2009 (Qarag ~1.7) reported by Chou et al. (2013). This is likely due to stronger respiration-induced bottom
acidification induced by the increased amount of sinking organic matter produced in the surface water.
The latter was evidenced by an increase in sea surface DO in wet seasons during the recent decade. The
survey-based highest sea surface DO in 2009 was measured at ~400 umol O,/kg in spring (from late April
to middle May) and ~300 umol O,/kg in summer (from late June to middle July) in the CDW area (Chou
et al., 2013). During our summer cruises, however, the highest sea surface DO in the CDW reached 478
umol O,/kg in July 2015 (Figure 3h), indicating elevated biological production in the outer Changjiang
Estuary. Although the coastal acidification caused by the river water input could be counteracted to some
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1 ()[ﬂ] | ‘2 5‘ | [H Salinity extent by the high net primary production in surface waters (Chou et al.,
2013), the net community respiration and/or remineralization of increas-
600 (a) ing sinking organic matters would produce more CO, and further the
500 acidification in the subsurface waters. If subsurface DIC addition was
more than 190 umol/kg, the coastal Q,.,; would be lower than a critical
~ 400 value of 1.5 in the Changjiang Estuary (salinity <34) based on our model
L results, indicating that the local calcifying marine organisms would be
E 300 under severe threat.

fj 200 To further investigate the potential environmental impacts of terrestrial
8 carbonate flux in different system, we plotted the similar diagram combin-
100 S=34 ing effects of water dilution and ADIC on coastal Q.. dynamics in the
= %E%% Mississippi river plume, incorporating our earlier results in the Yalu
0 5= River plume (Zhai et al., 2015), and an ideal rainwater dilution case.
9.0 These estuaries received different levels of terrestrial weathering products
’ (Table S1 in the supporting information). Considering the rainwater dilu-
8.7 tion case, [(0Qarag/0Salinity)/(0Qarag/ODIC)rA]Qarag ~1.5 = 10.0
(Figure 11a), that is, the effect of a unit of salinity decrease on Qs
8.4 decline was expected to be counteracted by a ADIC decrease of 10
~ umol/kg when Q.. Was close to 1.5. Since this ideal case shared nearly
=) 8.1 the same seawater end-member with the Changjiang case (Figure 11a),
73 the comparison between the two cases suggested that terrestrial carbonate
inputs from Changjiang decreased the freshwater-dilution-induced sup-
75 pression of coastal Q,p,e by 12% (10.0 versus 8.75). In the Yalu River
plume area, [(0Qarag/0Salinity)/(0Qarag/0DIC)TAI]Qarag ~15 = 6.73
7.2 (Figure 11a), consistent with our earlier result between 6.1 and 7.7 (Zhai
et al., 2015). The freshwater end-member values of DIC and TAIk in the
2.0 Yalu River estuary are only 320-800 umol/kg (Zhai, Zheng, et al., 2014;
75 Zhai et al., 2015), approximately 1,000 umol/kg lower than those in the
Changjiang Estuary. However, its seawater end-member is much different
6.0 from the Changjiang river plume and rainwater dilution cases
(Figure 11a). In the Mississippi river plume, [(0Qqrag/0Salinity)/(0Qqrag/
245 ODIC) Akl Qarag ~1.5 = 9.43 (Figure 11a), suggesting that the buffering
G effect of its coastal carbonate system against the freshwater-dilution-
30 induced Q,r,g suppression was between the Changjiang river plume and

15 rainwater dilution cases.
00 . . Considering the chemical weathering source of riverine carbonate
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(Gaillardet et al., 1999), riverine Ca®" inputs should also affect
estuarine/coastal Q,,; dynamics. Although the riverine Ca** inputs
further increased the buffering effect of coastal carbonate system against
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Figure 9. Modeled relationship of (a) [CO32_], (b) pHr and (c) Qayrag versus the freshwater-dilution-induced Qarag suppression by  5-12%
ADIC at different salinity in the Changjiang Estuary (at 25 °C). ADIC (Figure 11b), the combined effect of freshwater dilution and ADIC on

refers to equation (14). Colored circles show real data with salinity obtained  egtyarine /coastal Qarag dynamics showed similar results (Figure 11b) to

in our July surveys in 2015 and 2016.

the above-discussed pattern (Figure 11a).

4.3. Marine Alteration of Terrestrial Carbonate System Due to Biological DIC Drawdown in
Wet Seasons

In the northwest ECS off the estuarine maximum turbidity zone, biological primary production is deter-
mined as high as 80-100 mmol C - m™2 - day ™! in spring and summer (Gong et al., 2003; Ning et al.,
2004), leading to net removal of DIC in surface waters as compared with the conservative mixing lines
obtained during our wet-season cruises (Figure 7). To evaluate the biological drawdown of DIC in the outer
estuary in wet seasons from April to September, we calculated ADIC in relevant data sets (Figure 7) against
the conservative water mixing lines, following equation (14). In those wet seasons during 2005-2017, survey-
averaged ADIC ranged from -54 to -211 pmol/kg (Table 5), accompanied by oversaturated DO values

XIONG ET AL.

2132



AAAAAAAAAAAAAA
'AND SPACESCIENCE

Earth and Space Science 10.1029/2019EA000679

200 phr 200
100 |, PHr~79 e T. I89 100
oo pmor T T AR BRI R Y o
2-100 pH;~8.1° S, L 85 3 100
3 e e Be, g
5 -200 5200
2 -300 t 8.1 & 300
¢ <
-400 . (a) 79  _400
-500 t : : . ‘ 7.7 2500
200 200
100 100
® o0 w0
= =
g -100 g -100
5200 Z-200
2 -300 L 2 -300
<
-400 (®) -400
-500 . . : . -500 L L L .
0 15 20 25 30 35 00 15 20 25 30 35
Salinity Salinity

Figure 10. Combined effects of riverine water dilution and metabolic-process-induced DIC addition/removal (ADIC) on
pHrt (a-b) and Qapag (c-d) in the Changjiang Estuary in summer in 2015-2016 (at 25 °C). ADIC refers to equation (14).
Based on conservative water mixing models in July 2015 (equations (2) and (3)), the estimated pHr ~7.9 line is

ADIC (umol/kg) = 3.23 X Salinity - 29.97, and the estimated pHrt ~8.1 line is ADIC (umol/kg) = 0.90 X Salinity — 58.55;
the estimated Qarag ~1.5 line is ADIC (umol/kg) = 8.75 x Salinity — 114.25, and the estimated Qyrag ~3 line is ADIC
(umol/kg) = 7.03x Salinity — 213.10. Colored circles in panels (a) and (c) show real data with pHr and Qrag

values obtained in our July surveys in 2015 and 2016. Blue arrows in panels (b) and (d) sketch the proportional
relationship shown by equations (14)-(17).

(averaged 115-195%) and quite low DIC:TAIKk ratios (averaged 0.81-0.89). To verify the ADIC calculation, we
compared the ADIC with Excess DIC (the departure from air-equilibrated DIC, Zhai, 2018). Results showed
that the two estimates were roughly comparable with each other (Table S2), suggesting that both of them
measured the biological drawdown of DIC.

Together with the plume residence time (half a month, sustaining an algal bloom) and mixed layer depth
(5-10 m), net community production (NCP) in the Changjiang Estuary during wet seasons were estimated
at 28-107 mmol C - m~2 - day~* (Table 5). Our estimates were close to the depth-integrated primary produc-
tion obtained in the inner shelf of the ECS, such as 30-80 mmol C - m2- day_1 measured in March and June
1998 (Gong et al., 2003) and 40-100 mmol C - m~2 - day " measured in June, July and August of 2003-2005
(Chen et al., 2009). The summertime NCP values in this study were also comparable to those obtained in the
same area in July 1986 (~125 mmol C - m™2 - day™") by Ning et al. (1988) and in August 2009 (~150 mmol C -
m~? - day™') by Wang et al. (2017). Based on the NCP value (averaged 54 mmol C - m™> - day '), yearly
bloom duration time (25-50% of the wet season, 1.5-3 months), and the bloom occurrence area (10-15%
of the ECS area in spring and summer; He et al., 2013; Guo, Zhai, et al., 2015), we estimated the biological
DIC removals off the Changjiang Estuary at (1.13-3.38) X 10"" mol C/year. The NCP induced DIC removals
should be balanced by all those exogenous DIC sources, including riverine inputs and the atmospheric CO,
intrusion. Therefore, the NCP evaluation suggested that at most 11-34% of the DIC flux discharged from the
Changjiang River in wet seasons could be sequestered in nearshore areas by biological production.

To further evaluate the effect of offshore biological drawdown of DIC on flux estimation, we rewrote Officer
(1979) equation for biological-induced flux loss (L p;,) in the estuary as L o = Q X (Cp - Co*fbi(,) X I', where
Q was water discharge, C, was DIC concentration at river end-member (Table 2), Co*_bio was the specific
effective DIC concentration at zero salinity considering the maximum removal (Table 3), I'indicated the pro-
portion of community-production-dominated stations against all stations during the field surveys (0.40 in
April-May 2007, 0.27 in April 2009, 0.39 in June 2010, 0.21 in July 2011, 0.40 in May 2012, 0.17 in July
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Figure 11. Diagrams sketching combined effects of freshwater dilution (Salinity ranging 10-32) and DIC addition/
removal (ADIC) on Qg (at 25 °C) in Changjiang, Mississippi and Yalu River plumes. The rainwater dilution case is
also plotted as a reference. ADIC refers to equation (14). Colored lines show critical lines of Qqrag~1.5 in different regimes.
Relevant conservative water mixing models refer to Supplementary Table S1. Briefly, the Mississippi has a relatively high
level of riverine bicarbonate alkalinity of 2450+500 umol/kg in the flood season (Hu et al., 2017). The river end-member
for DIC was assumed 30 pmol/kg higher than that for TAlk (Guo et al., 2012). The seawater end-member values of car-
bonate system in the Gulf of Mexico were averaged from three 2006 cruises (Guo et al., 2012). A two-end-member water
mixing model was assumed in the Mississippi river plume in its flood seasons (Cai, 2003). The Changjiang river plume
cases refer to equations (2)—~(5) and (18). The rainwater dilution case is based on the typical and air-equilibrated Kuroshio
carbonate system (Bai et al., 2015). The Yalu River plume case refers to Zhai et al. (2015). The blue arrow sketches the
proportional relationship between partial differential effects of salinity change and ADIC, either from metabolic processes
or from the anthropogenic CO, invasion. Panel (b) considered riverine ca®* inputs at a half of corresponding riverine
TAIk values. It is worthwhile to note that the river end member of Ca>" in the Changjiang Estuary was measured at 954
+54 umol/kg by Qi (2013) during our April, July, and October 2011, and February 2012 surveys, slightly higher than a half
of the Lower Changjiang TAlk values (Tables 1, 2).

2015, 0.36 in July 2016, and 0.27 in July 2017). Therefore, the biologically induced DIC flux loss in the outer
estuary was estimated at (4.31-22.97) x 10® mol/s (Table 3). In wet seasons, 9-20% (averaged at 12.1 + 3.5%)
of the estuarine DIC export flux from the Changjiang was sequestered in the coastal zone (Figure 7), while
TAlk export flux was rarely affected (Figure 6). The biological DIC removals derived from the effective
concentration method was comparable to that from the NCP estimation.

This biological alteration clearly contributed to the formation of relatively low DIC:TAIk ratio in offshore

waters (<0.9 versus typically >1.0 at the river end; Figures 12 and 13). Although the riverine carbonate sys-
tem in a limited region can be diluted by offshore waters (Figure 12), the dilution effect did not really
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Table 5

Data Summary (Mean + SD) of Our Springtime and Summertime surveys, Including Sea Surface Salinity, Temperature, Dissolved Oxygen (DO), DIC:TAlk Ratio,
DIC Addition/Removal (ADIC, Refers to Figure S6 for Details), and Net Community Production (NCP) Estimated in the Changjiang River Plume

Survey Salinity Temperature (°C) DO saturation (%) DIC:TAlk ratio ADIC (pumol/kg) NCP (mmol C - m ™2 - day_l)
April-May 2007 32.7+1.1 16.7+1.1 115+10 0.86+0.01 —68+23 35+12
April 2009 28.9+4.7 14.3+0.8 133+35 0.85+0.05 —121+115 62+59
June 2010 30.5+2.2 21.9+1.3 112+11 0.85+0.01 —54+31 28+16
July 2011 26.2+6.0 254421 195+37 0.84+0.05 —155+140 79+71
May 2012 31.1+1.8 14.4+0.9 113+7 0.89+0.02 —57+35 30+18
July 2015 29.1+5.0 25.2+1.4 134+31 0.84+0.03 —102+97 52450
July 2016 23.9+2.6 26.1+1.0 138+29 0.81+0.05 —211+102 107+51
July-August 2017 24.6+4.7 28.3+2.0 132421 0.85+0.03 —74+60 38+31
11 o 11 1.1
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Figure 12. Sea surface DIC:TAIk ratio versus salinity in the outer Changjiang Estuary. Data in late 2005 and early 2006 are
from Zhai et al. (2007), while data in 2007 are from Zhai and Hong (2012) and Zhai, Chen, et al. (2014). Data in May 2012
are from Zhai (2018), while data in 2015 have been partially published by Liu and Zhai (2016). Inserted panels show
relevant sampling sites. Broken curves are the assumed conservative water mixing lines, combining the conservative water
mixing lines of TAlk and DIC from Figures 7 and 8. Dashed ellipses circle those data points showing biological drawdown
of DIC.
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Figure 13. Diagrams sketching changes in environmental settings and those indicative carbonate system parameters
along the flow-path from the estuary to the sea, during (a and b) nonbloom periods and (c and d) algae bloom periods.
The colored background shows turbidity variations from river-end to the offshore area and the darker brown indicates the
turbidity maximum zone around the river mouth.

transform terrestrial carbonate system to oceanic carbonate system. This is because oceanic CO;>~ ions will
be titrated by terrestrial free CO, that was discharged from the rivers (i.e., CO, + CO32_ + H,O 2HCO3"),
during which neither DIC nor TAlk changes, and the DIC:TAIk ratio will be averaged. In a long-term run,
the typical seawater DIC:TAlk ratio of <0.9 must be maintained by the biological alteration (removing free
CO, from seawater but without a loss of CO5>~, during which DIC declines but TAIk remains unchanged,
and the DIC:TAIk ratio decreases). Our findings support Redfield et al. (1963) earlier argument on “the
influence of organisms on the composition of seawater”.

According to Chen et al. (2014), the summertime CO, sink in the CDW has increased since the 2000s. In the
1990s, the lowest springtime and/or summertime sea surface pCO, was recorded off Changjiang Estuary at
~200 patm (Peng et al., 1999; Tsunogai et al., 1999; Wang et al., 2000; Zhang et al., 1997; Zhang et al., 1999).
In the early 2000s, quite low pCO, of 110-140 pnatm was detected in this region (Chen et al., 2006; Tan et al.,
2004; Tseng et al., 2014). In the recent decade, however, extremely low sea surface pCO, values of 30-80
uatm were frequently observed in the CDW area (Figure S7), which was only 10-20% of the air-equilibrated
level. This trend is consistent with the substantial increases in riverine dissolved inorganic nitrogen
(approximately tenfold) and dissolved inorganic phosphate (approximately sixfold) deliveries (Dai et al.,
2011; Liu et al., 2002) and the corresponding algal blooms (Wang & Wu, 2009; Zhou et al., 2008) over the past
several decades. The CDW biological production may exert potentially larger impacts on the coastal carbo-
nate chemistry dynamics than before, especially in wet seasons.

Globally, the marine alteration of terrestrial carbonate system by biological production exists in many large
river plume areas (Chen et al., 2012), such as the Amazon plume (Cooley et al., 2007; Cooley & Yager, 2006;
Lefeévre et al., 2017; Kortzinger, 2003; Ternon et al., 2000), the Mississippi plume (Cai, 2003; Guo et al., 2012),
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and the Pearl River plume, China (Cao et al., 2011; Dai et al., 2008). The wet-season NCP values observed in
some large-river plume waters were 36 mmol C - m™2 - day ™ in the Pearl River plume in summer 2008 (Cao
etal., 2011), 100-133 mmol C - m2. day_1 in the Amazon plume in May 1996 (Ternon et al., 2000), and ~90
mmol C - m™2 - day™ ! in the Mississippi plume in June 2006 (even ~300 mmol C - m~? - day ™" in August
2004; Guo et al., 2012). In these river-estuary-coastal continuums, biological productivity fronts may appear
in appropriate plume areas with optimal light availability and nutrient utilization (Dagg et al., 2004; Ning
et al., 1988, 2004; Figure S8), as sketched in Figure 13c. In the biological productivity fronts, the biological
drawdown of DIC induces a substantial decline in DIC:TAIk ratio from >1 at the river end to as low as
~0.7 (Figure 12), and then it is mixed with offshore waters usually having a DIC:TAIk ratio of 0.8-0.9
(Figure 13d). The local decline in DIC:TAlk ratio is definitely accompanied by high pH and Q,., values
in the river plume area (Figures 5g and 5h), as sketched in Figure 13d. This study provided a regional case
quantifying the biological altering effect of the terrestrial carbonate system by biological production, which
played the key role in transforming terrestrial carbonate system into seawater carbonate system. Given the
fact that chemical buffering capacity slows down the air-sea equilibration of CO,, the biological DIC draw-
down in a bloom event has durative effects on the sea surface carbonate system for at least several weeks
(Zhai, Chen, et al., 2014).

Apart from the biological production of organic matter, CaCO; dissolution also transformed free CO, to
bicarbonate ion in several coastal zones without losses of seawater CO3>~ (e.g., Abril et al., 2003; Zhai
et al., 2017), effectively lowering the aquatic DIC:TAIKk ratio. This process may sequester the regenerated free
CO, in subsurface waters where biogenic organic matter is respired (Chen, 1978). However, this issue needs
further investigation in the future.

5. Conclusion

The Changjiang (Yangtze River) transported a large amount of carbonate into its estuary and the adjacent
ECS, varying slightly from the historical long-term mean fluxes of (1.58 + 0.21) x 10'* mol TAlk/year and
(1.63 + 0.22) x 10** mol DIC/year during 1963-1999 (Liu et al., 2002) to the recently decadal mean fluxes
of (1.44 + 0.20) x 10** mol TAlk/year and (1.48 + 0.21) x 10* mol DIC/year during 2005-2017. In compar-
ison with a rainwater dilution case, the terrestrial carbonate inputs from Changjiang decreased the
freshwater-dilution-induced suppression of coastal aragonite saturation state by 12%. In wet seasons, 9-
20% of the estuarine DIC export fluxes from the Changjiang River were sequestered in nearshore areas by
biological activities, while the TAlk fluxes were rarely affected. This process effectively altered the carbonate
system from terrestrial feature (with DIC:TAlk ratios of >1.0) to the usual seawater feature (with DIC:TAlk
ratios of <0.9).

Despite a regional study, our results support Alfred C. Redfield's argument on “the influence of organisms on
the composition of seawater” in the 1960s or earlier. Moreover, the nearly stable average of Changjiang car-
bonate flux over the past 55 years is much different from the American case of century-long TAlk increase in
some rivers, suggesting that the response of watershed chemical weathering to climate change and human
activity varies in different systems, presumably relying on the land-use history and other physical and bio-
geochemical conditions. In the context of future atmospheric CO, rise and global warming (potentially
enhancing chemical weathering in most watersheds), much remains to be investigated to quantitatively
evaluate corresponding changes in riverine exports of those watershed chemical weathering products (such
as carbonate and silicate) on a global scale.
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