& frontiers | Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Qingzhen Yao,
Ocean University of China, China

REVIEWED BY
Fajin Chen,

Guangdong Ocean University, China
Christopher Sabine,

University of Hawaii, United States

*CORRESPONDENCE

Hong Chen
hchen@nmemc.org.cn

Jianbo Han
jbhan@nmemc.org.cn

RECEIVED 04 February 2023
ACCEPTED 07 June 2023
PUBLISHED 26 June 2023

CITATION
Xu X, Hu Y, He Z, Wang X, Chen H and
Han J (2023) Processes controlling the
aragonite saturation state in the North
Yellow Sea near the Yalu River estuary:
contrasting river input effects.

Front. Mar. Sci. 10:1158896.

doi: 10.3389/fmars.2023.1158896

COPYRIGHT
© 2023 Xu, Hu, He, Wang, Chen and Han.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvpPE Original Research
PUBLISHED 26 June 2023
Do110.3389/fmars.2023.1158896

Processes controlling the
aragonite saturation state

in the North Yellow Sea near
the Yalu River estuary:
contrasting river input effects
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Hong Chen™ and Jianbo Han™
State Environmental Protection Key Laboratory of Coastal Ecosystem, National Marine Environmental

Monitoring Center, Dalian, China, ?College of Environment Science and Engineering, Dalian Maritime
University, Dalian, China

Understanding the characteristics of the aragonite saturation state (Qurag) is
necessary for assessing impacts of ocean acidification, especially in coastal
oceans. Based upon surveys conducted in August and October 2022, the
distribution and controlling processes of €,..4 were investigated in the North
Yellow Sea near the Yalu River estuary. Surface water Q.4 values exhibited
substantial variations of 1.14 to 3.79 for the input of river-diluted water and
community production, whereas bottom water €,..4 values ranged from 1.82 to
2.40 in August. In addition, surface water Q.4 was further reduced to 1.07-2.37
in October due to the combined effects of seawater temperature decreasing and
the upwelling of bottom water with low Q.4 values, while Q.4 values lowed to
1.04-2.14 in bottom water. Considerably low Q.4 values during summer and
autumn in nearshore areas, especially in the Yalu River estuary, were resulted
from the input of river-diluted water, while the net community respiration and
remineralization induced the low bottom water Q4 values in offshore areas. We
suggest that integrated and multidisciplinary studies are required to quantify the
trends and dynamics of acidification and its synergistic effects on the marine
ecosystem in estuarine and coastal oceans.

KEYWORDS

coastal acidification, aragonite saturation state, dynamic mechanism, North Yellow Sea,
Yalu river estuary, river input

1 Introduction

The aragonite saturation state of seawater (£2,r,¢) is crucial for many marine organisms
to form calcium carbonate (CaCOs) skeletons and shells; for example, €., > 3.0 is
required for the optimal growth of corals (Yamamoto et al, 2012; Eyre et al.,, 2018).
Declines in Q,,q are detrimental to many marine calcifying organisms and ecosystems
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(Fabry et al., 2008; Jin et al., 2015; Ravaglioli et al., 2020). Coastal
oceans are highly productive marine ecosystems, sustaining
numerous commercially valuable resources (Gattuso et al., 1998).
However, impacted by multiple natural and anthropogenic
processes, such as CO, uptake (Doney et al., 2009; IPCC, 2021),
seawater temperature changes (Jiang et al., 2019; Xue et al., 2021),
net community respiration and remineralization (Zhai et al., 2014b;
Xu et al., 2016a; Xu et al., 2018; Li et al., 2022), upwelling of CO,-
enriched waters (Feely et al., 2008), and river input (Salisbury et al.,
2008; Zhai et al., 2015), coastal acidification may occur more rapidly
than that in the open ocean, with considerable variability and
complexity (Cai et al., 2011; Chou et al., 2013; Xiong et al., 2020;
Li and Zhai, 2021). For example, seawater {2, is projected to be
undersaturated in the nearshore areas of California within the next
30 years, threatening seafloor habitats (Gruber et al., 2012).
Therefore, ascertaining the characteristics of seawater g is
essential and to better understand the controlling processes in
productive coastal oceans.

The North Yellow Sea (NYS) is a semi-enclosed shallow sea in
the western North Pacific that is surrounded by rapidly developing
and highly populated regions. However, the NYS suffers from
seasonal acidification with low Qg values of 1.0-1.5 mainly
caused by the net community respiration and remineralization,
whereas net community calcification is terminated when the Q.4
value reaches a critical threshold of 1.5-1.6 (Li and Zhai, 2019). The
nearshore areas in the NYS, especially in the Yalu River estuary, are
major and expanding marine aquaculture zones, sustaining
numerous commercially valuable resources, and comprise one of
the ecosystems most susceptible to ocean acidification (Zhai, 2018).
Observations of nearshore areas are important to obtain the
characteristics of seawater €,;,, and understand controlling
processes and future influences on marine calcifying organisms
and coastal ecosystems (Xue et al., 2017; Li and Zhai, 2021).

Two field surveys were conducted in August and October 2022
to ascertain the characteristics of seawater €2,.,, and explore how
river water dilutions act with seawater temperature changes and
biological processes to affect seawater €., in the NYS. This
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research has important implications in furthering our
understanding of seawater €2,.,, dynamics in river-dominated
coastal areas and its potentially negative effects on marine
organisms and coastal productive marine ecosystems.

2 Materials and methods

2.1 Study area

The NYS is characterized by a temperate climate, with a rain-
bearing southwest monsoon from June to September and a strong
northeast monsoon from November to March (Chen, 2009). The
Yellow Sea Cold Water Mass (YSCWM) develops from late spring
to autumn, resulting in a seasonally changing thermocline (Xu et al.,
2016b). The NYS is fed by several rivers along the coastline (e.g., the
Yalu River, with an annual runoff and sediment discharge of >30
billion m? and 113 x 10* t, respectively) (Liu, 2013). This discharge
of urban, industrial, and agricultural wastewater along the Yalu
River negatively impacts the estuary environment (Zhao et al,
2011). Intensifying eutrophication and algal blooms are often
observed in the NYS (Lin et al., 2008; State Oceanic
Administration of China, 2021), leading to seasonal acidification
(Zhai et al., 2014b; Zhai et al,, 2015; Xu et al., 2018) with the
variations of bottom water ., increasing by a factor of 4-7 from
spring to summer and autumn over the past 40 years (Li et al,
2022). Therefore, regulated by both terrigenous material
importation and oceanic dynamics, the spatial and seasonal
variability of hydrological and biogeophysical properties of the
NYS are considerably complex.

2.2 Sampling and analytical methods

Two field surveys were conducted on 10-26 August and 11-24
October 2022 (from 44 sampling stations) (Figure 1), undertaken
during the summer and flood season and autumn, respectively.
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Study area and sampling stations. (A) Relative location of the study area in the China coastal seas. Arrows denote major currents in the coastal seas
during the northeast monsoon season (Zang et al.,, 2003; Chen, 2009),The summertime Yellow Sea Cold Water Mass (YSCWM) is indicated by a red
dashed outline (Li and Zhai, 2021). (B) Study area within the frame in (A); black dots denote the stations investigated, and orange line indicates the

section AB.
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During each survey, seawater temperature and salinity were
recorded with a calibrated conductivity, temperature, depth
(CTD) recorder (SBE 911, Sea-Bird Electronics Inc., USA). Water
samples were collected to determine dissolved oxygen (DO),
dissolved inorganic carbon (DIC), and total alkalinity (TAlk) at
one to four different depths (depending on water depth and
thermocline) using a rosette sampler fitted with 8-L Niskin bottles
and mounted with CTD units.

The DO samples were collected, fixed, and titrated aboard
following the Winkler procedure. The uncertainty in DO data
was estimated to be<0.5% (Zhai et al., 2014b). DO saturation
(DO%) was computed from the measured O, concentrations
divided by the O, concentration at saturation with the
atmosphere based on the equation of Benson and Krause (1984).

The DIC and TAlk samples were unfiltered (Zhai et al., 2014a; Xu
et al., 2018) and stored in bottles (Huang et al., 2012), then preserved
at room temperature after the addition of saturated HgCl,. The
samples were allowed to settle before measurement. DIC was
measured using a total inorganic carbon analyzer based on infrared
detection (AS-C3, Apollo SciTech, Inc., USA). TAlk was determined
by Gran titration based on an alkalinity titrator (AS-ALK2, Apollo
SciTech, Inc., USA). The DIC and TAlk measurements were both
calibrated against certified reference materials from A.G. Dickson’s
laboratory for quality assurance at a precision level of +2 pumol kg™
(Cai et al., 2004; Dickson et al., 2007).

2.3 Calculation of apparent
oxygen utilization

Apparent oxygen utilization (AOU) was calculated by
subtracting the measured DO from the air-equilibrated DO, with
AOU > 0 indicating net community respiration and AOU< 0
indicating net biological production.

2.4 Calculation of Q,.g from DIC and TALk

Based on the CO,SYS.xls v. 24 (Pelletier et al., 2015), an updated
version of the original CO,SYS. EXE (Lewis and Wallace, 1998),
seawater Q,,, was calculated using

Qarag = [Ca2+] X Cog_ - Ksp = Qarag(T,S,TAlk,DIC) (1)

The dissociation constants for H,CO3; and HSO, ~ were those
calculated by Millero et al. (2006) and Dickson (1990), respectively.
The K, values for aragonite were taken from Mucci (1983).

2.5 Estimation of temperature effects on
the variability of Qa9

Based on the assumption of reaching transient air-sea CO,
equilibrium, the temperature effects on seawater Qg (AQurag-tem)
were obtained following the works of Jiang et al. (2015; 2019) and
Xue et al. (2020; 2021) as
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AQamg—tem = Qarag - Qarag(l9,S,TAlk,pCOZ) (2)

where pCO, is the mean atmospheric CO,, obtained from the
Tae-ahn Peninsula station (126.1°E, 36.7°N; data from NOAA/
ESRL’s Global Monitoring Division, http://www.esrl.noaa.gov/
gmd/). Thus, the variation of Q,., caused by the processes
excluding temperature is given by

£2umg—Nontem = Qarag(19,S,TA1k,pCOz) (3)

2.6 Two-end member water mixing model

Seawater salinity S is a conservative parameter in the two-end
member water mixing model and was estimated using

S= defdw + stfdw (4)

where dw and sw denote the river-diluted water and seawater,
respectively, and the mixing ratio f of seawater with river-diluted
water was estimated using (Fry, 2002)

fdw +fsw =1 (5)

The end-member values of the river-diluted water and NYS
seawater are summarized in Table 1.

The theoretical mixed value of TAlk (TAlk,,ix), DIC (DIC,,ix)
and Q. (Qqrag-mix) Were estimated using

TAlkmix = TAlkdwfdw + TAlkswfdw (6)
DICmix = DICdedW + DICswde (7)
Qarag—mix = Qarag(T,S,TAlkmix,DIC,mX) (8)

2.7 Estimation of biological effects on
seawater Q,.aqg

The contributions of biological processes to DIC (ADICy;,)
were defined as follows (Zhai et al., 2015):

ADIC,;, = DIC - DIC, ;, 9)

Negative ADICy;, values indicate net DIC removal from
net primary production. Positive ADICy;, values denote
accumulation of metabolic CO, by net community respiration
and remineralization, as the possible impacts of limited vertical
mixing and gas exchange across the seasonal thermocline are
ignored in this study.

3 Results
3.1 Environmental setting

In August, surface water temperature ranged from 21.79°C to
27.45°C (Figure 2A), whereas bottom water exhibited a substantially
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TABLE 1 Summary of end-member values in the two end-member model.

10.3389/fmars.2023.1158896

End members longitude latitude
river-diluted water 123.97 39.77 22.26 15.55 1450 1532
August
seawater 123.48 38.99 27.19 30.34 2015 2318
river-diluted water 123.97 39.77 13.58 25.86 1886 1958
October
seawater 123.48 38.99 16.53 3091 2085 2258

greater variation (13.53°C-23.72°C) and a low-temperature area in
offshore areas (Figure 2B). From this we can conclude that the
influence of the YSCWM causes a thermocline in offshore areas,
with the largest gradient (12.78°C) between surface and bottom
waters recorded at the station located at 38.9°N, 123.2°E
(Figure 3A). In October, seawater temperatures were 12.19°C-
17.40°C and 12.04°C-18.00°C in surface and bottom waters,
respectively (Figures 2C, D), which are lower than those found in

summer. Because of the retreat of the YSCWM and strengthened
vertical mixing in autumn, the thermocline became weaker, with a
smaller temperature gradient (3.39°C) between surface and bottom
waters than that found in summer (Figure 3B).

Seawater salinity exhibited substantially greater variations of 15.48-
30.65 and 16.38-31.62 in surface and bottom waters, respectively, in
August, whereas low salinity was found in nearshore areas, especially in
the Yalu River estuary (Figures 2E, F) (Xu et al, 2023). In contrast,
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FIGURE 2

Distributions of (A—D) temperature, (E—H) salinity, (I-L) DO%, (M—P) TAlk, (Q-T) DIC, and (U=X) Qg in surface and bottom waters in (A, B, E, F, |,
J,M,N,Q R, U, V)Augustand (C,D, G, H,K, L O, P, S, T, W, X) October 2022.
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August and (B, D, F, H, J, L) October 2022.
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smaller variation and higher values of salinity in surface water (24.28-
31.01) and bottom water (24.28-31.56) were observed in October
(Figures 2G, H). A weak halocline appeared in August (Figure 3C) but
disappeared in October (Figure 3D). According to the hydrological
characteristics of section AB (Figures 3A-D), the water structure
shifted from a vertically well-mixed water column with low salinity
in the nearshore areas influenced by the input of river-diluted water to
a stratified water body with low bottom water temperature in offshore
areas because of the YSCWM.

3.2 Dissolved oxygen

The highest DO% value of 133% in offshore areas and a low-
oxygen (79%) area along the coast were observed in surface water in
August (Figure 2I). However, bottom water was undersaturated
with DO% values of 70%-95% (Figure 2J), while the DO
stratification gradually strengthened from nearshore to offshore
areas (Figure 3E). In October, sea surface DO% ranged from 86% to
120%, while bottom water DO% was further reduced to its lowest
value of 62% in oftshore areas (Figures 2L, 3F), corresponding to
low seawater temperature. In autumn, the YSCWM sank into the
Yellow Sea trough and the organic matter decomposition in bottom
water consumed oxygen continuously, resulting in a further
decrease in seawater DO (Xu et al., 2018).

Frontiers in Marine Science

3.3 Carbon system parameters

In August, TAlk values in the water column ranged from 1532
umol kg™ (with a salinity of 15.55 located at 39.8°N, 124.0°E) to
2351 umol kg ' (with a salinity of 31.54 located at 39.0°N, 123.4°E)
(Figures 2M, N). Low TAlk values were observed in surface water of
nearshore areas because of the input of river-diluted water (e.g., the
Yalu River; Xu et al., 2018). High TAIk values were found in bottom
water of offshore areas because of the influence of the YSCWM
(Yuan et al,, 2008; Xu et al., 2018). However, the TAlk depth profile
exhibited a smaller variation compared of those of the other
parameters (Figure 3G). In October, seawater TAlk exhibited a
small variation of 1894-2337 pmol kgfl, while TAlk was lower in
the Yalu River estuary than in offshore areas (Figures 20, P, 3H).

In August, seawater DIC ranged from 1450 pmol kg™ (with a
salinity of 15.55 located at 39.8°N, 124.0°E) to 2182 pumol kg_1 (with a
salinity of 31.61 located at 38.9°N, 122.5°E). The distribution of
seawater DIC was similar to that of seawater TAlk (Figures 2Q, R),
while DIC stratification was observed in offshore areas (Figure 2R),
having the largest gradient (295 pwmol kg') between surface and
bottom waters located at 38.9°N, 122.5°E. In October, seawater DIC
had relatively high values (Figures 2S, T) of 1822-2211 umol kg,
whereas the DIC depth profile exhibited less variation, with the
highest DIC values recorded at the station located at 38.9°N, 122.9°E
in bottom water of an offshore area (Figure 3]).
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Surface water Q,,, had a substantial variation of 1.14 to 3.79,
whereas bottom water Q,,, ranged from 1.82 to 2.40, which is lower
than that of surface water in August (Figures 2U, V). Spatially, low
Qyrag Was found in nearshore areas, especially in the Yalu River
estuary, while high €,,, was observed in surface water of offshore
areas (Figure 2U). In October, surface water €, ,, was lower than that
in summer, with values of 1.07-2.37 (Figure 2W), and bottom water
Qarag Was further reduced to 1.04-2.14 (Figures 2X), with the lowest
values observed in the bottom water of offshore areas, corresponding
to low DO and high DIC values. Overall, long periods of low Q2,44
values were observed in nearshore areas and bottom water of offshore
areas during summer and autumn, and these were considerably lower
than those found in the open ocean (2, 2.0-4.2) at the same
latitude (Jiang et al., 2015).

4 Discussion

4.1 Effect of seawater temperature on
seasonal variation in ;.4

Seawater temperature is an important factor affecting the
distribution of seawater Qarag (Xu et al, 2016a; Xu et al, 2018;
Jiang et al., 2019; Xue et al., 2021). In this study, surface water Q.
was high in August and low in October, which is consistent with the
variations in seawater temperature (Figures 2, 3). There was a positive
relationship between seawater €21, and temperature (with ., =
0.45T - 8.66, R*~0.76, and 1 = 46 in August and Q,,, = 0.23T - 1.86,
R*~0.65,and n = 53 in October) (Figure 4A). In addition, AQ, g tem
was calculated according to Equation (2) (Jiang et al., 2019; Xue et al,
2020) at an average seawater temperature of 19°C during the two
surveys by keeping DIC, TAIk, and S constant to further quantify the
effects of temperature on seawater (..., The results show that
A4 rag-tem ranged from —0.84 to 0.42, which is about —24%-45% of
the absolute Q,,, values, with relatively high values found in offshore
areas in August. Furthermore, the £, .5-Nontem Values were 0.97-2.98
and 1.43-2.57 in August and October, respectively, which are closer
to each other, in contrast to the ..., values (Figure 4A). Overall,
seawater temperature had an important influence on the seasonal
variability of surface water ., especially in offshore areas. This
finding is in agreement with those of Jiang et al. (2015; 2019) and Xue
et al. (20205 2021). However, it is worth noting that surface water
Qarag-Nontem Nad a considerably wide range of variations, especially in
August, and AQ, ¢ tem Values were relatively low in nearshore areas,
while bottom water €2, values deviated considerably from Q,.,,~T
lines, suggesting that other factors are in play; that is, the dilution
effect of riverine water discharge may also affect the distributions of
Qarag (Salisbury et al, 2008; Sunda and Cai, 2012), especially in
nearshore areas.

4.2 Dominant effects of river-diluted water
input on low Q,,,4 in Nnearshore areas

River-diluted water input not only decreases salinity but also
decreases TAlk and DIC, thereby diminishing €., values because
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most of the world’s largest rivers have lower €2, values than those
observed in seawater (Salisbury et al., 2008; Jiang et al., 2010; Sunda
and Cai, 2012). Here, the effects of river-diluted water input on the
variability of €., were examined through both a qualitative
analysis and a two-end member water mixing model. Seawater
TAIk, a conservative parameter, versus salinity had a very tight
linear relationship (with TAlk = 50.7S + 705, R?>~0.96,and n = 215)
(Figure 4B), especially in low-salinity nearshore areas, indicating
that obvious water mixing was controlled by nearly two end
members (Zhai et al., 2015). The intercept of the TAlk-S
equation (705 pmol kg ') was consistent with the TAIk value
(740 pmol kg_l) of the Yalu River (Zhang, 1997). The
conservative TAlk value should be 2327 umol kg™ at a salinity of
32 based on the TAIk-S equation, which was virtually consistent
with the NYS TAIk values (2290 + 25 umol kg ') (Zhai et al,
2014b), indicating that water characteristics in the study area were
mainly controlled by the mixing of the NYS and the diluted water
from the Yalu River. During summer and autumn, low seawater
Qarag values of 1.14-1.56 in August and 1.04-1.57 in October were
observed in nearshore areas, where salinity ranged from 15.55 to
19.64 and from 24.28 to 27.31, respectively. There was a positive
relationship between surface water ;g Nontem and salinity values
(With Qurag Nontem = 0.128 — 0.92, R* © 0.92, and n = 46 in August
and Q,rag Nontem = 0.128 — 1.64, R* ~ 0.79, and n = 53 in October)
(Figure 4C). Furthermore, based on the two-end member water
mixing model, stations A (40.0°N, 124.0°W) and C (39.0°N, 123.5°
W) were selected as the river-diluted water end member and the
NYS end member, respectively, to investigate the effects of the
mixing of river-diluted water with seawater on the distribution of
Qarag- The results show that most surface water €2,,, values were
close to the calculated €2aagmix Vvalues, which were distributed
around the 1:1 line (Figure 4D), especially in nearshore areas,
indicating the important effects of the mixing of river-diluted
waters with seawater on the distribution of Q.. in the study
area. The river-diluted water with low ., values, especially in
the Yalu River, substantially decreased the seawater Q... In
addition, low €, values were also observed in subsurface water
associated with high salinity, especially in offshore areas, suggesting
another controlling factor; that is, the net community respiration
and remineralization may also lead to coastal £2,r,g decline (Zhai et
al.,, 2014b; Xu et al., 2016a; Xu et al., 2018).

4.3 Low bottom water Q,,,4 in offshore
areas induced by net community
respiration and remineralization

Most bottom water ., values were low, corresponding to low
seawater temperature and undersaturated DO values (Figures 2, 3),
especially in offshore areas. In addition, there was a positive
relationship between the bottom water Q. .g Nontem and DO%
data in offshore areas (Figure 4E), indicating that Q,,,, decreased
while DO was consumed and oxygen-consuming processes might
dominate these waters. In contrast to TAlk, seawater DIC is a
nonconservative parameter, which is subject to photosynthesis
(related to an increase in €,.,,) and net respiration and
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remineralization (related to a decrease in ,,,5). To characterize the
influence of net community respiration and remineralization on
seawater €,..,, the differences (ADICy;,) between measured DIC
values and predicted DIC values (DIC,,;,) based on the two-end
member water mixing model were calculated following Equation
(9), with positive values indicating the addition of DIC and decline
of Q4 1og. The results show that ADIC,,;, values varied greatly (16-62
umol kg™ in August and 24-99 pwmol kg™' in October), indicating
that most bottom water DIC, apart from conservative water mixing,
was controlled by metabolic processes in offshore areas. Metabolic
processes will result in not only DIC oversaturation but also DO
depletion, which can be roughly estimated by using the traditional
Redfield equation (Redfield et al., 1963). When local hydrological
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dynamics cannot enable a water mass to ventilate to the
atmosphere, metabolic CO, will accumulate, resulting in a
decrease in seawater Q. in subsurface waters. In this study,
seawater ADICy;, versus AOU ranged around the Redfield ratio
(Figure 4F), denoting that net respiration and remineralization
served as one of the key processes maintaining both DO
depletion and DIC oversaturation, which was the driving force
accounting for the observed low bottom water €., in offshore
areas. Furthermore, water stratification persisted until October as a
result of the influence of the YSCWM, providing more time for net
respiration and remineralization to induce DIC addition in
subsurface waters, leading to a lower ., in October than in
August, as reported by Xu et al. (2016a).
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5 Summary and implications

The distribution and dynamics of seawater €2,r,, in the NYS
near the Yalu River estuary were investigated, and distinct spatial
and seasonal variations were found. Low €2, values were observed
in nearshore areas during summer and autumn, which ranged from
1.14-1.56 and 1.04-1.57 associated with quite low salinity in
summer and autumn, respectively, because of the input of river-
diluted water, especially the Yalu River. Bottom water q,, values
were 1.82-2.40 and further reduced to 1.24-2.14 from summer to
autumn in offshore areas due to the effects of net community
respiration and remineralization. Considerably low 2,4, values in
the study area, compared to those in the open ocean (2, 2.0-4.2)
at the same latitude, will have negative effects on marine organisms
and ecosystems, with potentially large economic consequences.
Therefore, integrated and multidisciplinary studies are required to
quantify the trends and dynamics of acidification and its synergistic
effects on marine organisms and ecosystems in estuarine and coastal
ocean regions.
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