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1.  INTRODUCTION

Ocean acidification has raised questions of how the
declining oceanic pH induced by fossil CO2 may
interact with the larger natural variations of pH in
eutrophic coastal and estuarine marine ecosystems
(Feely et al. 2010, Cai et al. 2011, Duarte et al. 2013).
Because of the increased input of anthropogenic
nutrients from runoff, phytoplankton blooms have in -

creased in frequency and magnitude, playing a more
important role in carbon input and transformation
in estuarine and coastal ecosystems (Howarth 1988,
Cloern et al. 2014, Carstensen et al. 2015), particu-
larly in eutrophic estuaries (Chen et al. 2003, Yin
2003). Eutrophication, amplifying both production
and respiration of organic carbon, has the potential to
reduce or exacerbate the impacts of ocean acidifica-
tion in coastal waters (Doney et al. 2007, Borges &
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Gypens 2010, Cai et al. 2017), resulting in more com-
plex dynamics of pH (Hinga 2002, Duarte et al. 2013,
Flynn et al. 2015). Indeed, dense phytoplankton
blooms can deplete dissolved CO2 and raise pH to as
high as 10 in the surface layer of coastal and estuar-
ine waters (Hansen 2002, Björk et al. 2004, Gao et al.
2014). It is common that laboratory cultures of phyto-
plankton raise pH above 10 and cause carbon limita-
tion (Middelboe & Hansen 2007, Verschoor et al. 2013).

High biomass growth of phytoplankton has com-
plex effects on dissolved inorganic carbon (DIC),
pH, total alkalinity (TA) and carbonate precipitation
(Vandamme et al. 2012, Verspagen et al. 2014).
Although DIC uptake by phytoplankton does not
affect TA, proton consumption during NO3

– and
PO4

3– uptake increases TA (Wolf-Gladrow et al.
2007). Importantly, an increase in pH and TA may
shift DIC composition from HCO3

– to CO3
2– domi-

nance, which favors mineral precipitation such as
calcium carbonate. The process of mineral precipita-
tion not only reduces TA and pH but also releases
CO2 (Frankignoulle et al. 1994, Soetaert et al. 2007,
Vandamme et al. 2012), which could then benefit
 further biological production. Although many inter -
actions between phytoplankton and DIC chemistry
have been examined, the coupled feedbacks between
phytoplankton growth and carbonate chemistry as
reflected in changes in DIC, pH and TA are not
straightforward and have received little attention.

The Pearl River, the second largest river discharge
in China, is characterized by heavy eu trophication
due to inorganic nutrient enrichment from municipal
and livestock waste discharges. The river freshwater
flows out in the northern South China Sea. Upstream,
phytoplankton growth is mainly limited by light, as
the freshwater in the riverine plume is turbid,
whereas the South China Sea water is oligotrophic
and, hence, phytoplankton growth is limited prima-
rily by nutrients (Yin et al. 2004, Yin & Harrison
2008). The estuarine plume is a mixture of riverine
water and seawater and has high nutrients and
improved light penetration. Therefore, phytoplank-
ton blooms often occur in the estuarine plume, and
the magnitude of the blooming biomass is restricted
by phosphorus as the most limiting nutrient (Yin
2003, Lu & Gan 2015). There has been no seasonal
large-scale hypoxia in Pearl River estuarine coastal
waters.

Delaware Bay is an urbanized estuary in the east-
ern USA and in the past had suffered from summer
hypoxia mainly due to municipal and industrial
inputs in the urban region (Kauffman et al. 2011).
Although water quality has been remarkably im -

proved over the past 2 decades, nutrient loading is
still high and phytoplankton blooms still occur in the
middle to lower estuary (Sharp et al. 2009). A field
investigation observed that a net DIC drawdown of
100 to 150 µmol kg−1 and a TA increase of 0 to
50 µmol kg−1 were estimated during a phytoplankton
bloom with 0.2 to 1.8 µg l−1 chl a in the Pearl River
Estuary (Dai et al. 2008). In Delaware Bay, a slight
DIC removal has also been observed in the mid-bay,
where chl a content is high (Sharp et al. 2009, Joesoef
et al. 2015, 2017).

High pH in seawater can result in mineral precipi-
tation, which can change the balance between TA,
DIC and pH since the 3 variables are intimately
linked. Phytoplankton uptake of CO2 is a driver for
the feedback process. For example, high levels of
particulate inorganic carbon were reported in the
Loire Estuary, where chl a reached as high as 80 µg
l−1 (Abril et al. 2003). Therefore, the coupled feed-
backs between phytoplankton growth and carbonate
chemistry are related to the magnitude of phyto-
plankton biomass. However, the process of feedback
regulation by phytoplankton growth is not well un -
derstood. To eliminate variation in freshwater flow,
water column stability, light limitation and other
environmental factors on growth of phytoplankton,
we conducted bottle incubation experiments in both
Delaware Bay and the Pearl River Estuary to exam-
ine the phytoplankton growth regulated process of
the coupling relationships between phytoplankton
growth, TA, DIC and pH during high biomass phyto-
plankton growth in the 3 different water salinities,
which represent the different buffering capacities of
the waters.

2.  MATERIALS AND METHODS

2.1.  Incubation experiment design and water
sampling sites

Incubation experiments were set up using waters
from Delaware Bay and the Pearl River Estuary.
There were 3 sets of incubation experiments con -
taining low-salinity, moderate-salinity and high-
salinity waters, among which intermediate-salinity
water was a mixture of the other 2 waters. Some
treatments received additions of nutrients (NO3-N,
SiO3-Si and PO4-P), and all treatments were incu-
bated for 5 d, during which time samples were taken
for various parameters.

In Delaware Bay, we took surface water samples
(0.5 m depth) at a river site (39°42’43’’N, 75°30’51’’W;
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salinity = 0.21 in May and 0.62 in August 2015) and
another estuarine site (38°47’13’’N, 75°06’06’’W;
salinity = 28.91 in May and 29.29 in August 2015). All
water samples were filtered through 200 µm mesh to
remove mesozooplankton. Moderate-salinity water
was prepared by mixing equal portions of low- and
high-salinity waters (final salinity = 15.22 in May and
15.53 in August 2015). For the August incubation
experiments, nutrients were added to the samples
(final concentration of 100 µM NO3-N, 6 µM PO4-P,
100 µM SiO3-Si), but nutrients were not added for the
May incubation experiments. All sample waters were
transferred into 300 ml BOD bottles. All incubation
bottles, tubes and carboys were washed with 10%
HCl and rinsed thoroughly with distilled water and
sample water before the experiments. The bottles
were covered with neutral density screen to reduce
the light intensity to 50% of the surface value (about
1200 µmol m−2 s−1 at noon) and incubated outdoors at
25 ± 1°C maintained with a circulating water bath.
Each day at 07:00, 13:00 and 19:00 h, 3 bottles for
each treatment were sacrificed for samples of pH,
DIC, TA, nutrients and chl a.

In the Pearl River Estuary, we took surface water
samples (0.5 m depth) at a river site (22°49’16’’N,
113°34’00’’E; salinity = 2.86) and another estuarine
site (22°0’34’’N, 113°53’13’’E; salinity = 31.71) in
December 2015. The samples were collected, pre-
pared and enriched with nutrients in the same way as
those in the Delaware Bay experiments. The salinity
of the mixture of freshwater and seawater was 17.23.
Sample waters were placed into 2.5 l polycarbonate
bottles and incubated in a culture room with 24 h
light at 500 µmol m−2 s−1 and at 25°C. The tempera-
ture condition was comparable to and the light was
weaker than that in Delaware Bay. Each day at 13:00 h,
2 polycarbonate bottles for each treatment were sac-
rificed to measure pH, DIC, TA, nutrients and chl a.
Also, we collected samples for particulate organic
carbon (POC) and dissolved organic carbon (DOC).

2.2.  Sample analysis

Samples for DIC and TA were preserved with
HgCl2 in 60 ml borosilicate glass bottles (final con-
centration: 0.04% saturated HgCl2) for later analysis.
DIC and TA were analyzed using established meth-
ods (Cai et al. 2003, Huang et al. 2012), and the pre-
cision for DIC and TA was 0.1 and 0.3%, respectively.
pH was measured in gas-tight vials with a Ross com-
bination glass electrode at 25°C against the NIST
scale within 2 h of sampling. For chl a, 80 to 100 ml

water samples were filtered through GF/F filters, and
the filters were stored in the dark at −20°C. Chl a
concentrations were estimated by fluorometry after
acetone extraction overnight at 4°C (Knap et al.
1996). For nutrients, filtered water was stored at
−20°C until measurements were carried out with a
nutrient analyzer (Delaware Bay samples with Skalar
San++ autoanalyzer; Pearl River Estuary samples
with Futura, Alliance Instruments). For POC, 200 ml
of sample water was filtered with combusted GF/F
filters (500°C for 5 h). The filters were placed over -
night in a desiccator saturated with HCl fumes to
remove all calcite and then dried for 5 h at 60°C. POC
was analyzed using an elemental analyzer (Knap et
al. 1996). DOC in the filtered water was placed in
combusted 40 ml borosilicate glass bottles (500°C
for 5 h) and stored at −20°C until measurements
were carried out with a total organic carbon (TOC)
analyzer (Shimadzu TOC-L series) (Knap et al. 1996).
Samples for POC and DOC in the Delaware Bay
experiments were not collected.

2.3.  Model to explore changes in TA and DIC

As given in the simplified TA definition (Eq. 1),
photosynthetic uptake of CO2 does not affect TA, but
NO3

– and PO4
3– assimilation leads to a consumption

of H+ and thus causes a slight increase in alkalinity
(Eq. 2). According to the Redfield ratio, 106 mol of
DIC uptake consumes 17 H+ and produces TA by
17 mol, of which 16 mol are from NO3

– reduction to
NH3 and 1 mol is from proton dissociation from
H3PO4, as shown in Eq. (2) (Wolf-Gladrow et al. 2007,
Cai et al. 2011):

TA = [HCO3
–] + 2[CO3

2–] + [OH−] − [H+] (1)

106CO2 + 122H2O + 16HNO3 + H3PO4 →
(CH2O)106(NH3)16(H3PO4) + 138O2 (2)

The precipitation of CaCO3 can be described by:

Ca2+ + 2HCO3
– ↔ CaCO3 + CO2 + H2O (3)

or equally by:

Ca2+ + CO3
2– ↔ CaCO3 (4)

with the 3 DIC species linked by the chemical equi-
librium:

2HCO3
– ↔ CO3

2– + CO2 + H2O (5)

Based on these equations, 1 mol of CaCO3 precipi-
tation reduces DIC by 1 mol and TA by 2 mol, and
1 mol of CO2 is potentially released. Because of the
chemical equilibrium, less than 1 mol of CO2 can be
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released per mol of CaCO3 deposited in oceanic con-
ditions (Frankignoulle et al. 1994, Soetaert et al.
2007). Therefore, the changes in TA ( TA) result from
both nutrient consumption (TAproduction) and precipi-
tation (TAprecipitation):

ΔTA = TAend − TAinitial = TAproduction − TAprecipitation (6)

So: 

TAprecipitation = TAproduction − ΔTA (7)

To test our hypothesis that the high pH driven by
phytoplankton growth results in carbonate precipita-
tion, we set up a model to simulate the relationship
between pH, DIC and TA. For the simulation, an
Excel version of CO2SYS (Pierrot et al. 2006) with
carbonic acid dissociation constants of Millero (2010)
was used.

3.  RESULTS

3.1.  Chl a and pH

In all incubation experiments, chl a increased dur-
ing the incubation (Fig. 1a,b). The increase in chl a

with nutrient enrichments was larger in Delaware
Bay waters than in Pearl River Estuary waters, al -
though initial nutrients in the former were lower than
those in the latter (Table 1). Higher nutrients in
the Pearl River Estuary only extended the duration
of high phytoplankton biomass. Along with the in -
crease in chl a, pH increased in all waters during the
incubation; the nutrient additions resulted in an even
higher increase in pH (Fig. 1c,d). The elevation in pH
was highest in the low-salinity water (up to 10.31 and
10.88) and smallest in the high-salinity water (up to
9.70 and 8.90) in Delaware Bay and the Pearl River
Estuary, respectively. pH kept increasing even when
chl a stopped increasing or started to decrease.

3.2.  DIC and TA

As phytoplankton grew, DIC decreased in all water
salinities in both Delaware Bay and the Pearl River
Estuary (Fig. 2a,b). In Delaware Bay, DIC consump-
tion was about 200 µmol kg−1 in all treatments with-
out nutrient additions but increased up to 900 µmol
kg−1 in all treatments with nutrient additions. How-
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Fig. 1. (a,b) Chl a concentrations and (c,d) pH during incubations in 3 water salinities (low, L; moderate, M; high, H) in
Delaware Bay and the Pearl River Estuary. Open and solid symbols indicate treatments without and with nutrient additions, 

respectively; error bars denote SD 
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ever, in Pearl River Estuary waters, DIC consumption
was 590, 470 and 150 µmol kg−1 in the low-, moder-
ate- and high-salinity treatments without nutrient
additions, respectively, and increased to 860, 770 and
300 µmol kg−1 with nutrient additions.

In contrast to DIC and pH, variation in TA was
 relatively small and complex in the different water
salinities (Fig. 2c,d). Generally, in the treatments
without nutrient additions, changes in TA (differ-
ence between sampling day and initial) were not
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TIN (µmol kg−1) P (µmol kg−1) Si (µmol kg−1)
Initial End Initial End Initial End

Delaware Bay
H-Sal 0.64 ± 0.12 0.57 ± 0.01 0.06 ± 0.01 0.02 ± 0.01 3.65 ± 0.70 0.86 ± 0.02
H-Sal+ 124.11 ± 7.35 37.08 ± 4.96 6.68 ± 0.42 0.06 ± 0.01 18.71 ± 2.77 5.58 ± 2.29
M-Sal 49.66 ± 5.87 40.97 ± 0.31 0.97 ± 0.11 0.02 ± 0.01 4.26 ± 0.65 9.87 ± 2.51
M-Sal+ 150.24 ± 2.88 60.86 ± 3.87 5.61 ± 0.10 0.03 ± 0.01 30.53 ± 0.25 18.40 ± 5.40
L-Sal 105.77 ± 1.56 90.57 ± 0.78 2.06 ± 0.16 0.12 ± 0.01 4.93 ± 0.96 2.30 ± 0.62
L-Sal+ 168.72 ± 4.15 31.06 ± 2.31 6.69 ± 0.16 0.13 ± 0.01 44.93 ± 4.27 16.43 ± 5.20

Pearl River Estuary
H-Sal 26.36 ± 2.52 1.25 ± 0.05 0.38 ± 0.02 0.30 ± 0.02 31.89 ± 3.98 9.20 ± 0.25
H-Sal+ 144.89 ± 3.60 86.10 ± 1.23 6.56 ± 0.21 5.08 ± 0.05 207.14 ± 2.45 119.58 ± 4.88
M-Sal 90.66 ± 1.85 48.45 ± 3.65 0.57 ± 0.04 0.31 ± 0.01 90.92 ± 1.33 36.54 ± 1.46
M-Sal+ 206.95 ± 3.51 89.55 ± 2.41 6.83 ± 0.24 1.14 ± 0.21 226.88 ± 5.28 33.50 ± 6.88
L-Sal 150.32 ± 2.53 47.05 ± 4.65 0.80 ± 0.11 0.18 ± 0.02 129.51 ± 1.47 55.07 ± 3.81
L-Sal+ 200.18 ± 3.12 103.14 ± 0.49 7.01 ± 0.12 0.56 ± 0.02 222.74 ± 2.50 45.55 ± 0.77

Table 1. Initial and end concentrations (mean ± SD) of total inorganic nitrogen (TIN, ammonium + nitrate + nitrite), phosphate
(P) and silicate (Si) during incubation in high-salinity (H-Sal), moderate-salinity (M-Sal) and low-salinity (L-Sal) waters in 

Delaware Bay and the Pearl River Estuary; + indicates nutrient additions

Fig. 2. (a,b) Dissolved inorganic carbon (DIC) and (c,d) total alkalinity (TA) during incubations in 3 water salinities (low, L;
moderate, M; high, H) in Delaware Bay and the Pearl River Estuary. ΔTA was TA at the incubated time minus the initial TA for 

the treatments without (open symbols) and with (solid symbols) nutrient additions; error bars denote SD
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apparent. However, in the treatments with nutrient
additions, TA slightly increased at first and then
sharply decreased by as much as 200 µmol kg−1 in
the low-salinity treatments. Changes in TA in the
moderate- and high-salinity treatments were less
evident in both estuaries. The initial DIC:TA ratios
increased as salinity increased, and the ratios de -
creased in all water salinities during the phyto-
plankton blooms (Table 2). In addition, the initial
DIC:TA ratios in the same water salinities were

higher in the Pearl River Estuary than
in Delaware Bay. Nutrient additions
changed the ratios, particularly in the
Pearl River Estuary.

3.3.  POC and DOC

As DIC was consumed, both POC and
DOC in creased (Fig. 3). Organic carbon
(POC + DOC) production generally was
coupled with chl a biomass, but the

decrease in DIC was more than the production of
organic carbon. This in dicates that the decreased DIC
was not all transformed into organic carbon and
some C was missing. The missing C was highest in
the low-salinity treatments (where pH was highest)
and lowest in the high-salinity treatments. Nutrient
ad ditions increased the amount of missing C in low-
and moderate-salinity waters but not in high-salinity
water, where phytoplankton chl a did not in crease
much with the addition of nutrients.
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H-Sal H-Sal+ M-Sal M-Sal+ L-Sal L-Sal+

Delaware Bay Initial 0.88 0.90 0.92 0.92 0.98 0.98
End 0.78 0.44 0.75 0.43 0.71 0.23

Pearl River Initial 0.90 0.77 0.95 0.82 1.03 0.91
Estuary End 0.79 0.65 0.71 0.49 0.67 0.46

Table 2. Decrease in dissolved inorganic carbon:total alkalinity ratios dur-
ing incubation in high-salinity (H-Sal), moderate-salinity (M-Sal) and low-
salinity (L-Sal) waters in Delaware Bay and the Pearl River Estuary. Initial
and end ratios are from the beginning and end of incubation, respectively; 

+ indicates nutrient additions

Fig. 3. Dissolved inorganic carbon
(DIC), particulate organic carbon
(POC) and dissolved organic car-
bon (DOC) during phytoplankton
blooms in 3 water salinities (high,
H; moderate, M; low, L) in the
Pearl River Estuary. (a,c,e) Treat-
ments without nutrient additions;
(b,d,f) treatments with nutrient 

additions
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4.  DISCUSSION

4.1.  Effect of high phytoplankton biomass bloom
on seawater buffering capacity

Seawater pH and carbonate saturation state are
determined by the relationship between DIC and TA
(Frankignoulle 1994, Egleston et al. 2010, Wang et al.
2013). If DIC equals TA, the system is least buffered,
and a slight change in DIC would cause a large
change in pH. Generally, DIC and TA are nearly
equal in river water, but DIC is less than TA in sea-
water by 200 to 300 µmol kg−1. Therefore, pH buffer-
ing capacity is smaller in freshwater than in sea -
water. Our study in Delaware Bay and the Pearl River
Estuary is consistent with this first-principle-based
understanding, though both DIC and TA are higher
in the Pearl River Estuary than in Delaware Bay
due to the CaCO3 drainage basin in the Pearl River
 Estuary (Guo et al. 2008, 2009). In addition, DIC:TA
ratios decreased in all water salinities because of CO2

consumption during the intensive growth of phyto-
plankton in both the Delaware Bay and the Pearl
River Estuary experiments (Table 2).

The change in pH or in log(pCO2) in response to
the change in DIC or TA has been used as a measure
of how well a system buffers pH or pCO2 (Frankig-
noulle 1994, Egleston et al. 2010, Cai et al. 2011). In
this study, we used ΔDIC/ΔpH as the overall buffer
index to examine how biological removal of DIC and
TA affects buffering capacity in different water sal -
inities. A larger buffer index means the buffering
capacity is stronger, indicating that the system can

accommodate a larger change in DIC for the same
unit change in pH. As expected, high-salinity water
has a larger buffer index and low-salinity water has
a lower buffer index, as buffering capacity increases
with decreasing DIC:TA ratios (Fig. 4a). When phyto -
plankton utilize DIC and amplify the difference be -
tween DIC and TA, pH increases and the buffering
capacity of the system enhances. In this study, as
DIC was consumed by photosynthesis, ΔDIC/ΔpH
increased sharply and then stabilized (Fig. 4b), in -
dicating that phytoplankton growth by consuming
DIC can enhance the water buffering capacity. In
addition, eutrophication by inorganic nutrients would
promote consumption of DIC, thus increasing dif -
ferences between DIC and TA and enhancing the
buffering capacity of the system (Table 2, Fig. 4a).

4.2.  Effect of carbonate precipitation on high
biomass phytoplankton photosynthesis

It is known that photosynthesis elevates pH and
shifts DIC towards HCO3

– and CO3
2– species (Raven

1970, Hansen et al. 2007, Flynn et al. 2012). In this
study, CO2 was already depleted in all water sal -
inities in both Delaware Bay and the Pearl River
Estuary when pH increased by about 1 unit (Fig. 5a).
Though some phytoplankton species having carbon-
concentrating mechanisms can convert HCO3

– to
CO2 for photosynthesis (Badger et al. 1980, Giordano
et al. 2005, Reinfelder 2011), this conversion does not
change TA (Eq. 1). Therefore, the decrease in TA in
this study suggests another process was involved for
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Fig. 4. Estuarine water buffering capacity (ΔDIC/ΔpH) against salinity gradient in Delaware Bay and the Pearl River Estuary.
In (a), open and solid symbols indicate treatments without and with nutrient additions, respectively. In (b), open and solid
 symbols indicate estuarine water buffering capacity (ΔDIC/ΔpH) against incubation time from the Pearl River Estuary and 

Delaware Bay, respectively. DIC: dissolved inorganic carbon; L: low; M: moderate; H: high
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sustaining the continuous increase in pH in the
experiments. The missing C might offer an explana-
tion for this mechanism. Missing C increased with
pH, and the ratio of TA reduced by precipitation to
missing C is about 1.24, indicating the formation of
carbonate precipitation under high pH conditions
(Fig. 5b), which is consistent with the sharp increase
in aragonite saturation state (Ωarag) values during the
phytoplankton bloom in both Delaware Bay and the
Pearl River Estuary (Table 3, Fig. 6). Ωarag increased
during incubation in the 3 water salinities, with
higher Ωarag values at high salinity. At the later stage
of the incubation, Ωarag in the low-salinity water
decreased when TA decreased because of the oc -
currence of carbonate precipitation (Fig. 6a). The
plot of Ωarag vs. TA production showed that the in -

crease in Ωarag was lower at low salinity than at high
salinity (Fig. 6b), indicating that changes in salinity
altered the relationships between Ωarag and TA pro-
duction and influenced the occurrence of  carbonate
precipitation.

Fig. 5b shows that the slope 1.24 was calculated
from the linear regression of TAprecipitation against
missing C for the first 6 d incubation. The expected
ratio should be 1.84 (2:1 – 17/106) due to precipita-
tion and photosynthesis that takes up NO3

–, which
produces 17 mol TA per 106 mol DIC uptake. The
underestimation of TAprecipitation due to the measure-
ment of TA without removing the effect of algal floc-
culation on TAend (Danquah et al. 2009, Smith &
Davis 2012) could result in the lower calculated ratio
of TA reduced to missing C. Some algae, such as coc-

colithophores, can also acquire CO2 by
releasing CO2 from calcium carbonate
precipitation (Paasche 2001), but this
biological calcification is strongly in -
hibited as POC production is prioritized
over particulate in organic carbon pro-
duction under C limitation (Bach et al.
2013). Furthermore, diatoms dominated
the phytoplankton community in both
Delaware Bay and the Pearl River Estu-
ary (Huang et al. 2004, Pan et al. 2011),
which is consistent with large amounts
of consumed Si during the incubations
(Table 1). Coccolithophorids had little
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Fig. 5. (a) Simulated concentrations of CO2 against ΔpH in nutrient addition treatments in Delaware Bay and the Pearl River
Estuary. Simulation was carried out with CO2SYS with constants of Millero (2010) (temperature = 25°C). (b) Relationship be-
tween missing C and pH (y = 137.64x − 1.13, R2 = 0.93, p < 0.01) or missing C and precipitated total alkalinity (TAprecipitation)
(y = −1.24x + 10.55, R2 = 0.88, p < 0.01) in Pearl River Estuary waters with nutrient additions. The missing C is calculated as
the difference between the decrease in dissolved inorganic carbon (DIC) and the increase in particulate organic carbon (POC)
and dissolved organic carbon (DOC) (missing C = DICdecreased − POCincreased − DOCincreased); TAprecipitation = ΔTA − TAproduction and 

TAproduction were calculated on nitrogen consumption

H-Sal H-Sal+ M-Sal M-Sal+ L-Sal L-Sal+

Delaware Bay Initial 2.16 2.94 1.26 1.42 0.02 0.18
End 5.20 12.05 5.06 10.20 0.97 1.98

Pearl River Initial 2.20 6.70 1.32 5.08 0.24 2.53
Estuary End 5.04 9.09 6.45 12.88 5.79 9.92

Table 3. Increase in aragonite saturation state (Ωarag) values during incuba-
tion in high-salinity (H-Sal), moderate-salinity (M-Sal) and low-salinity (L-
Sal) waters in Delaware Bay and the Pearl River Estuary. Initial and end
values are from the beginning and end of incubation, respectively; + indi-
cates nutrient additions. Ωarag values were calculated with CO2SYS with
measured pH, dissolved inorganic carbon and constants of Millero (2010) 

(temperature = 25°C)
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contribution to the precipi tation, as they were low in
abundance, and the mechanism of releasing CO2 in
this study is different from biological calcification.

To test the roles of carbonate precipitation in regu-
lating TA and pH during the phytoplankton blooms,
a quantitative model based on CO2SYS was built
to simulate the experimental data. We simulated
the change in TA and pH with 2 scenarios: with or
 without carbonate precipitation formation. In the no
carbonate precipitation formation case, DIC is only
consumed by photosynthesis, and 106 mol of DIC
consumption increases TA by 17 mol (Eqs. 1 & 2).
In the carbonate precipitation formation case, DIC is
consumed by both photosynthesis and carbonate
precipitation. In this case, the simulation processes
include 2 stages. In stage 1, TA increases and DIC

decreases at 17:106 as the photosynthesis consump-
tion ratio. In stage 2, the change in TA and DIC re -
sults from both photosynthetic consumption and car -
bonate precipitation formation. The TA:DIC change
ratios are (−17:106) + (2:1)x, where x is variable, grad-
ually increasing from 0 as the amount of carbonate
precipitation formation increases. The changes in the
TA:DIC ratio are presented in a conceptual figure
(inset in Fig. 7a). As the released CO2 by carbonate
precipitation formation is taken up immediately by
photosynthesis, the overall TA:DIC change ratio is
less than 2:1.

We ran the model with the change in DIC and TA
in the above 2 scenarios, and the measured initial TA
and DIC were used as starting values. In stage 1, sim-
ulated TA and pH in the carbonate precipitation for-
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Fig. 6. (a) Changes in aragonite saturation state (Ωarag) values during incubation in 3 water salinities (low, L; moderate,
M; high, H) and (b) relationships between Ωarag and total alkalinity (TA) production in Delaware Bay with nutrient additions.
Ωarag values were calculated with CO2SYS with measured pH, dissolved inorganic carbon and constants of Millero (2010) 

(temperature = 25°C); TA production was calculated on nitrogen consumption

Fig. 7. Comparisons of model-simulated total alkalinity (TA) without (open symbols) and with (cross-filled symbols) carbonate
precipitation (CP) formation vs. dissolved inorganic carbon (DIC), and measured TA (solid symbols) in (a) Delaware Bay and
(b) the Pearl River Estuary. Simulations were carried out with CO2SYS with constants of Millero (2010) (temperature = 25°C).
Inset in the lower-right corner of (a) illustrates the effects of photosynthesis (green arrows) and precipitation (blue arrows) on 

TA:DIC ratios during phytoplankton blooms. H: high; M: moderate; L: low
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mation scenario and in the no carbonate precipitation
formation scenario both agreed well with measured
TA (Fig. 7) and pH (Fig. 8) in Delaware Bay and the
Pearl River Estuary. This means there is no carbonate
precipitation formation when DIC is sufficient and
pH is low, and the total consumed DIC is utilized by
photosynthesis and transferred into POC and DOC.
In stage 2, simulated TA and pH in the carbonate
precipitation formation scenario agreed well with
measured TA and pH (both were lower than those in
the no carbonate precipitation formation scenario),
and this difference was amplified when more DIC
was deposited (x increased) (Figs. 7 & 8), indicating
the formation of carbonate precipitation accounts for
missing C and the decrease in TA. In addition, the

formation of carbonate precipitation decreases pH,
reducing the increase in pH promoted by photosyn-
thesis (Fig. 8).

The formation of carbonate precipitation could
have released CO2, and the released CO2 could have
been taken up immediately by phytoplankton for
refueling photosynthesis, which could further drive
pH higher. Because of the different buffering capac-
ity, the amount of carbonate precipitation formation
varied in the 3 water salinities. In the high-salinity
waters with high buffering capacity, the changes in
TA in the experiments stayed in stage 1 in the Pearl
River Estuary and just reached early stage 2 in Dela -
ware Bay, with no or only a small amount of carbon-
ate precipitation formation. As the buffering capacity
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Fig. 8. Comparisons of model-simulated pH without and with carbonate precipitation (CP) formation and measured pH in
(a,c,e) Delaware Bay and (b,d,f) the Pearl River Estuary. Open and cross-filled open symbols indicate simulated pH without
and with CP formation, respectively; solid symbols indicate the measured pH. Simulations were carried out with CO2SYS with 

constants of Millero (2010) (temperature = 25°C). DIC: dissolved inorganic carbon; H: high; M: moderate; L: low
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is weaker in the moderate- and low-salinity water,
when pH rose to a certain level, the changes in TA in
the experiments all reached stage 2, resulting in a
large amount of carbonate precipitation formation,
particularly in low-salinity water. In turn, more car-
bonate precipitation formation indicates more CO2

released to fuel the photosynthesis, resulting in
higher pH. Therefore, the level of pH regulated by
this mechanism depends on the water buffering
capacity, enhancing from high buffering capacity
seawater to low buffering capacity freshwater in an
estuary.

In nature, as reviewed by Zhu & Dittrich (2016),
microorganisms can induce carbonate precipitation
by altering solution chemistry through a wide range
of physiological activities. Effects of eutrophication
and ocean acidification on phytoplankton growth
and succession might affect future trophic dynamics
(Flynn et al. 2015, Zhang et al. 2018). In this study, a
large amount of Si was consumed during the incuba-
tion (Table 1), indicating that diatoms may dominate
the phytoplankton community. As we know, diatoms
easily sink into the bottom layer, which can increase
biological pump efficiency, causing the formation of
hypoxia in the bottom layer. Though grazing activity
was ignored in this study, microzooplankton, the
major grazers of phytoplankton, can be sensitive to
elevated pH (Cripps et al. 2014). Thus, future study
on the extent of organic production and its fate dur-
ing phytoplankton blooms in eutrophic estuaries
needs to consider the dynamic interplay between pri-
mary and secondary producers grown under variable
pH and water buffering capacity and their physiolog-
ical mechanisms to cope with these dynamics.

5.  CONCLUSIONS

In an estuary, water buffering capacity weakens
from high- to low-salinity waters, and phytoplankton
growth and eutrophication enhance this buffering
capacity. High biomass phytoplankton growth stimu-
lated by inorganic eutrophication can result in high
pH and formation of carbonate precipitation; the
mechanism of CO2 being released from carbonate pre -
cipitation benefits further photosynthesis. This find-
ing has important implications for the biogeochem -
ical processes of carbon in coastal waters. Freshwater
from large river outflow is mixed with seawater and
spreads over a large area of coastal oceans, for ex -
ample, in the Pearl River Estuary−South China Sea,
Changjiang River Estuary−East China Sea and Mis-
sissippi River−Gulf of Mexico. The estuary is a mix-

ture of seawater and freshwater, as we simulated in
this study, and thus has a weakened buffering capac-
ity. Phytoplankton blooms often occur in the estuary
and result in lower DIC and high pH, which leads to
alkalification. The carbonate precipitation formation
driven by high pH likely forms mineral precipitates
around particles of phytoplankton or detritus, which
sink easily into the bottom layer. Thus, alkalification
induced by inorganic eutrophication benefits further
photosynthesis, and the precipitation can potentially
give additional carbon flux during the biological
 carbon pump process, increasing biological pump
efficiency. Furthermore, with greater inorganic eu -
troph ication, coupled with ocean acidification (ele-
vated pCO2), there may be a potential increase in
total phytoplankton bloom size and hypoxia in the
estuaries.
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