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growth, and iron may also play a key role in the marine nitrogen cycle. In this study, we
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investigated the temporal and spatial distributions of dissolved iron (DFe) and Fe(II) in the
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surface waters of Jiaozhou Bay (JZB) from April 2 to July 26, 2017. High concentrations of DFe

Available online 1 March 2021

and Fe(II) predominantly occurred in nearshore and estuarine stations and concentrations
were generally higher in April and May. The highest DFe concentration was observed along
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the coast of Hongdao (51.55 nmol/L) in May, while the lowest concentration was observed in

Iron

the western coastal region (2.88 nmol/L) in April. The highest and lowest Fe(II) concentra-

Fe(II)

tions were observed in the Licun estuary (22.42 nmol/L) and outer bay (0.50 nmol/L) in May,

Jiaozhou Bay

respectively. We calculated the proportions of nitrate, nitrite, and ammonium in dissolved

Flow injection chemiluminescence

inorganic nitrogen (DIN) as well as the ratio of Fe(II) to DFe in all four months. The mean

Redox

Fe(II)/DFe ratio was 0.48 in April, 0.43 in May, 0.69 in June, and 0.32 in July. The mean ratio of

Denitrification

NO3 − to DIN was 0.78 in April, 0.54 in May, 0.20 in June, and 0.62 in July. NO3 − /DIN continuously decreased in the first three months, while Fe(II)/DFe remained high, which suggests
that the reduction of iron and nitrate occurred simultaneously in the surface waters of JZB.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Iron plays an important role in marine biology and primary
productivity as well as in the global carbon and nitrogen cycles (Tagliabue et al., 2017). Compared with macronutrients,
for example, phosphorus and nitrogen, iron is insufficiently
supplied to the oceans and is therefore a dominant limiter for
primary production (Tagliabue et al., 2017). Fe(III) is typically
insoluble in seawater due to its stable thermodynamic state,

∗

while Fe(II) is highly soluble and rapidly oxidizes to Fe(III) in
oxidative environments (Rose and Waite, 2002).
Fe(II) is an important iron species in surface seawater
due to natural influence as well as some anthropic factor
(Öztürk et al., 2003). Photochemical reactions are considered
to be the main source of Fe(II) in surface waters (Roy et al.,
2008). In the Gulf of Aqaba in the Red Sea, the distinct seasonal pattern in Fe(II) concentrations corresponds to changes
in solar irradiance, and the surface Fe(II) concentrations show
significant diurnal variability (Shaked, 2008). Fe(II) concentrations were also found to decrease with depth (Shaked, 2008),
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indicating the dominant effect of sunlight-induced photochemical reduction on Fe(II) formation. In coastal waters, the
content and distribution of Fe(II) are often influenced by human activities (Öztürk et al., 2003). Terrestrial sources, such
as groundwater, rivers, atmospheric wet deposition, industrial discharge, and releases from the continental shelf, can
increase Fe(II) concentrations by up to several tens of times
that of open waters (Hong and Kester, 1986). Meanwhile, the
eutrophication of coastal waters caused by human activities
leads to the bloom of phytoplankton and eukaryotic phytoplankton have the ability to reduce Fe (III) to Fe(II) as a way to
obtain iron (Maldonado and Price, 2001).
The other way that may influence the path of Fe(III) reduction is the activities of microorganism in low oxygen seawater.
It was found that in anoxic environments microbial reduction
is an important regeneration pathway for Fe(II) (Weber et al.,
2006). Microorganisms that reduce Fe(III) are mostly anaerobic
or facultative anaerobic, and have been isolated from various
habitats such as soil, river sediment, estuarine sediment, and
groundwater (Weber et al., 2006). Furthermore, some microorganisms have the ability to simultaneously reduce iron and
nitrate via denitrification or dissimilatory nitrate reduction to
ammonium (DNRA) (Farrenkopf et al., 1997). A previous analysis showed that the growth of Shewanella putrefaciens resulted
in the simultaneous nitrogen oxide reduction and Fe(III) reduction (DiChristina, 1992). However, few field studies to date
have linked the concentration of Fe(II) in seawater to nitrate
reduction. Maximum Fe(II) values were found to coincide with
maximum secondary nitrite values in the OMZ of the Arabian Sea (Kondo and Moffett, 2013) and nearby Persian Gulf
(Moffett et al., 2007), contributing up to 50% of the dissolved
iron (DFe) in the large area with high nitrite in the Arabian
Sea.
Jiaozhou Bay (JZB) is a semi-enclosed bay on China’s coastline. It is surrounded by the regions of Jiaozhou City, Huangdao
Island, and the highly industrialized and populated Qingdao
City. JZB has a surface area of 390 km2 and an average water depth of 7 m, which gradually deepens from the northwest to the southeast (Su et al., 2016). Water exchange between JZB and the Yellow Sea occurs through a 3.1 km wide
channel in the southeastern bay region. The bay is, therefore,
more affected by terrestrial processes as opposed to marinebased processes due to its weak water exchange capacity. In
recent decades, the multi-functional bay has increasingly integrated aquaculture and port activities, as well as tourism.
The nutrient structure and phytoplankton composition in JZB
are, therefore, constantly changing in response to increasing
coastal anthropogenic perturbations (Yuan et al., 2016). Numerous rivers surrounding the JZB, such as the Yang, Dagu,
Moshui, Haibo, Loushan, Baisha, and Licun rivers, are the primary channels of discharging municipal wastewater to the
bay (Su et al., 2016). Harmful algal blooms have occurred every summer since the 1990s in response to severe eutrophication in the bay. Before 2007, JZB was frequently affected by
red tides caused by the large-scale bloom of Skeletonema costatum or diatoms (Yuan et al., 2016). In 2008, the outbreak of Enteromorpha during the sailing competition of the 29th Olympic
Games affected the normal progress of the Games (Yuan et al.,
2016). Green tides occur almost every summer in JZB and the
Yellow Sea, threatening the livelihoods of coastal residents
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Fig. 1 – Map of Jiaozhou Bay showing the station locations
of the four cruises in 2017 (April 2, May 12, June 18, and July
26).

(Qi et al., 2016). It is, therefore, crucial to understand the distribution and activity of nutrient elements affecting marine
phytoplankton growth, such as N, P, Si, and Fe. Although previous studies have assessed the distribution and speciation of
DFe and nutrients in JZB (Ke et al., 2020; Su et al., 2016), the
distribution of Fe(II), which is more available to marine phytoplankton, has not yet been reported. This study aims to explore the factors affecting the transformation and distribution
of iron, as well as the coupling of nitrogen cycling and iron redox in the JZB.

1.

Sampling and analytical procedures

1.1.

Sample collection

Seawater was collected monthly from April 2 to July 26, 2017,
during four cruises in the JZB. The sampling stations were located between 120.15–120.35°E and 36.01–36.19°N (Fig. 1).
Surface seawater samples (˜2 m) were collected off a
wooden skiff using acid-cleaned Teflon-coated 5 L Niskin bottles with a plastic rope. The seawater from the Niskin bottles was immediately subsampled under gravity pressure. The
seawater was carefully transferred to 125 mL brown glass
bottles for oxygen analysis using plastic tubing to prevent
eddy and bubble generation. When the seawater exceeded
half of the bottle volume, excess MnCl2 and KI-OH was added
to fix O2 , and the oxygen concentration was determined
within 24 hr. For the determination of Fe(II), seawater was
collected using a 30 mL low-density polyethylene (LDPE) bottle (Nalgene, USA), pre-spiked with a certain amount of 3-(Nmorpholino) propanesulfonic acid (MOPS) buffer (0.1 mol/L,
pKa = 7.2). The sample was then mixed evenly and pressure
filtered through a 0.2 μm polycarbonate filter for in situ Fe(II)
measurements. Finally, ˜0.5 L seawater was collected using a 1
L LDPE bottle and pressure-filtered through a 0.2 μm polycarbonate filter in a laminar flow space. Five 30 ml bottles were
filled with the filtered seawater for analysis of DFe, nutrients
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Fig. 2 – Typical calibration curve of Fe(II)-luminol reaction..

(NO3 − , NO2 − , NH4 + , PO4 3− , and SiO3 2− ), and Fe(II), while the
remaining filtered seawater was collected in a 250 ml LDPE
bottle for ligand analysis. Samples for DFe analysis were acidified to a pH of ˜2 using hydrochloric acid for trace metal analysis (Fisher Chemical, A466-1). The samples were then stored
for more than three months until DFe analysis. Samples for
nutrient and ligand analysis were frozen before determination onshore, and samples for producing the Fe(II) calibration
curve were stored in the dark for at least 10 hr before use as the
standard matrix. All LDPE bottles, filters, samplers, and tubes
were acid washed, as described by Su et al. (2015).

1.2.

Fe(II) measurements

Seawater was analyzed in situ for Fe(II) using a flow injection
analysis system (Waterville Analytical, WA) based on the luminal chemiluminescence method (Kondo and Moffett, 2013).
The system was composed of a peristaltic pump, spiral flow
cell, photomultiplier tube (PMT), several sample tubes, and a
computer equipped with the WA software for data reading.
Onboard, the filtered seawater and luminol reagent were
immediately transferred to a dark flow cell and continuously
mixed at a 1:1 ratio to produce chemiluminescence (CL). Light
signals were detected by a PMT on the cell and recorded by
the WA software via wireless transmission. The experimental
parameter settings were as follows: pump speed of 2 mL/min,
photon counter integration time of 200 ms, 50 data points, and
a sample rate of 2. We used MOPS as a buffer to decrease the
seawater pH because of its weak interaction with iron and reactive oxygen species such as H2 O2 , as well as the negligible
artifact interference for Fe(II) determination (Kondo and Moffett, 2013). The appropriate MOPS dosages for the various Fe(II)
concentrations were determined before the shipboard measurements. The luminescence signal and the concentration
of Fe(II) have a quadratic relationship, and therefore, a standard curve is generally used to calculate the concentration of
Fe(II) in seawater (Fig. 2). The luminous signal y of each sample was measured immediately after sampling. The seawater
collected at the same time was stored in the dark at least for
10 hr and subsequently used as the blank seawater sample.

The standard Fe(II) solution was then added to the blank seawater sample to determine the functional formula between
the luminous signal y and the Fe(II) concentration. Between
the functional formulas, y was substituted into the equation
to calculate the value of x , i.e., the concentration of Fe(II) in
the sample (Kondo and Moffett, 2013).
To avoid contamination, all reagents for Fe(II) analyses
were prepared in a class-100 clean laminar flow bench using ultra-high purity water (Millipore, USA) with a resistivity
of 18.2 M. We used a 25% ammonium hydroxide solution
(Sigma-Aldrich, 17093) and hydrochloric acid for trace metals (Fisher Chemical, A466-1). A 3 mmol/L Fe(II) stock solution was prepared by dissolving ferrous ammonium sulfate
hexahydrate (Sigma-Aldrich, 203505) in 0.2 mol/L hydrochloric
acid. We prepared 1 μmol/L Fe(II) standards daily via the stepwise dilution of the Fe(II) stock solution using ultra-high purity
water adjusted to pH 2 using hydrochloric acid. A 2 mmol/L
luminol stock solution was prepared by dissolving luminol
sodium salt (Sigma-Aldrich, A4685) in a 0.5 mol/L NH4 Cl0.25 mol/L NH4 OH buffer solution. After complete dissolution,
the 0.5 mmol/L working luminol solution was prepared by diluting the stock luminol with ultra-high purity water and the
pH was adjusted to 10.3 before storing overnight at 50 °C. A
0.1 mol/L MOPS stock solution was prepared by adding MOPS
(Sigma-Aldrich, M5162) to Milli-Q water, which was adjusted
to pH 7.2 with NaOH. A prepared purification column filled
with Chelex-100 resin (Sigma-Aldrich, C7901) was used to prevent the potential contamination of MOPS for Fe(II) determination. All the luminol solutions were prepared in amber highdensity polyethylene bottles (Nalgene) and stored at room
temperature for several days. MOPS and Fe(II) stock solutions
were prepared in LDPE bottles (Nalgene) and refrigerated in
the dark at 4 °C for one month when not in use.

1.3.

DFe, nutrient, and light density measurements

The acidified samples for DFe analysis were stored for more
than three months before being measured by the Cathodic
Stripping Voltammetry method (CSV) (Obata and van den
Berg, 2001) using a 797 VA Computrace instrument (Metrohm,
Switzerland). The electrochemical parameters and the process of DFe determination are outlined in previous studies
(Su et al., 2015). Nutrient (NO3 − , NO2 − , NH4 + , SiO3 2− , and
PO4 3− ) samples were measured using a SEAL AutoAnalyzer3
(Germany) (Grasshoff et al., 2009). Temperature (T), salinity
(S), and pH were measured in situ using a multi-parameter
meter (YSI Pro Professional Plus, USA), and light density was
measured using a GLZ-C Photosynthetic effective radiometer
(Tuopu Company, Zhejiang, China).

2.

Results

2.1.

Distribution of DFe in JZB

The horizontal distributions of DFe in the surface waters of the
JZB from the four cruises are shown in Fig. 3. The DFe concentrations showed high variability throughout the sampling period, ranging from 2.88 to 51.55 nmol/L. Lower concentrations
and lower spatial variability were observed in June (Fig. 3c),
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Fig. 3 – Spatial distribution of surface water DFe concentrations in Jiaozhou Bay on (a) April 2, (b) May 12, (c) June 18, and (d)
July 26, 2017.

while higher concentrations and larger spatial variability were
observed in April (Fig 3a) and May (Fig. 3b). Higher concentrations of DFe in all four cruises were observed at the nearshore
station. The highest DFe concentration was observed at station B3 (51.55 nmol/L) in May (Fig. 3b), and the lowest concentration was observed at station C1 (2.88 nmol/L) in April (Fig.
3a).
The DFe concentrations ranged from 2.88 to 39.30 nmol/L
in April. The highest concentrations in April occurred at the
north of the bay, near Hongdao, at station B3 (31.50 nmol/L)
and along the southeast coast at station D3 (39.30 nmol/L).
The lowest concentrations were observed at the west of the
bay at station C1 (2.88 nmol/L) and the bay mouth at station
E2 (4.56 nmol/L). The concentrations progressively decreased
from the northeast to the southwest, showing a strong horizontal gradient (Fig. 3a). In May, DFe concentrations ranged
from 5.85 to 51.55 nmol/L and showed a complex horizontal
distribution. The highest DFe concentrations in May occurred
at the northern part of the bay at station B3 (51.55 nmol/L).
Low values occurred near Loushan River in the northeast of
the bay at station A1 (7.70 nmol/L), in the middle part of the
bay at station B2 (9.83 nmol/L) and C2 (6.73 nmol/L), and at the
outer bay at station E2 (5.85 nmol/L) (Fig. 3b). In June, DFe concentrations ranged from 3.99 to 14.03 nmol/L. The spatial distribution exhibited a weak horizontal gradient, progressively
increasing from north to south (Fig. 3c). The highest DFe value

occurred at station E1 (14.03 nmol/L) at the bay mouth, and the
concentration at all other stations was less than 10 nmol/L, indicating a scarcity of DFe compared with that in other months.
In July, DFe concentrations ranged from 7.28 to 27.17 nmol/L.
The highest DFe values in July occurred in the Licun River
estuary at station B4 (27.17 nmol/L). Other high values occurred in the shallow waters of the western bay at stations
B1 (20.41 nmol/L), C1 (17.47 nmol/L), and D0 (21.52 nmol/L).
The lowest concentrations were observed in the middle part
of the sampling section. The DFe tended to decrease from the
periphery to the middle of the bay in July (Fig. 3d).

2.2.

Distribution of Fe(II) in JZB

Fe(II) concentrations showed high spatial variability during all
four cruises, ranging from 0.5 to 22.42 nmol/L (Fig. 4). At most
stations, Fe(II) concentrations in April and May were higher
than those in June and July. Higher Fe(II) concentrations in all
four cruises mainly occurred at nearshore stations, and lower
concentrations mainly occurred at the bay mouth. The maximum Fe(II) concentration was observed in the Licun River estuary at station B4 (22.42 nmol/L) in May, and the Fe(II) minimum of 0.50 nmol/L was observed near the bay mouth at station E2 during the same cruise (Fig. 4b).
In April, Fe(II) concentrations ranged from 2.37 to
15.11 nmol/L. High Fe(II) concentrations occurred at sta-
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Fig. 4 – Spatial distribution of surface water Fe(II) concentrations in Jiaozhou Bay on (a) April 2, (b) May 12, (c) June 18, and (d)
July 26, 2017.

tion C3 (15.11 nmol/L) in the middle of the bay, station D1
(10.93 nmol/L) along the southwest coast, and station E1
(10.03 nmol/L) at the bay mouth. Low concentrations mainly
occurred in the northwestern part of the bay (Fig. 4a). In May,
Fe(II) concentrations ranged from 0.50 to 22.42 nmol/L. The
maximum Fe(II) concentration was observed at the Licun
River estuary at station B4 (22.42 nmol/L), and the minimum
value (0.50 nmol/L) was observed at station E2 near the bay
mouth. Fe(II) concentrations showed large spatial variability
in May, with a strong decreasing trend from the northeast
to the southwest (Fig. 4b). In June, Fe(II) concentrations generally showed low spatial variability, ranging from 1.33 to
6.15 nmol/L. The highest Fe(II) concentration of 6.15 nmol/L
in June was observed at station D2 near the bay mouth, while
the lowest values were observed at stations E1 (1.33 nmol/L)
and E2 (1.35 nmol/L), located outside the bay mouth. Contrary to the horizontal trend of DFe, the concentrations of
Fe(II) decreased from north to south (Fig. 4c). In July, Fe(II)
concentrations ranged from 0.77 to 18.47 nmol/L. As with
the DFe distribution, the concentration of Fe(II) progressively
increased from the center of the bay to the southwestern and
northeastern edges. Stations other than D0 showed low levels
of Fe(II) at < 5 nmol/L. The highest concentration of Fe(II) occurred at station D0 (18.47 nmol/L) along the southwest coast,
and the lowest value was observed at station E1 (0.77 nmol/L)
at the bay mouth (Fig. 4d). Excluding a few stations with high

concentrations (station B4 in May, and station D0 in July), the
relatively narrow range of Fe(II) in all cruises indicated the
general absence of horizontal gradients.

2.3.

Distribution of nitrogen speciation in JZB

The horizontal distribution of NO3 − , NO2 − , and NH4 + in the
surface waters of the JZB during the four cruises are shown
in Figs. 5, 6, and 7, respectively. We observed similar characteristics in the horizontal distributions of NO3 − , NO2 − , and
NH4 + during all four cruises, with higher concentrations in
the northeast at the inflow of multiple rivers. Apart from stations A1, B3, and B4 located in the northeast, all other stations
showed weak spatial variability in all four cruises. The concentrations at stations E1 and E2 near the bay mouth were relatively low in all cruises. The concentrations of NO3 − in May
were higher than those in the other months (Fig. 5b), while
the concentration at each station was significantly lower in
June (Fig. 5c). NO2 − concentrations were generally higher in
July (Fig. 6d) and lower in June (Fig. 6c). NH4 + showed higher
concentrations and higher spatial variability in May (Fig. 7b)
and lower concentrations in April (Fig. 7a). Generally, the concentrations of NO3 − , NO2 − , and NH4 + at most stations in May
and July were higher than those in April and June.
The concentrations of NO3 − in all samples ranged from
0.08 to 28.49 μmol/L, with the maximum concentration at sta-
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Fig. 5 – Spatial distribution of surface water NO3 − concentrations in Jiaozhou Bay on (a) April 2, (b) May 12, (c) June 18, and
(d) July 26, 2017.

tion A1 in May and the minimum concentration at station D0
in June (Fig. 5). In April, NO3 − concentrations ranged from 1.33
to 14.22 μmol/L, with the highest concentrations at stations A1
(12.07 μmol/L) and B4 (14.22 μmol/L). The other stations had
lower concentrations of < 10 μmol/L (Fig. 5a). In May, NO3 −
concentrations ranged from 1.72 to 28.49 μmol/L, with higher
values at stations A1 (28.49 μmol/L), B3 (16.10 μmol/L), and B4
(13.24 μmol/L). The other stations had lower concentrations of
< 10 μmol/L (Fig. 5b). In June, the maximum NO3 − concentration occurred at station A1 (14.94 μmol/L), followed by that at
station B4 (4.44 μmol/L). The concentrations at other stations
were all under 1 μmol/L (Fig. 5c). In July, NO3 − concentrations
ranged from 1.88 to 22.37 μmol/L. Apart from station A1 with a
high NO3 − value of 22.37 μmol/L, the concentrations at other
stations were all less than 10 μmol/L (Fig. 5d).
The concentration of NO2 − in all samples over the four
cruises ranged from 0.05 to 3.91 μmol/L, showing weak spatiotemporal variability (Fig. 6). In April, NO2 − concentrations
ranged from 0.09 to 0.88 μmol/L. High NO2 − concentrations
occurred at station A1 (0.88 μmol/L) and B4 (0.71 μmol/L),
while the concentrations at the other stations were below
0.50 μmol/L (Fig. 6a). In May, NO2 − concentrations ranged from
0.06 to 3.91 μmol/L, and the concentrations at stations A1
(3.91 μmol/L), B3 (1.79 μmol/L), and B4 (1.58 μmol/L) exceeded
1 μmol/L (Fig. 6b). In June, NO2 − concentrations ranged from
0.07 to 1.86 μmol/L, with the highest values at stations A1

(1.86 μmol/L) and B4 (0.65 μmol/L). The other stations showed
lower concentrations of < 0.50 μmol/L (Fig. 6c). In July, NO2 −
concentrations ranged from 0.05 to 3.40 μmol/L, with a weak
horizontal decrease from the northeast to the bay mouth. The
highest values were observed at station A1 (3.40 μmol/L) and
B4 (2.85 μmol/L), while the minimum value was observed at
station E2 (0.05 μmol/L) (Fig. 6d).
The NH4 + concentrations in all samples ranged from 0.04
to 22.23 μmol/L. The maximum value occurred at station
A1 in May, and the minimum value occurred at station B1
in July. In April, NH4 + concentrations ranged from 0.23 to
14.85 μmol/L, and the maximum value occurred at station
B4 (14.85 μmol/L) (Fig. 7a). Apart from stations A1, C4, and
D2, the concentrations at the other stations were less than
1 μmol/L (Fig. 7a). In May, NH4 + concentrations ranged from
1.00 to 22.23 μmol/L, and the concentration progressively decreased from the northeast to the southwest (Fig. 7b). As with
the distribution of NO3 − and NO2 − , high values of NH4 + also
occurred at stations A1 (22.23 μmol/L), B3 (12.08 μmol/L), and
B4 (19.68 μmol/L), while the other stations showed concentrations of < 5 μmol/L (Fig. 7b). In June, NH4 + concentrations
ranged from 0.21 to 5.31 μmol/L, with the maximum and minimum value at stations A1 (5.31 μmol/L) and D3 (0.21 μmol/L),
respectively (Fig. 7c). In July, NH4 + concentrations ranged from
0.04 to 14.98 μmol/L. As with the other months, the concentrations at most stations were low, except for the high
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Fig. 6 – Spatial distribution of surface water NO2 − concentrations in Jiaozhou Bay on (a) April 2, (b) May 12, (c) June 18, and
(d) July 26, 2017.

values at stations A1 (14.98 μmol/L) and B4 (12.18 μmol/L)
(Fig. 7d).

3.

Discussion

3.1.
Factors affecting DFe distribution in JZB surface
waters
Marine ecosystems in semi-enclosed bays, such as JZB, are
vulnerable and sensitive to anthropogenic activity. Bay coastal
zones are affected by land-based pollutants (Yuan et al., 2016),
resulting in the uneven horizontal distribution of water components. In this study, high DFe values were mainly observed
near the shore, indicating the high impacts of human activity
on the coastal ecology of the JZB (Xu et al., 2017). The bay is surrounded by highly industrialized and densely populated areas, with high riverine influxes of domestic sewage and industrial wastewater (Su et al., 2016). Qingdao’s industrial zones
are mainly located on the eastern coast of the JZB and have
expanded significantly in recent years (Su et al., 2016). Sewage
treatment plants along the coastal rivers, which are important
discharge channels of industrial wastewater and metal waste
residues, release ˜1.46 × 106 tons/day of wastewater with a low
salinity to the JZB (Qingdao Bureau of Statistics 2018). Seawater monitoring in 2017 showed that 67% of the sea area ad-

jacent to the key sewage outlets were affected by land-based
sewage discharge, and 33% of the outlet areas were eutrophicated (Qingdao Bureau of Statistics 2018). Although the spatial distribution differed each month, human activities in the
north and east of JZB may account for the high concentrations
observed in these areas. The DFe concentrations at station E2
were relatively low during all four cruises (Fig. 3), which may
be due to the high water exchange with the Yellow Sea at the
entrance of the bay.
The periodical appearance of phytoplankton blooms during summer may also influence the temporal distribution of
DFe. Since 2008, Enteromorpha blooms have occurred every year
in the Yellow Sea, depleting the concentrations of macronutrients, such as nitrate, silicate, and phosphate, as well as
trace metals such as iron. Compared with April and May, a
widespread decline of DFe has been observed in the internal
bay waters in June (Fig. 3c), which may be due to enhanced
biological absorption. According to the local news reports of
Qingdao, green tides of Enteromorpha in the Yellow Sea reached
JZB on June 17, 2017, which may account for the notably low
DFe concentrations during the cruise in June (Fig. 3c). The biological uptake serves the main controlling role in controlling
DFe concentrations in June.
Summer is the wet season in the Qingdao area, with most
of the annual rainfall occurring in July (Fig. 8, 228.7 mm). Rainfall and river runoff may, therefore, play an important role in

journal of environmental sciences 108 (2021) 70–83

77

Fig. 7 – Spatial distribution of surface water NH4 + concentrations in Jiaozhou Bay on (a) April 2, (b) May 12, (c) June 18, and
(d) July 26, 2017.

Fig. 8 – Monthly precipitation in the urban area from
January to December, 2017. The data were obtained from
the Qingdao statistical yearbook
(http://qdtj.qingdao.gov.cn/n28356045/index.html) in 2017.
Red bars represent the sampling months and green bars
represent other months.

the distribution of DFe during the rainy season. Previous studies have shown that rainfall is an important source of DFe
in seawater (Zhuang et al., 1990), with DFe concentrations in
JZB rainwater reaching 75 nmol/L (Su et al., 2016). An intense
rainstorm occurred in Qingdao two days before the July cruise
(July 24), with rainfall reaching 60.6 mm in the sampling area,

which may have increased the DFe concentrations in JZB during the July cruise. Moreover, the higher riverine fluxes, for example, those from the Dagu and Yang rivers to JZB in summer compared with those in spring (Sheng et al., 2014), transport higher DFe concentrations to the seawater (Wang and
Liu, 2003). The Dagu River is the largest riverine inflow to the
sea in the Jiaodong Peninsula, and its flooding season occurs
from June to September, accounting for 89.1% of the total annual runoff (Wang et al., 2014). We found higher DFe concentrations in the western waters of JZB (Fig. 3, 20.41 nmol/L at
station B1, 17.47 nmol/L at station C1, and 21.52 nmol/L at station D0) in July, which suggests that the Dagu and Yang rivers
were the dominant sources of DFe in this region (the salinity
is 32.02 at station B1 and 32.09 at station C1, Appendix A Fig.
S1). For the above reasons, the DFe concentrations had higher
levels in July (average 13.71 nmol/L) following the lower concentrations in June (average 6.64 nmol/L).
The high value of DFe mainly occurred in spring rather
than in summer with more rainfall and river input. This was
mainly due to the complete mixing of surface and bottom water in winter and less phytoplankton, leading to nutrients not
being consumed, allowing DFe to be accumulated in seawater
and observations of high values of DFe in spring.
Su et al. (2016) also measured the DFe concentrations in
JZB during summer (July 19, 2011) and spring (May 10, 2012).
We compared our results with the DFe concentrations of
Su et al. (2016) for the same month and sampling station
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Table 1 – Comparisons of the DFe concentrations observed in the present study and by Su et al. (2016).
Date
Station

A1
B1
B2
B3
B4
C1
C2
C3
C4
D0
D1
D2
D3
E1
E2

May

July

Present
Su et al. (2016) study

Present
Su et al. (2016) study

9.8
9.2
17.5
12.0
107.0
14.6
12.2
9.1
22.3
31.4
11.1
19.5
22.6
9.8
11.3

16.3
32.1
14.1

7.70
25.80
9.83
51.55
24.23
19.20
6.73
14.50
13.38
24.28
10.75
32.65
15.73
37.63
5.85

18.6
20.6

26.4
16.9

29.8
19.2
40.4

16.65
20.41
16.07
10.85
27.17
17.47
12.80
7.51
5.70
21.52
7.95
7.28
11.00
13.03
10.32

(Table 1). Although the concentrations at the same stations
in both studies showed relatively different absolute values,
both studies observed high DFe concentrations in the estuarine and nearshore stations, including at the estuaries of the
Licun, Dagu, and Yang rivers.
In both studies, high DFe concentrations were observed
at station D0 located to the north of Huangdao in May and
July (Table 1). Su et al. (2016) demonstrated that residual currents north of Huangdao enriched DFe at station D0 by hindering its diffusion. Extremely high DFe concentrations at station B4 near the Licun estuary (Table 1, 107 nmol/L) was observed on May 10, 2012. Although high concentrations were
also observed at this site in this study, the concentrations did
not exceed 27.17 nmol/L in all four cruises (Fig. 3). This may
be due to the implementation of the government’s protection strategy for the sustainable development of JZB, which
partially improved the ecological environment of the Licun
River (Yuan et al., 2016). High DFe values were observed at
station E1 (Table 1, 37.63 nmol/L), which is located near the
bay mouth that exchanges water with the Yellow Sea. We
could not attribute it to natural factors based on the existing data, but as a port, JZB is significantly affected by human factors, where many ships pass through every day (http:
//www.shippingdata.cn). Therefore, human factors may have
caused the high value of DFe observed at station E1 in May.
As detected in previous studies, high concentrations of DFe in
July were observed in the northwest of JZB (stations B1 and C1,
Fig. 3d), which suggests that the Dagu and Yang rivers, which
flow through agricultural regions with low salinity, are a continual source of DFe (Sheng et al., 2014). In general, high values
of DFe were observed in both studies in spring, with particularly high concentrations at estuarine and nearshore stations
(Table 1). The concentration and distribution of DFe in both
studies displayed similar spatial and temporal variability in
the JZB, emphasizing the dominant impacts of human activities on the ecological environment of JZB (Yuan et al., 2016).

Fig. 9 – Relationship between light intensity and Fe(II)
concentrations in JZB surface waters on May 12, June 18,
and July 26, 2017. The yellow circled sample points
represent station B4 in May.

3.2.
Factors affecting Fe(II) distribution in JZB surface
waters
Fe(II) is a labile species that is mainly produced by photocatalytic reduction in surface waters (Roy et al., 2008). We used
the Statistical Product and Service Solutions Statistics (SPSS)
version 22.0 (IBM Corp.) to conduct a Pearson’s correlation between light intensity at the time of sampling and the Fe(II)
concentrations in the water samples (Fig. 9). No light intensity
data were available for the cruise in April. As JZB was less affected by external factors in May, we identified a positive correlation between light intensity and Fe(II) concentration during this month (p < 0.05, Appendix A Table S1). Station B4 in
May was excluded from the statistical analysis. This suggests
that photoreduction is an important source of Fe(II) in the surface seawater, because Fe(II) concentrations increased with
increasing light intensity. JZB was affected by external factors in June and July, including the Enteromorpha bloom in June
(Qingdao Bureau of Statistics 2018) and rainfall in July (Fig. 8),
and therefore, the influence of light intensity on Fe(II) during
these two months was weaker. As a result, correlation was
not observed between these two factors in these two months
(p>0.05, Appendix A Table S1).
Although station B4 showed relatively strong light intensity in May (1178 cd at station B4 and an average of 948 cd in
May), photoreduction alone cannot account for the high Fe(II)
concentrations observed at station B4 (Fig. 4b, 22.42 nmol/L,
the highest concentration among four cruises). Studies have
shown that steel slag is a dominant Fe(II) source for coastal
areas (Iwai et al., 2013), and most of the heavy metal contamination in JZB occurs at the eastern coast near the industrial
zone (Xu et al., 2017). Station B4 is located near the estuary
of the Licun River, which passes through Qingdao’s industrial
zone and is the main sewage channel (Xu et al., 2017). The
discharge of steel waste to rivers is known to increase the
concentration and stability of Fe(II) in seawater (Iwai et al.,
2013).
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Fig. 10 – (a) Relationship between dissolved oxygen and Fe(II) concentrations in JZB surface waters on April 2, May 12, June
18, and July 26, 2017. (b) Relationship between dissolved oxygen and Fe(II) concentrations in JZB surface waters on April 2,
2017. (c) Relationship between dissolved oxygen and Fe(II) concentrations in JZB surface waters on May 12, 2017.

Previous studies have shown that oxygen is the main oxidant for Fe(II) oxidation in natural seawater (Shaked, 2008).
We conducted Pearson’s correlation analysis to assess the relationship between Fe(II) and dissolved oxygen (DO, Appendix
A Fig. S2) in the surface waters of JZB (Appendix A Table S1).
We did not observe a correlation between DO and Fe(II) when
including all data from all cruises (Fig. 10a). However, we observed a significant negative correlation between Fe(II) concentrations and DO in April and May (p < 0.05, Fig. 10b and
10c), which may be due to the weak influence of external input in these two months. Thus, DO plays an important role in
the oxidation rate of Fe(II).
No correlation was observed between DO and Fe(II) in June
and July (p>0.05, Fig. 10). The DO concentrations (Appendix A
Fig. S2) during the higher temperatures (Appendix A Fig. S3)
of June and July did not decrease compared with the values
in May, and this may be because of the enhanced release of
oxygen during phytoplankton growth in summer. The reproduction of Enteromorpha in June and the growth of diatoms in
July (Qi et al., 2016) likely increased both Fe(II) consumption
and oxygen release, resulting in a weak correlation between
Fe(II) and DO during both cruises.

3.3.

Monthly Fe(II)/DFe ratios

Previous studies have assessed the redox rate of Fe(II) in seawater (Shaked, 2008), but the factors affecting the proportion
of Fe(II) in DFe have not yet been investigated. The absolute
concentration is often affected by external inputs and hydrological parameters and significantly varies temporally and
spatially; however, the ratio can reflect changes in the relative
content of the two forms of iron in seawater. Therefore, we
used this ratio to identify the changes in the relative content
of Fe(II) in JZB surface waters and analyzed the factors influencing its temporal variability.

Fig. 11 – Fluctuation of Fe(II)/DFe in each month. Values
shown are the average of all sampling points in each
month. Error bars represent the standard deviations.

The calculated Fe(II)/DFe ratios highlight the large contribution of Fe(II) to DFe in JZB surface waters. The ANOVA results show a significant difference (p < 0.05, Appendix A Table
S2) in the Fe(II)/DFe ratio among different months. According
to the results of the four cruises, the mean Fe(II)/DFe ratio in
April, May, June, and July was 0.48±0.35, 0.43±0.32, 0.69±0.31,
and 0.32±0.23, respectively (Fig. 11). The Fe(II)/DFe ratio gradually increased and peaked in June, and then decreased in the
subsequent month.
There is substantial evidence that photochemical reduction plays a major role in Fe(II) formation in surface seawater
(Roy et al., 2008; Shaked, 2008). According to previous studies,
Fe(II) concentrations are typically less than 1 nmol/L, accounting for less than 20% of the DFe in natural surface seawater
(Kondo and Moffett, 2013; Moffett et al., 2007). In contrast, the
Fe(II) concentrations in this study exceeded 1 nmol/L and it
was the main iron form at most stations (Fig. 4), which suggests that other potential sources of Fe(II) may exist in sur-
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face waters of JZB. In the past 20 years, JZB surface waters
has severely eutrophicated, and eutrophication has increased
the concentration of organic matter in JZB (Ke et al., 2020),
which may presence reducing functional groups such as phenols and citrate complexes (Lee et al., 2016) and slow the redox rate of Fe(II) (Daugherty et al., 2017). Meanwhile, in high
chromophoric dissolved organic matter (CDOM) and high iron
coastal seawater systems, solar irradiance drives the photochemical reduction of iron in surface seawaters by direct photolysis and/or by indirect photolysis of CDOM (Barbeau, 2006).
A significant positive correlation between DIN and Fe(II)/DFe
was observed in the May cruise (p < 0.01, Appendix A Table
S1). This indicates that as the concentration of nutrients increases, the ratio of Fe(II) to DFe also increases, but due to
the complexity of human activities in JZB and the influence
of other factors on Fe(II) concentration, this correlation was
not observed in other months.
Phenolic hydroxyl groups and carboxylic acid groups on
the surface of phytoplankton cells can adsorb, enrich, and coordinate iron, thereby changing the redox potential of iron
(Liu et al., 2016; Rose and Waite, 2002). Marine phytoplankton
species seem to be able to reduce the Fe(III) complexes on the
cell surface by enzymolysis or non-dissociation (Salmon et al.,
2006). The dissolved organic matter of phytoplankton exudates contributes to the reduction of Fe(III) under light
(Liu et al., 2016). Green tides of Enteromorpha erupted in June in
JZB (Qingdao Bureau of Statistics 2018), which may have led to
the reduction of a large amount of iron into Fe(II) in June, with
Fe(II) becoming the main iron species in JZB surface seawater
(Fig. 11).

3.4.
Distribution of NO3 − , NO2 − , and NH4 + in JZB
surface waters
In all cruises, high values of nitrogen species were observed
in the northeast of JZB (Figs. 5, 6, and 7). This area has weak
water exchange due to the residual current in JZB (Su et al.,
2016), which is conducive to the retention of nutrients. The low
phytoplankton growth in April and May in JZB (Qi et al., 2016)
reduced the consumption of nutrients in seawater, leading to
the high observed concentrations of nitrogen species during
both months (Figs. 5, 6, and 7). Phytoplankton absorb nutrients during the rapid growth period, which decreases the iron
and nutrient concentrations in the surface waters. Nutrients
were, therefore, likely to be rapidly consumed during the reproduction of Enteromorpha in June, resulting in the lowest nitrogen species concentration in June among the four cruises
(Figs. 5c, 6c, and 7c). The higher rainfall and urban runoff in
July (Fig. 8) likely transported high concentrations of nutrients
such as nitrogen and phosphorus to the bay. The concentration of nitrogen species showed high variability due to the different influencing factors in each month, however, the relative
content of the different nitrogen forms showed a clear trend
during the four cruises (Fig. 12).
The nitrogen species in the JZB showed a clear trend during the four cruises based on the calculated ratios of NO3 − ,
NO2 − , and NH4 + to DIN (Fig. 12). The mean NO3 − /DIN ratio
was 0.78±0.12 in April, 0.54±0.09 in May, 0.20±0.23 in June,
and 0.62±0.21 in July (Fig. 12a), and the mean NH4 + /DIN was
0.17±0.12 in April, 0.42±0.10 in May, 0.71±0.25 in June, and
0.24±0.21 in July (Fig. 12c). The ANOVA results showed that

significant differences existed (p < 0.05, Appendix A Table S2)
in the NO3 − /DIN (NO2 − /DIN, NH4 + /DIN) ratio among different
months. The gradual decrease in NO3 − /DIN (Fig. 12a) and continuous increase in NH4 + /DIN during the first three months
(Fig. 12c) indicates the occurrence of nitrate reduction. The
eutrophication of JZB caused by the wastewater discharge of
sewage treatment plants likely provided favorable conditions
for microbial reproduction. Proteobacteria, Pseudomonas, Achromobacter, Shewanella, and other bacteria with denitrification
and DNRA capacity (Laufer et al., 2016; Song et al., 2014) also
exist widely in the waters of JZB (Qu et al., 2020; Zhao and
Dang, 2012), suggesting that microorganisms may also be involved in nitrogen transformation in JZB surface waters.

3.5.
Links between the nitrogen cycle and Fe in JZB
surface waters
We identified a close relationship between the nitrogen cycle and iron reduction based on the analysis of Fe(II)/DFe and
NO3 − /DIN at each sampling station during each cruise (Fig. 13).
Most stations showed high NO3 − /DIN and low Fe(II)/DFe in
April (Fig. 13a). Compared with April, NO3 − /DIN decreased and
Fe(II)/DFe increased in most samples in May (Fig. 13a). Moreover, low NO3 − /DIN and high Fe(II)/DFe values were observed
in most samples in June (Fig. 13a). We observed a negative
correlation between NO3 − /DIN and Fe(II)/DFe during the first
three months, and identified a positive correlation between
NH4 + /DIN and Fe(II)/DFe (Fig. 13b), suggesting that iron reduction coinciding with nitrate reduction occurred in the surface
waters of the JZB. Nitrification, denitrification, and DNRA are
widespread in estuarine, coastal, and marine ecosystems, and
previous studies have demonstrated the participation of DFe
in the nitrogen cycle (Robertson et al., 2016). Previous studies
have also reported the coupling of nitrate reduction to Fe(II)
oxidation, and nitrate-dependent iron oxidizing bacteria have
been identified in the laboratory (Robertson et al., 2016). Coupled iron and nitrate reduction has not yet been reported in
the natural environment. However, microorganisms isolated
from nature were found to simultaneously reduce both iron
and nitrate (Obuekwe et al., 1981). The results of the present
study suggest the coupled reduction of both iron and nitrate
from April to June.
The coupling of iron and nitrogen biogeochemical cycles has attracted increasing attention. Microbial mediated
iron and nitrogen redox processes often occur in anoxic environments, such as dissimilatory reduction in sediments
(Robertson et al., 2016). Although the simultaneous reduction of iron and nitrate has not been found in the field,
some iron-reducing bacteria isolated from soil, riverine sediments, estuarine sediments, and other habitats have been
found to have the ability to reduce nitrates and nitrite
(Farrenkopf et al., 1997). This type of bacteria expresses
at least three physiologically distinct terminal reductases,
which serve as electron donors to NO3 − , NO2 − , and Fe3+
(Ottow, 1970). DiChristina (1992) found that nitrate reductase, nitrite reductase, and ferrous reductase produced by
S. putrefaciens 200 express low activities under high aerobic
conditions, and the rate of enzyme expression increases under microaerobic conditions. Anaerobic bacteria Geobacter can
not only act as iron-reducing bacteria but also can dissimilate nitrate to ammonium (van den Berg et al., 2015). Micro-
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Fig. 12 – Monthly variability of (a) NO3 − /DIN, (b) NO2 − /DIN, and (c) NH4 + /DIN. Values shown are the average of all sampling
points in each month. Error bars represent the standard deviations.

Fig. 13 – Relationships between (a) NO3 − /DIN and Fe(II)/DFe and (b) NH4 + /DIN and Fe(II)/DFe in JZB surface waters during
April 2, May 12, June 18, and July 26, 2017.

bially mediated redox cycles of iron deal with the transformation of nitrate and nitrite have received increasing attention
in water pollution treatment and environmental restoration
(Wang et al., 2013). As shown in Fig. 11, Fe(II) significantly contributed to DFe in JZB surface waters during all four months
and was the dominant form of iron in June. In June, we observed the lowest NO3 − /DIN ratios, the highest NH4 + /DIN ratios, and a peak in nitrate reduction processes. Fe(II) also became the dominant form of iron in seawater. Our results infer
the clear synergism between iron and nitrate reduction in JZB
surface waters, which likely accounted for the high Fe(II)/DFe
ratios observed in this study.

4.

Conclusion

The DFe and Fe(II) concentrations in JZB surface waters were
analyzed across four months. In all four cruises, high DFe and
Fe(II) concentrations mainly occurred at the nearshore and
estuarine stations, indicating the high influence of anthropogenic activities on JZB surface waters. The anthropogenic

influence on JZB water quality was greater in spring than in
summer, because JZB was mostly influenced by riverine discharge, rainfall, and phytoplankton growth during the summer rainy season.
The present study assessed the distribution of Fe(II) in JZB
surface waters. Fe(II) was a significant contributor to DFe during all four months and became the main form of DFe in June.
Photochemical reduction, riverine input, marine phytoplankton uptake, and DO were the main factors influencing Fe(II)
concentrations.
The simultaneous reduction of Fe(III) and NO3 − was observed from April to June, which suggests that microbes may
play an important role in DFe transport and nitrogen cycling
in JZB. Future studies should assess the biologically mediated
processes involved in Fe redox cycles.
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