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Molybdenum plays an important role in marine biological activity, especially in

nitrogen cycling as a cofactor for N2 fixation and nitrate reductase. However,

the dissolved Mo (dMo) behavior and its interaction with N cycling in the coastal

waters is still unclear. In this study, the dMo concentrations and parameters

related to Mo distribution and N cycling in surface and bottom seawaters of the

Bohai (BS) and Yellow Seas (YS) were examined. The results showed that dMo

concentrations ranged from 36.4 nmol L-1 to 125.0 nmol L-1, most of which

deviated significantly from the conservative line, indicating nonconservative

behavior of Mo relative to salinity. The highest dMo concentrations occurring in

36°N section of north of the South YS (SYS), were close to conservative value

(105 nmol L-1). Significant depletion up to 40-50 nmol L-1 of dMo mainly

appeared in the BS, NYS and south of the SYS, suggesting the possible removal

of dMo by biological utilization and particle adsorption. Particularly, the

increasing dMo concentrations away the Yellow River estuary indicated that

freshwater dilution was one of reasons for dMo distributions in the BS. The

similar spatial distribution of dMo and dissolved Mn concentrations suggested

the possible scavenging by MnOx phases for Mo removal. The negative

correlation between dMo and chlorophyll-a (Chl-a) concentrations in surface

seawaters suggested that biological uptake was involved in dMo removal. The

depleted dMo in most of sites corresponded with the higher nitrite

concentrations, implying the possible involvement of nitrate reduction

process. Although the highest N2 fixation rates and relative abundances of

cyanobacteria appeared in 36°N section, corresponding with the conservative

dMo, suggesting that Momay play a minor role in N2 fixation process there. The

ten-folds of relative abundance of bacteria with nitrate reduction function than

that with N2 fixation function suggested that dMo seems to play more

important role in nitration reduction than nitrogen fixation in the BS and YS.
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1 Introduction

As the most abundant transition metal, molybdenum (Mo)

exists mainly as in the dissolved forms (MoO2−
4 , HMoO−

4 ) in the

oxygenated ocean. Dissolved Mo (dMo) concentrations are

stable in the open ocean, with reported concentrations

between 105 and 107 nmol L-1 (Collier, 1985; Smedley and

Kinniburgh, 2017). DMo shows a conservative characteristic in

the open ocean (Audry et al., 2007; Beck et al., 2012; Valdivieso-

Ojeda et al., 2020). The constant stable isotope ratio of Mo in the

ocean also suggests the relative unreactivity of oceanic Mo

(Nakagawa et al., 2012; Ho et al., 2018). However, dMo in

several estuaries and coastal areas showed non-conservative

behavior (Dellwig et al., 2007; Wang et al., 2016; Ho et al.,

2018). Various dMo concentrations in different costal and

estuarine waters were found, with most of dMo depleted. For

example, dMo in Mississippi Estuary (Mohajerin et al., 2016),

Itchen Estuary (Archer and Vance, 2008), multiple estuaries in

India (Rahaman et al., 2010), Wadden Sea (Dellwig et al., 2007),

and Taiwan Strait (Wang et al., 2016) displayed depletion and

nonconservative behavior. The reasons for Mo depletion are

varied and likely related to biological processes, scavenging by

particles (e.g., Fe/Mn oxides), and sedimentary interactions

(Reitz et al., 2007; Ho et al., 2018). The Mo excess in some

studies is attributed to extra sources, e.g., porewater diffusion at

sediment-water interface (Dellwig et al., 2007; Strady et al., 2009;

Waeles et al., 2013), submarine groundwater discharge (Dalai

et al., 2005), and industrial discharge (Rahaman et al., 2010;

Wang et al., 2016).

The main abiotic processes affecting dMo distribution in the

coastal waters are riverine input and particle adsorption.

Molybdenum entering into the oceans mainly by riverine

input after oxidative weathering on the land (Zerkle et al.,

2011). Rivers have supplied ~22,000 t a-1 of Mo to the oceans

(Smedley and Kinniburgh, 2017), accounting to~90% of total

dMo (Morford and Emerson, 1999; Wang et al., 2016). Riverine

Mo concentrations are low, with the estimated values of ~4.38

nmol L-1 (Chen et al., 2014) and 1.15-89.9 nmol L-1 (Linnik et al.,

2015) in the world rivers. Thus, dMo generally displays an

increase with the increasing salinity of estuaries due to the

freshwater dilution. A non-biotic adsorption onto MnOx

phases has been proved one reason for Mo depletion (Dellwig

et al., 2007). It has been found that dMo had a positive

correlation with dissolved Mn (Wang et al., 2016) and a

negative correlation with particle Mn (Dellwig et al., 2007),

suggesting the scavenging of dMo by MnOx phase. The

scavenging and deposition of dMo with ferromanganese oxides

accounts for ~35% of removal of modern marine Mo (Scott et al.,

2008; Zerkle et al., 2011).

Molybdenum is an essential element for N2 and nitrate

assimilation due to it is a cofactor for some N2 fixation and

nitrate reductase (Wolfe, 1954; Fay and Fogg, 1962; Robson
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et al., 1986; Fischer et al., 2005). Thus, Mo depletion is more

related to biotic processes. Extremely low dMo concentration

(<3 nmol L-1) can limit heterotroph growth in freshwater and

seawater (Glass et al., 2012; Wang et al., 2016). Mo scarcity (0.6-

4 nmol L-1) in some lakes also can limit phytoplankton growth

(Goldman, 1960; Glass et al., 2010; Glass et al., 2012). However,

the influence of biological uptake on Mo removal in the coastal

waters is still unclear. The higher cellular Mo concentrations in

phytoplankton (~5.3 mmol L-1; Ho et al., 2003) and bacteria (53

mmol L-1; Barton et al., 2007) than in seawater suggest that

marine algae and heterotrophs could consume dMo and

contribute to the dMo depletion in water column (Wang et al.,

2016). The negative correlation between Chl-a and dMo were

observed in both the coastal waters (Wang et al., 2016) and open

sea (Ho et al., 2018), further suggesting the involvement of

biological uptake in removing dMo out of the water column.

The Mo removal by utilization of nitrogen fixation

organisms were observed in cultures. For example, the

addition of Mo and NO−
3 in the hypolimnion of Castle Lake

could promote nitrogen assimilation protein activity increase

when NH+
4 was scarce (Glass et al., 2012). However, the

limitation of Mo on nitrogen fixation in the ocean has not

been found or not been studied. Positive and negative Mo

concentration anomalies were found in N2 fixation in the

Eastern Equatorial Pacific (+5 nmol L-1, -3 nmol L-1; Tuit and

Ravizza, 2003), presumably related to biological nitrogen

fixation processes (Dellwig et al., 2007). In addition, the Mo

removal also is related to the utilization by marine algae and/or

cyanobacteria with nitrate reductase. Ho et al. (2018) has found

that some depleted dMo corresponded with the nitrite

maximum in the oxygen deficient zone (ODZ) off the Peru

margin, suggesting that Mo likely involved in nitrate reduction.

Marine nitrogen fixation and denitrification are two

important processes in the nitrogen cycle, which play a key

role in understanding marine nitrogen fixation, nitrogen loss

and nitrogen budget balance (Fowler et al., 2013). In particular,

the recent studies have found that the marginal seas may be a

potential hotspot for nitrogen fixing organisms (Zehr and

Capone, 2020; Qu et al., 2022). However, the dMo behavior

and its interaction with N cycling in the coastal waters is still

unclear. The Bohai Sea (BS) and Yellow Sea (YS) are one of main

marginal seas in China, receiving a large amount of inorganic

nutrients from terrestrial sources. The DIN concentration in the

BS and YS underwent a 6-7-fold increase from the late 1990s to

the 2010s (Xin et al., 2019; Zheng and Zhai, 2021), inducing a

DIN/DIP ratio increase and DSi/DIN ratio decline (Liu et al.,

2011; Guo et al., 2014). Their biological activities also are

frequent. In this study, dMo concentrations and parameters

related to Mo distribution and N cycling in surface and bottom

seawaters of the BS and YS were examined. The aim is to identify

dMo behavior and its potential regulatory role in nitrogen

cycling of the BS and YS.
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2 Materials and methods

2.1 Study area

The BS and YS are typical semi-enclosed continental shelf

seas, located in the western Pacific Ocean between mainland

China and the Korean Peninsula. The BS has the area of 77×103

km2 and average depth of 18 m with the maximum depth of

83 m in the Bohai Strait. The YS has the area of 380×103 km2 and

average depth of 44 m with a maximum depth of 140 m. The

Yellow River (YR) is the main river entering the BS, with the

freshwater influx of ~200×108 m3 a-1 (Xu et al., 2013). The main

current in the BS is the Bohai Sea Coastal Current (BSCC),

which can carry low-temperature, low-salinity and high

nutrients into the YS under the influence of northwest

monsoon (Chen, 2009). However, the currents in the YS are

complex. The interaction among monsoon, bottom topography,

river discharge and the Kuroshio intrusion leads to various

circulation regimes and different water masses. The seasonal

circulation is mainly reflected in the Yellow Sea Warm Current

(YSWW). In summer and autumn, the YSWW moves

northward under the influence of southeast monsoon. In

winter, the YSWW forms a circulation in the SYS region

affected by northeast monsoon (Chen, 2009). This study

focused on autumn, when there are the Yellow Sea Coastal

Current (YSCC) in the west, the South Korean Coastal Current

(WKCC) in the east, and the YSWW in the middle of the SYS,

which can move northward through the Bohai Strait into the BS.

In addition, there is a typical seasonal cold water mass in the YS,

namely the Yellow Sea ColdWater (YSCW). The YSCW (<12°C)

mainly appears in summer and autumn when the southwest

monsoon prevails. The YSCW exhibits low temperature and

high salinity characteristics (Wang et al., 2014). In addition, the

low DO and pH values also are found in the YSCW (Zhai, 2018;

Guo et al., 2020).

The sample collection in the BS and YS was conducted

aboard the R/V Lan Hai 101 in 18 October and 4 November

2021 (Figure 1). Seawater samples at surface (2 m) and bottom

(2 m above seafloor) layers were collected at 38 stations using 12-

L Niskin bottles for dMo, nutrients, chlorophyll-a (Chl-a),

dissolved oxygen (DO) and pH. The water sampler was

installed on a rosette with a Seabird conductivity, temperature,

depth (CTD) sensor to determine in situ temperature, salinity

and depth. Seawater samples for DO and pH measurement were

collected firstly. Seawater samples for dMo and nutrients were

filtered through 0.45 mm Nuclepore® polycarbonate membrane

filters previously cleaned with 5% HCl. Samples were filtered

into pre-cleaned HDPE bottles and immediately acidified with

ultrapure HCl to pH<2. Another part of filtered seawaters was

collected in acid-clean, 60 ml HDPE bottles and stored at -20°C

for nutrient analysis. Samples for Chl-a were filtered through

cellulose acetate fiber filters (0.45mm pore size; Whatman) and
Frontiers in Marine Science 03
stored in dark at -20°C until further analysis in the laboratory.

Microbial samples at 18 stations were collected by filtering 1 L of

seawater through a 0.2 mm polycarbonate membrane. After

filtration, the samples were kept in cryovials and stored at -80°C.

Surface seawaters at 14 stations were collected for nitrogen

fixation incubations. 1 L surface seawater was collected and

filtered immediately before the incubation period for

determining the particulate 15N abundance in original

seawater. The N2 fixation rates (NFRs) were determined using

the 15N2 gas dissolution method described in Mohr et al. (2010).

The 15N2-enrich seawater was prepared using 15N2 gas at each

station. Briefly, the filtered seawater was degassed and 1 ml of 99

atom% pure 15N2 gas was injected into 100 ml of degassed

seawater using the method described by Mohr et al. (2010).

Unfiltered Seawater was added to duplicate acid-cleaned 600 ml

polycarbonate bottles slowly to avoid air bubbles. Before

incubation, 45 ml of seawater was removed from bottle. Then,

45 ml of 15N2-enrich seawater was injected into incubation

bottles. Each incubation bottle was shaken 5 times to ensure

that water was fully mixed. Incubation was performed in

incubator with continuous in situ seawater flow under natural
FIGURE 1

Study area and sampling sites in the Bohai Sea (BS) and Yellow
Sea (YS) between 18 October and 4 November 2021.
Temperature, salinity, DO, inorganic nutrients, Chl-a and dMo
concentrations in surface and bottom seawater at all stations
(blue + red) were determined. N2-fixation rates at 14 stations
(red hollow circles) and 16s rRNA at 18 stations (red solid dots)
were measured in surface seawaters. In autumn, the circulation
schematic includes the Bohai Sea Coastal Current (BSCC),
Yellow Sea Coastal Current (YSCC), Western Korean Coastal
Current (WKCC) and Yellow Sea Warm Water mass (YSWW). The
Yellow Sea cold water (YSCW) is located in the dashed circles.
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light for 24 h. After incubation, seawater was filtered (<100 mm

Hg) via pre-combusted (450°C, 5 h) Whatman GF/F filter and

stored at -20°C for determining the particulate 15N abundance.
2.3 Sample analysis

2.3.1 DO and pH
The DO concentration and pH were determined using a

Seven Excellence Multiparameter (Mettler Toledo, US) equipped

with the DO and pH probes. The DO values were calibrated by

the Winkler titration method (Bryan et al., 1976). The pH was

calibrated to the in situ value by seawater temperature.

2.3.2 Dissolved Mo and Mn
Dissolved Mo and Mn concentrations were determined by

inductively coupled plasma mass spectrometry (ICP-MS,

Thermo iCAP Q) after 10-fold dilution with 0.4 M ultrapure

HNO3. Helium and KED were used as collision gas and mode of

interference elimination. Internal standards Y for Mo and Sc for

Mn were chosen. Certified reference material NASS-6 was used

to ensure accuracy of the analytical procedure with accuracy of

98.0% for Mo and 96.2% for Mn. Replicate measurement was

conducted on NASS-6 and samples with the relative standard

deviations (RSD) of 4.5% for Mo and 7.6% for Mn. Procedural

acid blanks for diluting samples were determined every 10

samples. The acid blanks are lower than the detection limits.

2.3.3 Nutrients and Chl-a
Nutrients including nitrate (NO3-N), nitrite (NO2-N),

ammonium (NH4-N), phosphate (PO4-P) and silicate (SiO3-

Si) were determined photometrically using a continuous

segmented flow analyzer (QuAAtro, Bran-Luebbe Inc.,

Germany). Their detection limits were 0.02 mmol L-1, 0.02

mmol L-1, 0.03 mmol L-1, 0.01 mmol L-1 and 0.04 mmol L-1,

respectively. The standard deviation (SD) of three measurements

was< 3%. Dissolved inorganic nitrogen (DIN) includes NO3-N,

NO2-N and NH4-N.

The fi lters for Chl-a were extracted with N, N-

dimethylformamide for 12 h at 4°C. The extracts were

measured using a fluorescence spectrophotometer (F-4500,

Hitachi Co, Japan). Its detection limit was 1.5 mg L-1 with SD

of<1% for 11 parallel determinations.
2.3.4 Bacteria abundance
The DNA was extracted by QIAquick Gel Extraction Kit

(Qiagen, Germany). The PCR amplifications were conducted

with the 515f/806r primer set that amplifies the V4 region of the

16S rRNA gene. High-throughput sequencing was carried out on

the Illumina HiSeq 2500 platform (Illumana, San Diego, USA)

by Novogene Technology Co., Ltd. (Beijing, China). The

sequences with 96% similarity were classified into the identical
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operational taxonomic units (OTUs). Taxonomic data were

assigned by Ribosomal Database Project (RDP) classifiers. The

relative abundance of cyanobacteria at the phylum-level was

used in this study.

2.3.5 N2 fixation rate
Filters were freeze-dried and then determined by an

Elemental Analyzer (Thermo Flash 2000)-Isotope Ratio Mass

Spectrometer (Thermo-MAT253) to determine the natural and

tracer-enriched 15N abundances. The calculation formula of

NFR is as follows (Mohr et al., 2010):

NFR=
(Af inal

PN −At=0
PN )

(AN2
−At=0

PN )
� 1
Dt

PNf +PN0

2

� �

where A = atom% 15N in the particulate organic nitrogen

(PN) or dissolved N2 at the final or beginning (t = 0) of

incubation, Dt is the incubation time (d), AN2 represents the

nitrogen substrate in the system at the beginning of the culture.

The formula is as follows:

AN2
%ð Þ = AS�VS+Aatm�C�Vb

Vs+C�Vb

� �
� 100

where Aatm and AS are the atomic percentages of 15N in

atmospheric N2 (0.366%) and in the added 15N tracer (98%), Vb

and VS are the volumes of the culture system (L) and the 15N

tracer (mL), C is the N2 concentration in the culture water.
2.4 Statistical analysis

Pearson correlation analysis using SPSS 16.0 was used to

determine the relationships among the dMo, dMn, Chl-a,

nutrients, NFR, relative abundance of cyanobacterial, N2

fixation functional bacteria and nitrate reduction functional

bacteria in the BS and YS. P< 0.05 (two-tailed) values were

considered significant correlations. Origin 2021 and Ocean Date

View 2021 ware used to plot the data.
3 Results

3.1 Dissolved Mo and Mn

The dMo had similar concentration ranges between surface

(76.4 ± 19.2 nmol L-1) and bottom (74.6 ± 22.4 nmol L-1) seawaters

in the BS and YS. The lowest dMo values (68.9 ± 17.0 nmol L-1 in

surface and 64.5 ± 19.1 nmol L-1 in bottom) were in the BS, while

the highest dMo concentrations (95.9 ± 21.0 nmol L-1 in surface,

and 94.9 ± 19.2 nmol L-1 in bottom) appeared in north of the SYS

(near 36°N; Figure 2A). In the YSCW, the dMo concentrations in

surface seawaters were slightly higher than that in bottom ones, but

it showed the opposite trend in the other areas (Table S1).
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The dissolved Mn (dMn) concentrations in surface seawaters

(1.06 ± 1.87 mmol L-1) were higher than that in bottom seawaters

(0.52 ± 0.89 mmol L-1; Figure 2B). In surface seawaters, the highest

dMn values appeared at surface above the YSCW (2.45 ± 2.32

mmol L-1) and station (1.50 ± 2.36 mmol L-1) in 36°N section,

followed by the nearshore station. In bottom seawaters, the higher

dMn values occurred at nearshore of the SYS.
3.2 Hydrochemical characteristics

The temperature in surface seawaters (19.1 ± 2.1°C) was

higher than that in bottom seawaters (16.7 ± 4.1°C) in the BS

and YS in autumn. However, the temperature in bottom

seawaters showed abnormally low values (10.4 ± 1.0°C) in the

YSCW (Figure 3A). The salinity in surface seawaters (30.62 ±

1.65) was lower than that in bottom seawaters (31.16 ± 0.90) in

the BS and YS. There were abnormally high salinity values (32.37

± 0.41) in bottom seawaters of the YSCW (Figure 3B). The pH in

surface seawaters (8.12 ± 0.11) was higher than that in bottom

seawaters (8.05 ± 0.06) in the BS and YS. The relatively high pH

in surface seawaters appeared at nearshore and above the YSCW

(Figure 3C). The DO concentrations in surface seawaters (7.5 ±

0. 7 mg L-1) was higher than that in bottom seawaters (7.0 ± 0.6

mg L-1) in the BS and YS (Figure 3D). There were abnormally

low pH (8.07 ± 0.05) and DO values (6.3 ± 0.3 mg L-1) in bottom

seawaters of the YSCW. The Chl-a concentrations in

surface seawaters (2.10 ± 4.00 mg L-1) was higher than that in

bottom seawaters (0.98 ± 0.86 mg L-1) in the BS and YS. The Chl-

a concentrations decreased from the BS to the NYS and to the

SYS and from nearshore to the outer seas (Figure 3E; Table S2).
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3.3 Inorganic nutrients

The nutrient concentrations in surface and bottom seawaters of

the BS and YS were examined (Figure 4). Concentrations of DIN,

PO4-P and SiO3-Si in surface seawaters (DIN: 3.12-23.0 mmol L-1;

PO4-P: 0.08-0.61 mmol L-1; SiO3-Si: 1.29-12.7 mmol L-1) were lower

than that in bottom seawaters (DIN: 3.15-24.8 mmol L-1; PO4-P:

0.04-1.81 mmol L-1; SiO3-Si: 1.12-15.6 mmol L-1) in the BS and YS in

autumn (Table S1). NH4-N and NO3-N were the main forms of

DIN, accounting for 55% and 41%. PO4-P, DIN and SiO3-Si

concentrations generally presented the highest values in the BS,

followed by the NYS and the SYS. Besides, they also displayed

higher values in the YSCW. Outside the YSCW region, nutrients

displayed negative correlations with salinity in the SYS, but only

PO4-P presented a relatively conservative behavior (r=-

0.546, p<0.01).
3.4 N2 fixation rates and
cyanobacteria abundances

The NFRs and relative abundances of cyanobacteria in

surface seawaters of the BS and YS were determined. The

NFRs were 0.11-1.05 nmol N L-1 d-1. The highest NFRs were

in the SYS (0.55 ± 0.27 nmol N L-1 d-1), followed by the NYS

(0.42 ± 0.09 nmol N L-1 d-1) and the BS (0.13 ± 0.17 nmol N L-1

d-1; Figure 5A). The highest NFR appeared in north of the SYS

(near 36°N). Similarly, the highest relative abundances of

cyanobacteria were in the SYS (27.0 ± 19.3%), followed by the

NYS (18.7 ± 10.1%) and BS (7.0 ± 10.2%), with the highest values

in north of the SYS (near 36°N; Figure 5B).
A B

FIGURE 2

Distributions of dMo (A) and dMn (B) in surface and bottom seawaters of the BS and YS.
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FIGURE 4

Distributions of PO4-P (A), NO3-N (B), NO2-N (C), NH4-N (D), DIN (E) and SiO3-Si (F) in surface and bottom seawaters of the BS and YS.
D

A B

E

C

FIGURE 3

Distributions of hydrochemical parameters temperature (A), salinity (B), pH (C), DO (D) and Chl-a (E) in surface and bottom seawaters of the BS
and YS.
Frontiers in Marine Science frontiersin.org06

https://doi.org/10.3389/fmars.2022.1094846
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Fan et al. 10.3389/fmars.2022.1094846
4 Discussion

4.1 Nonconservative behavior of dMo
Despite its biological requirement, Mo generally shows a

conservative behavior independent of marine biological

activities (Collier, 1985; Prange and Kremling, 1985). The

conservative behavior of dMo in some estuaries also were

found (Strady et al., 2009; Waeles et al., 2013). In these

estuaries, dMo concentrations showed a closely liner

relationship with salinity due to the dilution of Mo-rich

seawaters by river waters with lower biological activity

(Howarth and Cole, 1985; Strady et al., 2009). Differently,

dMo concentrations in our study area had no correlation with

salinity (Figure 6), indicating that conservative mixing with river

waters was not the dominating process and thus the

nonconservative property of dMo in the BS and YS. Most of

dMo concentrations in the BS and YS were below a conservative

mixing and were depleted by more than ~30%. Significant

depletion up to 40-50 nmol L-1 of dMo was even seen in the

BS and NYS regions. The dMo removal was attributed to

scavenging by abiogenic and/or biogenic particles in the

mixing process (Prange and Kremling, 1985). The lowest dMo

concentration (49.1 nmol L-1) occurred in station (S=23.6) near

the Yellow River in the BS, which was lower than its

concentration in conservative estuaries with the same salinity

(Rahaman et al., 2010; Waeles et al., 2013). This seems to suggest

that although the riverine input played an important role in dMo
Frontiers in Marine Science 07
distribution there, there still was other reasons for dMo

deplet ion. For example, the biological uptake and

complexation with organic matter or incorporation into

sediment aggregates could contribute to the dMo removal

(Head and Burton, 1970; Dellwig et al., 2007).

In contrary, some dMo concentrations in the BS and YS were

higher than those expected for a conservative mixing. The
FIGURE 6

The plot of dMo against salinity in the BS and YS. Blue and red
dots respect values in surface and bottom seawaters,
respectively. The black line represents the theoretical mixing line
between river water (dMo = 1 nmol L-1) and ocean water (dMo =
105 nmol L-1) at salinity of 35.
A B

FIGURE 5

Distribution of N2 fixation rates (A) and the relative abundance of cyanobacteria (B) in surface seawaters of the BS and YS.
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addition of dMo mainly appeared at 36 °N section and bottom

seawaters in south of the SYS. It has been suggested that the

addition of Mo resulted from its desorption from particles or

release from bottom sediments when bottom redox condition

changed from reducing to oxic (Dalai et al., 2005; Morford et al.,

2007; Smedley and Kinniburgh, 2017). Due to the significant

differences in the hydrochemistry and biological activities

among the BS, NYS and SYS, the main control factors of

nonconservative Mo behavior in these three sea areas were

different. This will be discussed in the below section.

Compared with horizontal distribution, vertical difference of

dMo concentrations was small, suggesting the influencing

factors at different depth of same station was more similar

than regional differences due to the relatively shallow depths

of the study area. Compared with other sea areas in the world

(Table 1), dMo concentrations in the BS and YS (36.4-125.0 nmo

L-1) were similar to the nonconservative dMo in other estuaries

(Khan and Van Den Berg, 1989; Dalai et al., 2005; Dellwig et al.,

2007; Archer and Vance, 2008; Rahaman et al., 2010; Mohajerin

et al., 2016; Schneider et al., 2016; Smedley and Kinniburgh,

2017), but lower than the open ocean (Firdaus et al., 2008; Ho

et al., 2018) and higher than the euxinic seas (Neal and Robson,

2000; Rahaman et al., 2010; Chen et al., 2014).
4.2 The physics and chemistry processes
involved into Mo cycling

4.2.1 The riverine dilution and particle
adsorption of dMo

The increase of dMo from the coast toward offshore was

mainly observed in the BS, especially off the Yellow River estuary.

The area off the estuary was characterized by low dMo

concentrations mainly due to the river discharge from the

Yellow River with low Mo concentration. Previous study had

also attributed the occurrence of dMo depletion in estuary to the

dilution effect of freshwater (Waeles et al., 2013). Although we did

not determine dMo concentrations in the Yellow River, it has been

suggested that average dMo concentration in world rivers was
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~12.6 nmol L-1 (Linnik et al., 2015). Besides, in autumn, under the

influence of the northwest monsoon, a large amount of the BS

water flows into the NYS through the Bohai Strait (Zhang et al.,

2018), resulting in the lower dMo in the Bohai Strait.

The horizontal and vertical differences of dMo could not be

attributed solely to the freshwater dilution effect. The importance of

Mn cycling to Mo behavior has been found. It has been suggested

that the removal of MoO2−
4 from surface seawaters was associated

withMn oxidation and adsorption by freshly formedMnOx phases,

which would settle on the sediments (Dellwig et al., 2007). In this

study, both dMo and dMn presented the highest values in the SYS,

followed by the NYS, and the lowest in the BS. This distribution was

opposite to DO concentrations, likely suggesting that high DO level

might favor the formation of Mn oxides and associated Mo

adsorption. There was a significant positive correlation (r=0.55,

p<0.01; Figure 7A) between dMo and dMn in the BS and YS except

for the area with extremely high dMn values. The more significant

correlation was found in the BS (r=0.89, p<0.01; Figure 7B),

suggesting that the role of the adsorption to inorganic particles to

remove dMo in the BS was more important than in the YS.

4.2.2 Effect of seasonal YSCW on dMo
The YSCW is an important current, supplying abundant

nutrients to upper seawaters and stimulating the algal blooms

(Guo et al., 2020). Thus, it is necessary to discuss the influence of

the YSCW on dMo depletion. The dMo concentrations in both

surface and bottom seawaters displayed low values in the YSCW.

However, the slightly higher dMn values in surface seawaters than

bottom seawaters, indicating that the adsorption by inorganic

particles with MnOx may be not the main reason for Mo

depletion there.

The YSCW is a seasonal current, which usually appears in

summer and autumn. It has low DO, low temperature and high

salinity (Wang et al., 2014). The same phenomenon was observed in

this study (Figure 8). Mo as a redox-sensitive element, seasonal DO

change has an important influence on the dynamics of dMo.

Particularly, the relatively low DO in the YSCW contributed to the

Mo removal from bottom seawaters to sediments. Morford et al.

(2007) has found that Mo could be sequestered into sediments along
TABLE 1 Dissolved molybdenum concentrations in estuaries and open seas in the world.

Sea area dMo (nmo L-1) References

Tamar Estuary, England 15.0-89.9 (Khan and Van Den Berg, 1989)

Chao Phraya Estuary, Thailand 3.20-117 (Dalai et al., 2005)

Estuary of Wadden Sea, Germany 82.3-156 (Dellwig et al., 2007)

Itchen Estuary, England 4.79-117 (Archer and Vance, 2008)

Multiple estuaries, India 1.00-89.6 (Rahaman et al., 2010)

Mississippi Estuary, United States 9.10-55.9 (Mohajerin et al., 2016)

Elbe, Rhine and Weser estuaries 20.0-125 (Schneider et al., 2016)

Oxic open water, 96.9-108 (Firdaus et al., 2008; Ho et al., 2018)

Euxinic Black Sea 7.00-39.0 (Neal and Robson, 2000;Nagler et al., 2011)
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the western Indian continental shelf when seasonal oxygenminimum

zone appeared. However, sedimentary Mo can be later released to

bottom seawater when oxic condition appeared. The strong

upwelling in this region can carry bottom Mo to the surface

(Smedley and Kinniburgh, 2017). Sulu-Gambari et al. (2017) found

a clearMo enrichment in the upper sediment layer in anoxic summer

and autumn, whereas small Mo enrichment in oxic winter and

spring. Our results showed that the lower bottom dMo

concentrations in the YSCW was consistent with the lower DO

concentrations, suggesting that dMo in bottom seawaters moved into

sediments or the release of dMo from porewater was restricted under

low DO levels in autumn. Within sediments, MoO2−
4 can be fixed by

thiol and buried as sulfide in high sulfide sedimentary environment,

resulting in Mo enrichments in marine sediments (Brumsack, 2006).

The upward transport of dMo was also prevented due to the water

stratification in the YSCW. This part of oxidative Mo (MoO2−
4 ) may
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be released into seawaters via the sediment/water interface when the

YSCW disappeared in winter and spring. This speculation requires

further confirmation. There was a significant correlation between DO

and dMo concentrations in bottom seawaters of the YS (except for

stations near 36°N and the Bohai Strait) (r=0.55, p<0.01; Figure 7C),

further suggesting that the higher DO level favored the dMo release

from sediment while lower DO attenuated this process.
4.3 The biological processes involved
into Mo cycling

4.3.1 Phytoplankton utilization of dMo
Mo exists in >60 enzyme cofactors (Stiefel, 1996) and

involved in catalyzing key processes in the global carbon,

sulfur and nitrogen cycles (Mendel, 2009). Both phytoplankton
A B

FIGURE 8

Scatter plots of bottom sea water salinity and temperature (A), and salinity and DO (B) in the BS and YS. The Yellow Sea Cold Water (YSCW) was
boxed in black rectangle and stations in the NYS affected by YSCW circled in red oval.
A B C

FIGURE 7

Correlations between dMo and dMn concentrations in surface seawaters of the BS and YS (A) and that of the BS (B), and correlation between
DO and dMo concentrations in bottom seawaters of the YS (C).
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and heterotrophs require Mo participating in metabolic activities

(Glass et al., 2012). It has been found that the Mo concentrations

in phytoplankton (Ho et al., 2003) and bacterial (Barton et al.,

2007) cells were far higher than in seawater, suggesting that the

high abundances of phytoplankton and bacteria may consume a

large amount of dMo, and may cause the dMo removal in

seawater (Wang et al., 2016). Especially, the more depleted dMo

can occur in phytoplankton blooms (Kowalski et al., 2009). Our

results showed that more depleted dMo concentrations appeared

in the BS and the NYS, where Chl-a concentrations were higher.

The negative correlation of dMo with Chl-a (except for two

extremely high Chl-a in the BS) (r= -0.45, p<0.01; Figure 9A) in

the BS and YS indicated that high primary productivity likely

played an important role in the dMo removal. Their correlations

were most significant in the BS (r= -0.97, p<0.01; Figure 9B),

followed by the NYS (r=-0.60, p<0.01; Figure 9C) and the SYS

(r= -0.42, p<0.01; Figure 9D), suggesting that the uptake of

phytoplankton was more important removal mechanism for

dMo in the BS than the YS. The dMo removal by

phytoplankton utilization also has been found in other sea

areas, such as the Southampton estuary (Head and Burton,

1970), the Taiwan Strait (Wang et al., 2016), and East Pacific
Frontiers in Marine Science 10
Zonal Transect (Ho et al., 2018). However, Chl-a and nutrients

(especially PO4-P and SiO3-Si) might have the obvious low

values in 36 °N section, corresponding to the conservative

dMo concentrations, suggesting that low biological activity had

little effect on the Mo removal there.

According to the estimation method of Wang et al. (2016),

Chl-a level of 5 mmol L-1 as 5 × 106 cells mL-1 and cellular Mo of

5.3 mmol L-1 in phytoplankton (Ho et al., 2003) were used to

estimate the depletion of dMo by phytoplankton. The whole BS

and YS was assumed to be an enclosed system in autumn, and

Chl-a values in the BS and YS and were used. The depletion of

dMo and biological removal amount of Mo were estimated to be

up to 50 nmol L-1 with an average of 20 nmol L-1 and 8.9×107

mol if a bloom continued for 1 month. The biological removal

amount was obtained by multiplying the depleted Mo

concentration with the water volume (457×1010 m3) in the

upper layer of the BS and YS (from surface to 10 m).

4.3.2 Coupling of dMo to nitrogen cycling
Mo is key for microbial N2 and nitrate assimilation due to its

presence in nitrogenase and nitrate reductase (the first step in NO−
3

assimilation). Marine and freshwater diazotrophic cyanobacteria
D

A B

C

FIGURE 9

Correlations of dMo with Chl-a in the BS and YS (A), the BS (B), the NYS (C) and the SYS (D).
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use a Mo-dependent enzyme, nitrogenase (Nif) for N2 fixation. The

study onMo limitation to N2 fixation focuses on freshwaters, due to

its low dMo concentrations (<20 nmol L-1) and oligotrophic levels.

It has been suggested thatAnabaena had optimal growth at 50-2000

nmol L-1 of dMo concentrations (Wolfe, 1954; Tersteeg et al., 1986;

Attridge and Rowell, 1997). Mo at 1-5 nmol L-1 could limit N2

fixation (Vasconcelos and Fay, 1974; Zerkle et al., 2006; Glass et al.,

2012). However, Mo has long been considered as a potential

limiting factor for marine N2 fixation due to its high seawater

value. Several Mo addition experiments in conservative seawaters

showed that N2 fixation rate did not change significantly (Paulsen

et al., 1991; Marino et al., 2003). Sulfate inhibition has been

considered as an important reason for N2 fixation role of Mo due

to their similar size and stereochemistry (Howarth et al., 1988). In

this study, dMo concentrations in seawaters were higher than that

in freshwaters, even higher than the Mo limitation in pure cultures,

but they were lower than the conservative concentration (~105

nmol L-1). It is unclear about the Mo effect on N2 fixation in the

depleted Mo coastal waters. N2 fixating and nitrate assimilating

cyanobacteria dependent onMo have been found in the coastal and

marine waters, such as Nostoc sp. CCMP 2511 (Glass et al., 2010),

Aphanizomenon sp. (Walve and Larsson, 2007), Nodularia

spumigena (Walve and Larsson, 2007), Trichodesmium

erythraeum strain IMS101 (Tuit et al., 2004), Trichodesmium

(Tuit et al., 2004; Nuester et al., 2012), Crocosphaera watsonii

strain WH8501 (Tuit et al., 2004). They have Mo:C of 0.2-132,

with the highest in Nostoc sp. CCMP 2511 (0.2-132) and

Trichodesmium (9-54). In order to understand the interaction

between Mo and N2 fixation, the NFRs and the relative
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abundances of cyanobacteria were determined in this study. NFRs

and the relative abundances of cyanobacteria presented opposite

distributions to Chl-a, hinting the competitive growth between

phytoplankton and cyanobacteria. The NFRs had a positive

correlation with the relative abundance of cyanobacteria (r=0.77,

p<0.01; Figure 10A), suggesting that heterocystous cyanobacteria

(HC) may be the dominant species of cyanobacteria. The growth of

HC likely was more dependent on the availability of Mo than non-

HC due to the role of HC in inorganic nitrogen assimilation (Glass

et al., 2012). The higher NFRs and relative abundances of

cyanobacteria appeared in the SYS with the relatively low

nutrient. Particularly, NH4-N had an opposite distribution to

NFRs (r= -0.57, p<0.01; Figure 10B), suggesting that lower NH4-

N was more conducive to N2 fixation. The depleted dMo

concentrations (<90 nmol L-1, except for the BS) negatively

correlated with NFRs (r=-0.47, p<0.05; Figure 10C), indicating

that the potential effect of Mo on N2 fixation in the most stations

of the YS with the depleted dMo. The relatively conservative dMo in

36 °N section corresponded to higher NFRs and lower Chl-a,

indicating that phytoplankton uptake is the main removal

mechanism of dMo with HC nitrogenase utilization playing a

minor role.

Mo is also required for reduction of NO−
3 to NO−

2 through

protein nitrate reductase. It has been found that low freshwater Mo

concentrations may limit the function of Mo-based nitrogenase and

nitrate reductase, thus slowing the growth of cyanobacteria (Glass

et al., 2010). In our study, the lower dMo in surface seawaters

corresponding to NO2-Nmaxima within the BS, and while the dMo

maxima corresponding to the lower NO2-N in 36°N of the YS.
D

A B

E F

C

FIGURE 10

Correlations of the relative abundance of cyanobacteria with NFRs (A), NH4-N with NFRs (B) in the BS and YS, dMo (<90 nmol L-1) with NFRs in the
YS (C), dMo with NO2-N (D), dMo with N2 fixation functional bacteria (E) and dMo with nitrate reduction functional bacteria (F) in the BS and YS.
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NO2-N concentrations negatively correlated with dMo

concentrations (r= -0.53, p<0.01; Figure 10D). These correlations

suggested that dMo was involved in nitrate reduction in the

study area.

The function prediction of N2 fixation and nitrate reduction

among 16s rRNA data was performed by the FAPROTAX

software, which maintains a functional classification database

based on species information (Louca et al., 2016). Prediction

results showed that the relative abundances of bacteria with N2

fixation and nitrate reduction genes were small, accounting for

0.001-0.01% and 0.2-1.1% of total bacterial, respectively. The

highest N2 fixation bacteria abundance occurred in south of the

SYS (Figure 11), corresponding to the lower dMo and Chl-a and

higher NFRs. The highest nitrate reduction bacteria abundance

occurred in the BS (Figure 11), corresponding to the lower dMo

and highest NO2-N. The dMo concentrations negatively

correlated with the relative abundances of bacteria with N2

fixation (r= -0.52, p<0.01; Figure 10E) and nitrate reduction

function (r= -0.69, p<0.01; Figure 10F), suggesting the involving

of Mo in N cycling in the BS and SYS. Based on Chl-a, nutrients,

NFR, function prediction and dMo data, it can be suggested that

both the utilization of phytoplankton and nitrate reductase were

the main biological pathways of dMo removal in the BS, the

utilization of phytoplankton, nitrate reductase and HC

nitrogenase were the main biological approaches of dMo

removal in the NYS, nitrogenase utilization was the main

biological pathway of dMo removal in south of the SYS,

whereas dMo in north of the SYS (near 36 °N section) was not

affected by biological activity. According to biological abundance,

the contribution of biological activities to depleted dMo in the sea

area affected by two to three biological activities was in the order of

phytoplankton uptake, nitrate reductase and nitrogenase

utilization. It has been shown that N2 fixation required more
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Mo than NO3-N assimilation in freshwater (Attridge and Rowell,

1997; Glass et al., 2010; Glass et al., 2012). The contrary

phenomenon was found in our study. It seems that although

depleted dMo in the BS and YS, its concentration was still higher

than freshwater, resulting in the less limitation on N2 fixation.

5 Conclusions

Molybdenum behavior and it involving into nitrogen cycling

in the BS and YS were studied. DMo concentrations in the BS

and YS (except for 36 °N section) were significantly below those

expected for a conservative mixing, indicating nonconservative

behavior of dMo. The removal pathways of dMo in the BS and

YS included scavenging by Mn-oxides, upward transport block

due to water stratification and sediment Mo enrichment in low

DO level of the YSCW, phytoplankton uptake and involving in

N cycling. Based on the hydrochemical and biological data, it can

be concluded that the combined effect of inorganic particle

adsorption and biological utilization, especially phytoplankton

and nitrate reductase utilization, was the removal mechanism of

dMo in the BS and NYS. Biological uptake, especially

nitrogenase utilization, was the main removal pathway of dMo

in south of the SYS. These removal mechanisms induced the

depleted dMo in the BS and YS (except for north of the SYS near

36°N section). The relatively conservative Mo in the 36°N

section corresponding to the higher dMn and NFRs, and the

lower Chl-a and NO2-N, suggesting it involving in N2 fixation.

However, the nitrogenase utilization of dMo was small due to

low cyanobacteria abundance.
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