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Dimethyl sulfide (DMS) is one of the most important volatile biogenic sulfur
compounds and plays a significant role in global climate change. Studying the
seasonal variations and the environmental factors that affect the concentration
of DMS would aid in understanding the biogeochemical cycle of sulfur
compounds. Using benzene-assisted photoionization positive ion mobility
spectrometry (BAPI-PIMS), the seasonal distribution and the key impact
factors of DMS and dimethylsulfoniopropionate (DMSP) in the Bohai Sea and
North Yellow Sea were investigated in the summer and autumn of 2019. The
concentrations of DMS and its precursors, DMSPp and DMSPd, in the surface
seawater were 0.11-23.90, 0.67-41.38, and 0.03-12.28 nmol/L, respectively,
in summer, and 0.10-20.79, 0.39-13.51, and 0.18-20.58 nmol/L, respectively,
in autumn. The air-to-sea exchange flux of DMS was 43.05 + 44.52 and 34.06 +
63.38 umol/(m-d), respectively, in summer and autumn. The results
demonstrated that the temperature was the most dominant environmental
factor, and the abundance of dinoflagellates was the most dominant biological
factor that affected the distribution of DMS and DMSP in summer. The
abundance of diatoms was the most dominant biological factor, and the
levels of PO,*, NO,", NO3’, and SiOs*" were the dominant environmental
factors that affected the distribution of DMS and DMSP in autumn. These results
of this study would be of great significance in understanding the biochemical
cycle of DMS in BS and NYS.
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1 Introduction

Dimethyl sulfide (DMS) is one of the most important volatile
biogenic sulfur compounds in seawater and plays a crucial role in
the formation of marine aerosols (Lomans et al., 2002; Yang et al,
2015b). DMS is rapidly oxidized to sulfur dioxide, methanesulfonic
acid, and non-sea salt sulfate aerosols in the atmosphere. These
sulfurous oxides participate in the formation of cloud condensation
nuclei (CCN), which enhances the reflection coefficient of clouds
and decrease solar radiation reaching the surface of the earth
(Charlson et al., 1987). However, the theory regarding the role of
DMS remains controversial. Quinn and Bates (2011) indicated that
non-DMS organic compounds, sea salt, and CO, are also the
sources of marine aerosols, and observed that there was no
correlation between the concentration of DMS and CCN. Using
the Community Earth System Model (CESM) for investigating
phytoplankton-DMS-climate feedback relationships, the study by
Wangetal. (2018a) indicated a weak positive phytoplankton-DMS-
climate feedback at the global scale. DMS can be eliminated by
photochemical reactions, microbial oxidation, air-to-sea exchange,
etc. (Liu et al,, 2015). Therefore, investigating the distribution and
variations in the concentration of DMS and its regulatory factors
would improve the understanding of the interactions between
biogeochemical cycles of sulfides from marine sources and global
climate change.

DMSP is the precursor of DMS, and exists in two forms,
namely DMSPp and DMSPd. DMSP can be modulated by the
DSYB gene, which controls the ammonia transformation
pathway in phytoplankton (Curson et al., 2018). DMSP has
important physiological functions in phytoplankton, including
the regulation of osmotic pressure, antioxidant effects, and
reduction of ultraviolet (UV) damage (Darroch et al, 2015;
Yang et al, 2015a). DMSP can be degraded via two main
pathways. In the first pathway, DMSP is demethylated by
bacteria and phytoplankton, which do not produce DMS;
however, DMS is produced to cleave DMSP by DMSP-lyase
(Zhang et al., 2014; Zhang et al., 2019). The yield of DMSP
depends on the species of phytoplankton. Generally,
Chrysophyceae and dinoflagellates produce higher quantities
of DMSP in comparison to diatoms (Jarnikova et al., 2018).
The release of DMSPd depends on zooplankton feed, cell
senescence, and viral attacks (Wu et al., 2018). Kiene and Linn
(2000) thought that DMSP is also used for bacterial protein
synthesis. Hence, DMS and DMSP are vital bond between
marine phytoplankton and atmospheric sulfur circulation.

The yield of DMS is higher in the continental shelf area than in
the open ocean (Michaud et al., 2007). The Bohai Sea (BS) and North
Yellow Sea (NYS) are marginal seas in the northwest Pacific Ocean,
which are affected by fresh water inputs and anthropogenic activities,
which introduce a wealth of nutrients and pollutants (Yang et al,
2014). Moreover, the region exists a lot of water masses including the
Yellow Sea Cold Water Mass (YSCWM) and the Yellow Sea Warm
Current (YSWC), among others (Fu et al,, 2021). These complex
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environmental factors are responsible for variations in the
distribution of DMS in this region. Presently, there are numerous
studies on DMS in the nearshore waters of this ocean (Omori et al.,
2017; Smith et al., 2018; Webb et al., 2019). For instance, ; Yang et al.
(2014; 2015b) used a gas chromatograph equipped with a flame
photometric detector (GC-FPD) for studying the distribution of
DMS and DMSP and determining the main factors that influence
their production in BS and Yellow Sea at different times of the year.
The results indicated that the concentrations of DMS and DMSPp are
obviously correlated with the levels of chlorophyll a (Chl-a), and
especially nanophytoplankton (5-20 um) biomass (Yang et al., 2014;
Yang et al., 2015b). However, studies by Zhai et al. (2018) and Bepari
et al. (2020) demonstrated that there is no distinct correlation
between the concentration of DMS, DMSPt and levels of Chl-a in
the South China Sea and the west coast of India, respectively. Using
the same method, Jian et al. (2019) surveyed the concentration and
distribution of DMS, DMSPt in the Changjiang River Estuary and the
coastal East China Sea, and demonstrated that an increase in the
proportion of dinoflagellates was accompanied by an increase in the
concentration of DMSP. Speeckaert et al. (2019) demonstrated that
Skeletonema costatum, Phaeocystis globosa, and Heterocapsa
triquetra can produce DMSP under laboratory conditions, and
revealed that the production of DMSP increases with changing
salinity. Although the concentration and distribution of DMS have
been investigated in numerous seas, the main factors, in particular,
the biological factors, which influence the generation and distribution
of DMS need to be explored in further detail in the BS and NYS.

To date, various methods, including gas chromatography
(GC), mass spectrometry (MS), chemiluminescence, and other
approaches have been employed for detecting DMS and its
precursor, DMSP (Nagahata et al., 2013; Omori et al, 2017;
Jian et al, 2019). In our previous study, a portable benzene-
assisted photoionization positive ion mobility spectrometry
(BAPI-PIMS) system was developed for the rapid detection of
DMS and DMSP in marine waters (Peng et al., 2020). In this
study, we used the BAPI-PIMS platform to determine the
content of DMS and its precursor, and subsequently
investigated the seasonal variations in their distribution and
interactions with the environmental and biological factors in BS
and NYS. The results will be of great significance in elucidating
the seasonal succession of DMS and determining the factors that
are responsible for altering its distribution in BS and NYS.

2 Materials and methods
2.1 Sampling

BS is a semi-enclosed marginal sea in the northwest Pacific
Ocean, and is surrounded by the Shandong Peninsula, Liaodong
Peninsula, Hebei Province, and the city of Tianjin (Yang et al.,
2015a). The samples of seawater containing DMS were collected
aboard the “Bei Dou” research vessel from July to August (summer)
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and in October (autumn) in 2019. The locations of the sampling
stations are depicted in Figure 1. A total of 28 sampling stations
were selected for sample collection in summer and autumn. The
information pertaining to temperature and salinity was obtained
from a Seabird CTD sensor. The samples of surface water were
collected in 5-L Niskin bottles mounted on the CTD sensor.

All the samples were gathered using silicone tubes with pre-
treated H,SOy,, such that one side was attached to the CTD and
the other side was inserted into the bottom of a 40-ml brown
bottle. When the seawater had flown into half of the volume of
the bottle, the silicone tube was slowly removed and the bottle
was wrapped and sealed with a tight parafilm film. The seawater
samples for DMSPd and DMSPp were obtained through gravity
filtration (Zhai et al., 2018). First, 50 ml of seawater was filtered
by gravitational pressure through the pores of Whatman GF/F
glass microfiber filters with pore diameters of 0.7 pm. The
filtered liquid was then collected in 25 ml centrifuge tubes
containing 100 pl of 50% H,SO, (Zhai et al, 2018). All the
samples were stored in the dark at 4°C. In order to determine the
levels of Chl-a and nutrients, 150 ml of seawater was filtered
through Whatman GF/F glass microfiber filters with a diameter
of 25 mm, and frozen at -20°C until analysis (Guo et al., 2016).
All the samples were tested immediately following their
transportation to the laboratory.

2.2 Analytical procedures

The contents of DMS and DMSP in the samples of seawater
were detected by BAPI-PIMS (Peng et al., 2020). Briefly, 5 ml of
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sample was unidirectionally injected into the glass bubbling
chamber by a syringe and stripped with purified gas flown at a
rate of 100 ml/min for transforming DMS to the gas phase. The
DMS gas was then transported to the separating column and
introduced into the BAPI-PIMS system. The drift time and ion
peak intensity of DMS in the spectrum were used for qualitative
and quantitative analysis, respectively. Following sample
detection, the bubble chamber was washed before testing the
next sample. The detection limit was 0.081 nmol/L. The samples
of seawater containing DMSPp and DMSPd were treated with
400 pl of 10 mol/L KOH solution and stored in the dark at 4°C
for 24 h (Yang et al, 2016). Following the complete
transformation of DMSP into DMS, the concentrations of
DMSPp and DMSPd were indirectly determined by analyzing
the concentration of DMS, and their difference was measured as
the content of DMSPp. Chl-a was extracted in the dark with 90%
acetone for 24 h at -20 °C, and the content of Chl-a was
measured with a Turner-Designs TrilogyTM laboratory
fluorometer (Welschmeyer, 1994). The contents of nutrients,
including nitrates, nitrites, ammonium ions, phosphates, and
silicates, were analyzed using a nutrient autoanalyzer (Fu et
al,, 2021).

2.3 Calculation of air-to-sea flux

The air-to-sea exchange flux of DMS was estimated using the
stagnant film model and relevant empirical formula, provided
hereafter (Liss and Merlivat 1986; Nightingale et al., 2000).

Liaodong Bay

>
/BIIO

Bohai Bay B0

FIGURE 1

Location of the sampling stations in BS and NYS in summer and autumn.
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C,

F = kpys (Cw —Eg) )

ke, = (0.22U° + 0.33U)(s£/600)*5cw ()
S.(t) = 2674.0 — 147.12t + 3.726t> — 0.038¢° (3)
F = kppsCy (4)

Where F and k represent the air-to-sea flux and rate
constant of the air-to-sea transfer of DMS, respectively; and
¢, represent the concentrations of trace gases in the surface
seawater and marine atmosphere, respectively. The was
ignored as the concentration of DMS was higher in the
seawater than in the atmosphere. H represents Henry’s
constant, U represents the wind speed, is the Schmidt
constant, and ¢ represents the temperature of seawater.

2.4 Statistical analyses

All the statistical analyses were performed using SPSS,
version 20.0 (SPSS Institute Inc., IBM, Armonk, NY). The data
pertaining to the concentrations of DMSP and DMS were
obtained from the laboratory tests.

3 Results
3.1 Environmental factors

The temperature and salinity showed obvious variations during
the changing seasons. In summer, BS had high temperature and low
salinity, while the NYS had low temperature and high salinity. In
autumn, the low salinity appeared in the same place those
in summer and low temperature and high salinity area appeared
in the NYS (Fu et al., 2021). Owing to admixture with the diluted
waters from the Yellow River, the salinity was significantly lower in
regions outside the Yellow River Estuary (Gu et al., 2022).

The different types and ratios of nutrients have an obvious
effect on the structure of the phytoplankton communities, which
in turn influence the production of DMS and DMSP (Yang et al.,
2015b). The concentrations of dissolved inorganic nitrogen
(DIN), dissolved inorganic phosphate (DIP), and silicate were
1.14-5.76, 0.02-0.25, and 0.78-9.25 umol/L, respectively, in
summer, and 1.36-13.32, 0.07-0.52, and 1.28-7.01 umol/L,
respectively, in autumn (Fu et al., 2021). The concentrations of
nutrients were high in BS, in both summer and autumn. The
coastal current and pollution due to anthropogenic activities
increases the abundance of nutrients in the sea. This can result in
the eutrophication of water, which can alter the abundance of
phytoplankton species, and thereby affect the distribution of
DMS and DMSP (Yang et al., 2014). The DIN/DIP ratios ranged
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from 9.12 to 233.83 in summer with an average of 57.33 + 53.23,
and ranged from 6.82 to 56.89 in autumn with an average of
18.97 £ 13.04. The DIN/DIP ratios were high in the Yellow River
Estuary and the east coast of the Shandong peninsula in summer.
In autumn, the DIN/DIP ratios were high in the Yellow River
Estuary and BS Strait. The DIN/DIP ratios were lower in the
north of the BS and the central NYS.

3.2 Horizontal and vertical distribution of
DMS

3.2.1 Horizontal distribution

As depicted in Figure 2 and Table 1, the concentrations of
DMS in the surface water of BS and NYS ranged from 0.05 to
23.90 nmol/L in summer, with an average of 7.78 nmol/L.
However, the concentrations of DMS at stations B15 (0.054
nmol/L), B17 (0.072 nmol/L), N6 (0.054 nmol/L), and N19
(0.055 nmol/L) were lower than the detection limit in summer
(Peng et al.,, 2020). The distribution of DMS decreased from the
west to the east. We found that the average concentration of
DMS detected in this study in summer was slightly higher than
that reported by Yan et al,, Yang et al., Zhai et al., and Jian et al.
(Yang et al., 2015b; Yan et al., 2018; Zhai et al., 2018; Jian et al,,
2019). The difference might be attributed to the different
sampling regions and the physiological and metabolic
processes of the organisms during transportation from the
research vessel to the laboratory, which took approximately 2
weeks. In autumn, the concentrations of DMS in the surface
water of BS and NYS ranged from 0.10 to 20.79 nmol/L, with an
average of 4.24 nmol/L. The distribution of DMS increased from
the west to the east. The average concentration of DMS detected
in this study was nearly similar to that reported by Yang et al.
(2014) (3.92 nmol/L). As our study was conducted in October,
the average concentration of DMS in autumn was higher than
that reported by Yang et al. (2015a) (2.15 nmol/L) and Liu et al.
(2015) (1.48 nmol/L). The concentration of DMS was high in the
eastern region of the NYS, with the highest concentration being
at N6.

3.2.2 Vertical distribution

Section 1 extended from the Yellow River Estuary to the
Liaodong Bay, while section 2 stretched from the Yellow River
Estuary area to the Bohai Strait. As depicted in Figure 3, the
concentration of DMS was high in the surface seawater at section
1, and gradually decreased with depth in summer, especially in
the central region. The concentration of DMS was extremely low
in the central-southern region of BS (38° N-39°N) where the
water was deeper than 15 m; however, the concentration of DMS
slightly increased near the bottom in the northern region of
section 1. In section 2, the concentration of DMS in the surface
seawater was highest near 120.2°E and the vertical distribution
and concentration of DMS gradually decreased with depth.
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FIGURE 2

Horizontal distribution of DMS in the surface waters of BS and NYS in summer and autumn. Horizontal distribution of DMS in (A) summer and

(B) autumn.

TABLE 1 Air-to-sea flux of DMS and corresponding models reported in

Sea area Technique Average content of DMS in sea-
water (nmol L)
BS and YS GC-FPD 3.92
12.01
BS and NYS GC-FPD 2.15
BS and YS GC-FPD 6.85
South China Sea GC-FPD 1.76
BS and YS GC-FPD 6.12
Changjiang Estuary GC-FPD 0.54
3.99
Changjiang Estuary GC-FPD 2.81
Coastal East China 6.55
Sea
Canadian Arctic GC-FPD 32
Archipelago MS 2.7
Pacific Ocean MS 2.1
Western North MS -
Pacific
Antarctic coastal MS 30-170
zone
Subpolar North GC 5-17
Atlantic
BS and NYS BAPI-PIMS 7.78
4.24

recent studies.

Flux estima- Air-to-sea flux ~ Time of inves- References
tion (umol m2d?!) tigation

Stagnant film 12.06 2012 autumn Yang et al.
model, N2000 20.81 2013 summer (2014)
Stagnant film 4.21 2011 autumn Yang et al.
model, N2000 (2015a)
Stagnant film 11.07 2011 summer Yang et al.
model, N2000 (2015b)
Stagnant film 436 2014 summer Zhai
model, N2000 et al.(2018)
Stagnant film 11.87 2015 summer Yan
model, N2000 et al.(2018)
Stagnant film 0.37 2014 summer 2014 Gao
model, N2000 1.70 winter et al.(2017)
Stagnant film 321 2016 spring Jian
model, N2000 20.73 2016 summer et al.(2019)
Stagnant film <1 -280 2015 summer Jarnikova et al.
model, N2000 (2018)
Gradient Flux 7.2 2011, 2013 winter Omori et al.
Technique (2017)
Gradient Flux 5.5 2010 spring (Tanimoto
Technique et al., 2014)
Stagnant film 227 2013-2016 summer ~ Webb et al.
model, N2000 (2019)
Gradient Flux 5-45 2012 winter Smith et al.
Technique (2018)
Stagnant film 43.05 2019 summer Present study
model, N2000 34.06 2019 autumn

However, the vertical distribution showed an opposite trend at
the mouth of the Yellow River and the Bohai Strait.

The concentration of DMS in the seawater at sections 1 and
2 showed regional variations to a certain extent in autumn. For
instance, the concentration of DMS was high at both ends of the
water column at section land then decreased with depth.
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However, the concentration of DMS in the water column in
the central region exhibited an opposite trend at different depths.
The concentration of DMS was high at both ends of the water
column of section 2, and decreased slightly with depth, while the
concentration of DMS was low in the water columns in the
central and western regions (119° E-120°E).
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Vertical distribution of DMS in the waters of BS (sections 1 and 2) in summer and autumn. Vertical distribution of DMS in (A) and (B) summer,

and (C) and (D) autumn.

There was a relatively strong seawater density thermocline in
the area of section 1 with water depth >15 m. This effectively
prevented the penetration of dissolved oxygen from the surface
waters to the bottom layers, resulting in the formation of an area
of low oxygen (Zhao et al., 2017; Wei et al,, 2019). The low
concentration of DMS in this region could, therefore, be
attributed to the hypoxic environment, as sufficient oxygen is
necessary for the production of phytoplankton and the
generation of DMS via the decomposition of DMSP by
heterotrophic microorganisms in the bottom layers (Zubkov
et al., 2001; Wu et al, 2018). Wu et al. (2018) observed a
correlation between the concentration of DMS and O, in their
study on the Yangtze River Estuary, which also verified the above
speculation to a certain extent. Additionally, the concentration
of DMS was low in the surface waters at the mouth of the Yellow
River in section 2, which might be attributed to the dilution with
freshwater (Yang et al., 2015b). The concentration of DMS was
high in the bottom layers of the Bohai Strait owing to the
increase in the total abundance of phytoplankton in the bottom
(Fuetal, 2021). The relatively low-light intensity and biomass in
autumn reduced the content of DMS in the surface waters at
sections 1 and 2, compared to that in summer. However, as the
dissolved oxygen content in section 1 was gradually increasing in
the region with depth > 15 m, the concentration of DMS was
slightly higher in this region in autumn than in summer.

3.3 Horizontal and vertical distribution
of DMSP

3.3.1 Horizontal distribution

The concentrations of DMSPp and DMSPd were 0.67-
41.38 and 0.03-12.28 nmol/L, respectively, in summer, with an
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average of 10.97 + 11.21 nmol/L and 3.31 + 3.21 nmol/L,
respectively. The concentration of DMSPp detected in this
study was different from those reported by Yan et al. (2018)
and Yang et al. (2014), which could be attributed to the slight
changes in the phytoplankton communities during the
different study periods. As depicted in Figure 4, the
distribution of DMSPp decreased from the west to the east,
and the concentration of DMSPp was highest at the central
region of BS and the Bohai Strait, which was related to the entry
of pollutants and exchange of sea water between the BS and the
Yellow Sea. Additionally, Deng and Zhao (2020) research
thought that tidal mixing caused the temperature and
salinity changes in the Bohai Strait, and the southern part of
the Liaodong Peninsula, which increased the production of
DMSP by phytoplankton for counteracting the changes in
osmotic pressure. The change in the concentration of
DMSPd was more obvious compared to that of DMSPp. The
concentration of DMSPd reached a maximum of 12.28 nmol/L
at station B3. The distribution of DMSPd was nearly similar to
that of DMSPp, which was more highly concentrated in the
central region of BS and decreased from the west to the east.

The concentration of DMSPp and DMSPd oscillated from
0.39 to 13.51 nmol/L and 0.18 to 20.58 nmol/L, respectively,
in autumn, with an average of 3.61 + 3.02 and 2.04 + 3.80
nmol/L, respectively. The concentration of DMSPp was high
in the eastern region of the NYS, and highest at station N6.
The distribution of DMSPp increased from BS to the NYS.
The concentration of DMSPd was highest in the north coast
of Shandong Peninsula, which could be attributed to the high
abundance of bacterial communities in the northern sea area
of Shandong Peninsula. This indicated that bacteria can
rupture the cells of phytoplankton to produce DMSPd
(Yang et al., 2015a).
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Horizontal distribution of DMSPp and DMSPd in the surface waters of BS and NYS in summer and autumn. Distribution of DMSPp in (A) summer
and (B) autumn. Distribution of DMSPd in (C) summer and (D) autumn.

3.3.2 Vertical distribution

The concentrations of DMSPp and DMSPd in section 1
roughly decreased with the increase in water depth in summer.
As depicted in Figure 5, there was an obvious decline in the
concentrations of DMSPp at station B22, which was located at
the central region of BS. The reduction in the concentration of
DMSPd was nearly similar to that of DMSPp, which gradually
decreased from the surface to the bottom layers. The
concentration of DMSPp and DMSPd at section 2 was roughly
similar to that at section 1. In autumn, the concentration of
DMSPp slightly increased in the bottom layers at station B20,
which was located near the mouth of the Liaodong Bay. The
concentration of DMSPd first increased and then decreased
from the surface to the bottom at section 1. The concentration
of DMSPp at station B4 was low owing to its location at the
mouth of the Yellow River, while the concentrations of DMSPp
at stations B1 and B3 were higher than that at section 2. The
concentration of DMSPp was high at station B1 as it was located
closer to the Bohai Strait and was greatly affected by the total
abundance of phytoplankton. There were variations in the
vertical concentration of DMSPd, which tended to decrease
with increasing water depth but increased slightly at the bottom.

The variations in the vertical distribution of DMSPp and
DMSPd in the different seasons were attributed to the species of
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phytoplankton, biomass, and nutrients. The increasing water
temperature and solar radiation in summer induces the rapid
growth of phytoplankton under conditions of appropriate light
and heat. However, phytoplankton are limited by light and
temperature availability, which reduces the primary productivity
in the middle and bottom layers, resulting in the lower production
of DMSP in these layers than in the surface (Gao et al., 2017).
Additionally, the rise in temperature alters the structure of
phytoplankton communities, resulting in diatom blooms which
lead to low-phosphate and high-nitrate concentrations (Fu et al,
2021). The abundance of dinoflagellates increases under such
conditions, which results in the production of higher quantities of
DMSP. Moreover, high-water temperature, marked vertical
stratification, and the decomposition of organic matter led to
severe hypoxia, which is detrimental for the growth of
phytoplankton in the bottom layer (Zhai et al., 2012; Zhang et al,,
2016). Fu et al. (2021) suggested that the abundance of
phytoplankton gradually declines in autumn owing to the gradual
fall in water temperature. Additionally, the abundance of
dinoflagellates also declines during autumn despite the increase
in the concentration of nutrients due to turbulence and
decomposition of organic matter (Fu et al., 2021). The abundance
of diatoms increased sharply during autumn, becoming the
dominant species during this period, which in turn reduces the
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production of DMSP. Additionally, the structure of bacterial the phytoplankton community from diatoms-dinoflagellates to
communities can undergo alterations under the influence of diatoms-dinoflagellates-chrysophyceae (Fu et al., 2021).
temperature, which can also affect the transformation of DMSPp Additionally, owing to the influence of the Yellow Sea Warm
to DMSPd (Gao et al., 2017). Current, the temperature of the seawater in the NYS is higher

than that in the other regions (Yuan et al., 2014). Therefore, the
biomass of phytoplankton and biological activities are higher in

3.4 Seasonal variations the NYS, which results in the increased concentration of
dissolved DMSPd in this region (Zhang et al., 2019).

As depicted in Figure 6, the concentration of DMS and the

two forms of its precursor molecule gradually decreased from

summer to autumn. The concentrations of DMS, DMSPp, and 3.5 Air-to-sea fluxes

DMSPd in summer were 2.33, 3.04, and 1.62 folds higher,

respectively, than those in autumn. The findings were The air-to-sea fluxes ranged from 0.20 to 146.99 pmol/(m-d)
consistent with the results of a previous study which reported in summer with an average of 43.05 + 44.52 umol/(m-d), and
that the concentration of DMS is high in the middle and high ranged from 0.23 to 284.02 umol/(m-d) in autumn with an
latitudes in summer (Zhang et al, 2019). In summer, the average of 34.06 + 63.38 umol/(m-d), as depicted in Figure 7.
concentrations of DMS, DMSPp, and DMSPd were high in BS; The wind speed varied from 2.41 to 7.38 m/s and 1.2 to 9.2 m/s,
however, their concentrations were high in the NYS in autumn. in summer and autumn, respectively, with an average of 4.59 +
The differences might be related to the shift in the structure of 1.30 and 4.86 * 2.02 m/s, respectively. High air-to-sea fluxes
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FIGURE 5
Vertical distribution of DMSPp and DMSPd in the waters of BS (sections 1 and 2) in summer and autumn. Distribution of DMSPp in (A) and (B) summer.
Distribution of DMSPd in (C) and (D) summer. Distribution of DMSPp in (E) and (F) autumn. Distribution of DMSPd in (G) and (H) autumn.
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Seasonal characteristics of the concentrations of DMS, DMSPp, and DMSPd in the surface waters of BS and NYS in summer and autumn.
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Air-to-sea flux curves and the ratio of DMS concentrations in BS and NYS in summer and autumn.

were primarily observed in the central region of BS in summer;
however, the highest value of 146.99 Limol/(m-d) was observed at
station N1, which was attributed to the higher concentration of
DMS (15.74 nmol/L) and a wind speed of 5.85 m/s. The lowest
air-to-sea fluxes were observed at station N6, owing to the lowest
concentration of DMS (0.054 nmol/L) and lower wind speed
(3.50 m/s) in this region. In autumn, high air-to-sea fluxes were
observed at the east of the NYS and the highest values were
observed at station N4 (284.02 pumol/(m-d)), while the lowest
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values were observed at station B27. The air-to-sea fluxes were
1.26 folds higher in summer than in autumn; however, the wind
speed was 1.06 folds higher in autumn than in summer. Owing
to the higher DMS content and wind speed, the ratio of air-to-
sea fluxes was high in BS in summer, and in the NYS in autumn.

Based on the formulae used for calculating the air-to-sea
fluxes, we observed that the air-to-sea flux was influenced by
temperature, wind speed, and the concentration of DMS. The
originPro2021 software was used to prepare a 3D scatter plot
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using these data, for analyzing the correlation between the air-
to-sea flux and the concentration of DMS, temperature, and
wind speed. As depicted in Figure 8, the air-to-sea flux roughly
increased with increasing DMS concentration, temperature, and
wind speed. The rising temperature in summer promotes the
production of DMS, which increases the air-to-sea fluxes. Lower
temperatures reduce the production of DMS in autumn. Owing
to the higher wind speed in autumn, the maximum fluxes were
observed in autumn despite the lower concentration of DMS and
temperature. The solubility of DMS reduced with increasing
temperature, which induced the diffusion of DMS into the
atmosphere. The higher wind speed increased the velocity of
gases at the sea surface and promoted the exchange of DMS into
the atmosphere.

4 Discussion
4.1 Environmental factors

Temperature is one of the most important environmental
factors that govern the metabolism of phytoplankton and
bacteria. Temperature can alter the oxidative stress of
phytoplankton and accelerate the release of DMSP (Gao et al.,
2017). Salinity is also an important environmental factor that
regulates the growth and production of marine phytoplankton,
which in turn causes seasonal variations in the concentration
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and distribution of DMS (Speeckaert et al., 2019). The results of
correlation analyses between the concentrations of DMS and
DMSP and the environmental factors in the surface waters of BS
and NYS in summer and autumn are provided in Table 2. The
concentration of DMS was positively correlated with the
temperature in summer; however, there was no significant
correlation between the concentrations of DMS, DMSPp, and
DMSPd, and the temperature in autumn. The findings indicated
that high temperatures in summer might affect the production
and distribution of DMS by affecting the composition of marine
phytoplankton communities (Boyd et al., 2013). The rising
temperature promoted the growth and reproduction of
dinoflagellates, which produced high quantities of DMS in our
study region (Fu et al, 2021). However, the reduction in the
temperature of seawater in autumn weakened its influence on
the production and distribution of DMS, which were
significantly reduced in autumn. As the temperature is an
important factor in the metabolism of enzymes in zooplankton
and bacteria, the activities of zooplankton and micro-organisms
increased with an increase in the temperature of seawater.
Previous studies have reported that zooplankton feed can
promote the generation of DMS (Yang et al, 2015a; Zhang
et al,, 2019). Additionally, it has been demonstrated that
phytoplankton are highly sensitive to changes in temperature
(Zhai et al,, 2018). Increased oxidative stress in phytoplankton
accelerates the release of DMSP during increasing or decreasing
temperature (Jarnikova et al, 2018; Zhai et al, 2018), and
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Space diagram of DMS concentration—wind speed (WS)-temperature (T)-air-to-sea flux in the surface waters of BS and NYS in summer and
autumn. The sizes and colors of the balls represent the concentrations of DMS and air-to-sea fluxes, respectively. The color of the balls

represent the flux concentrations
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TABLE 2 Correlations among the concentrations of DMS and DMSP and the environment factors in the surface waters of BS and NYS in summer

and autumn.

Summer
DMS DMSPp DMSPd
T 0.390* 0.232 0.370
DIP -0.278 0.008
Si05> 0.002 0.180 0.165
S -0.236 -0.415* -0.529**
NO;’ -0.188 -0.230 -0.131
NH,* -0.072 -0.172 0.092
NO, -0.123 -0.233 -0.123

Autumn

DMS DMSPp DMSPd
0.031 0.131 0.147
-0.346 -0.452* -0.038
-0.465* -0.434* -0.086
-0.244 -0.046 0.074
-0.402* -0.288 -0.163
-0.314 -0.282 0.221
-0.450* -0.255 -0.155

T, Temperature; DIP, dissolved inorganic phosphate; Si057, silicate; S, salinity; NO3’, nitrate; NH,", ammonium; NO,’, nitrite.
*Indicates significant correlation at the 0.05 level (double-tailed); ** indicates significant correlation at the 0.01 level (double-tailed).

phytoplankton release DMSP for resisting environmental
changes. Therefore, the changes in temperature during the
changing seasons could lead to significant seasonal differences
in the concentration and distribution of DMS, DMSPp,
and DMSPd.

In summer, the concentration of DMSPp was significantly
negative correlated with the salinity, whereas the concentration
of DMSPd showed a high significant negative correlation with
the salinity; however, there was no significant correlation
between the concentrations of DMS, DMSPp, and DMSPd and
salinity in autumn. In summer, the concentrations of DMSPp
and DMSPd were high in regions with low salinity in BS and also
in the high salinity regions in the NYS, which indicated that
alterations in the levels of salinity might promote the production
of DMSP and DMS in phytoplankton (Liu et al., 2015; Gao et al.,
2017). This could be attributed to the fact that DMSP regulates
the cytotoxicity, organ damage, reduction in cell volume,
destruction of enzymatic activity, antioxidant activity, and
changes in cellular osmotic pressure balance in the cells of
phytoplankton caused by alterations in salinity (Speeckaert
et al,, 2019).

The results of correlation analysis in Table 2 indicate that there
was no significant correlation between the concentration of DMS,
DMSPp, and DMSPd and the nutrient levels in summer. The
concentration of DMS was negatively correlated with the levels of
SiO32’, NOj;’, and NO,’, whereas the concentration of DMSPp was
negatively correlated with the levels of DIP and SiO;” in autumn.
The findings indicated that the distribution of nutrients in summer
had little effect on the production and distribution of DMS, whereas
the distribution of nutrients in autumn was an important factor in
regulating the distribution of DMS. Additionally, the levels of DIP,
NO;’, NO,’, and SiO;> were higher in autumn than in summer.
Wei et al. (2020) and Yang et al. (2015b) opined that a high
concentration of phosphorus and $SiO;> promoted the growth of
diatoms. Yang et al. (2011) studies demonstrated that high
concentrations of DMSPp were correlated with lower
concentrations of nitrogen; however, in this study, we observed
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that the concentration of DMS was negatively correlated with the
levels of NO;™ and NO,, which could be attributed to the fact that
DMS acts as an N-containing osmolyte. For instance, alterations in
the concentrations and proportions of nutrients might affect the
structure of phytoplankton communities. We observed that the
concentration of nutrients and DMSPp was high in the Yellow
River Estuary especially in the fall season; however, the
concentration of DMS was low owing to dilution of freshwater.
Yangetal. (2015b) studies have demonstrated that differences in the
rate of uptake of nutrients by different phytoplankton, for instance,
diatoms utilize DIP more easily, whereas the reverse is observed
in dinoflagellates.

4.2 Effects of biological factors

An increase in the biomass of phytoplankton induces the
production of higher quantities of DMS and DMSP, and the
biomass plays an important role in the spatial and seasonal
distribution of DMS and DMSP (Speeckaert et al.,, 2018; Wang
etal, 2018b). As depicted in Figure 9, the concentration ranges
of Chl-a in the surface water of BS and NYS in summer and
autumn were 0.23-17.13 (3.47 + 4.09) and 0.87-4.02 (1.64 +
0.80) pg/L, respectively, and the concentration of Chl-a in
summer was 2.1 folds higher than that in autumn. The
concentration of Chl-a was highest in the western coastal
area of BS in summer and decreased from the west to the
east, whereas the concentration of Chl-a was highest near the
coast of the Shandong Peninsula in autumn. Owing to
the influence of Chl-a, the distribution of DMS and DMSP in
the NYS differed between summer and autumn. In summer, the
concentrations of DMS and DMSP were highest in the surface
water owing to the high photosynthetic rate of phytoplankton,
which promoted the release of DMS and DMSP in BS in
summer (Yang et al., 2015b). The concentration of DMS,
DMSP, and Chl-a was low in the central region of the NYS,
which could be attributed to the strong Cold Water Mass that
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lowered the nutrient supply in the surface water and
subsequently reduced the production of Chl-a and DMS
(Yang et al., 2015b). However, the concentration of DMS and
DMSPp was high in the central region of the NYS in autumn,
which was accompanied by high concentrations of Chl-a. This
could be attributed to the vertical mixing of the Cold Water
Mass in the NYS, which resulted in the transport of nutrients in
the bottom layers to the surface, thereby promoting the growth
of phytoplankton and the generation of DMS-related
substances in autumn (Yang et al., 2015a).

The concentration of Chl-a can be used for characterizing
the biomass of phytoplankton (Yang et al.,, 2015a). There were
obvious differences in the spatial distribution characteristics of
phytoplankton community structures during seasonal changes,
which were responsible for the differences in DMS production

10.3389/fmars.2022.999350

(Boyce et al., 2010; Wang et al., 2018a). In this study, the DMS/
Chl-a and DMSPp/Chl-a ratios were used to evaluate the
production ability of DMS by algae and determine the
distribution of algae that yield high quantities of DMSP in
summer and autumn (Turner et al,, 1995). As depicted in
Figure 9, the ratios of DMS/Chl-a and DMSPp/Chl-a in the
surface water were 0.01-58.37 (7.83 + 14.70) and 0.09-22.73
(8.53 £ 6.75) mmol/g, respectively, in summer, and 0.08-12.96
(2.79 £3.15) and 0.33-7.42 (2.16 + 1.72) mmol/g, respectively, in
autumn. The DMS/Chl-a and DMSPp/Chl-a ratios were 2.81
and 3.95 folds higher, respectively, in summer than in autumn.
The DMS/Chl-a and DMSPp/Chl-a ratios were high in the
central and southern waters of the NYS and were nearly
similar to the concentrations of DMS and DMSP. This
indicated that phytoplankton with high DMS productivity and
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high DMSP yield accounted for a high proportion of the
phytoplankton population in the central and southern waters
of the NYS in summer. The DMS/Chl-a and DMSPp/Chl-a
ratios were high in the eastern waters of the NYS and Liaodong
Peninsula in autumn. The DMSPp/Chl-a ratio was highest in the
east coast of the Liaodong Peninsula, indicating that the region
contains phytoplankton that yield high quantities of DMSPp (Fu
et al., 2021).

The results of phytoplankton analyses demonstrated that the
structure of the phytoplankton community in BS and the NYS was
dominated by Chrysophyceae, dinoflagellates, and diatoms in
summer, whereas diatoms were the dominant phytoplankton in
autumn (Fu et al, 2021). The structure of the phytoplankton
community is one of the most important biological factors that
induce seasonal variations in the distribution of DMS. The results of
correlation analysis between the concentrations of DMS and DMSP
in the surface and the biological factors in BS and NYS in summer
are depicted in Table 3. The results demonstrated that the
concentrations of DMS and DMSPd were positively correlated
with the levels of Chl-a. The concentrations of DMS were
significantly positively correlated with the levels of DMSPd but
not with those of DMSPp. The concentration of DMSPd was
positively correlated with that of DMSPp. This results were
similar to those obtained by Yan et al. (2018) and could be
attributed to the high biomass of phytoplankton, which results in
the higher yield of DMSP (Yan et al, 2018). These factors
significantly increased the concentration of DMS in summer;
however, Yan et al. (2018) opined that the consumption of
DMSPd can promote the production of DMSPp to a certain
extent. Additionally, the results of correlation analysis
demonstrated that the concentration of DMSPp was significantly
positively correlated with the abundance of dinoflagellates, due to
the fact that dinoflagellates are one of the highest producers of
DMSP and accounted for 10% of the total biomass of
phytoplankton (Zhang et al., 2017; Fu et al., 2021). The
abundance of Chrysophyceae was only high at stations B7, B9,
B11, B24, and B27 in BS in summer; therefore, correlation analysis
between the concentrations of DMS, DMSPp, and DMSPd, and the
abundance of Chrysophyceae was not performed in this study. The
concentrations of DMS were high at stations B7, B9, B11, B24, and
B27, being 12.07, 11.07, 12.31, 18.71, and 16.09 nmol/L,
respectively; however, the concentrations of DMSPp were lower,
being 5.95, 3.62, 9.66, 3.76, and 0.67 nmol/L, respectively, and the
concentrations of DMSPd were also lower, being 4.02, 1.83, 4.77,
3.67, and 4.97 nmol/L, respectively. The low concentrations of
DMSPp and DMSPd could be related to the conversion of DMSP to
DMS and other oxidation products (Zhai et al., 2018).

The results of correlation analysis between the concentrations
of DMS and DMSP and the biological factors in BS and NYS in
autumn are depicted in Table 3. The concentrations of both Chl-a
and DMS were significantly positively correlated with the
concentration of DMSPp, which was generally similar to the
results obtained by Yang et al. (2015a). However, there was no
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significant correlation between the concentrations of DMS and
DMSPd, which could be attributed to the low-surface temperature
of seawater that inhibited the conversion of DMSPd to DMS (Zhai
etal,, 2018). Additionally, the concentrations of DMS and DMSPp
were significantly positively correlated with the abundance of
diatoms and Chrysophyceae in autumn. These findings were
consistent with the results of phytoplankton survey, which
revealed that diatoms and Chrysophyceae accounted for 95% and
3%, respectively, of the total phytoplankton abundance (Fu et al.,
2021). Although diatoms yield low quantities of DMS, they can also
produce considerable quantities of DMS when their abundanceis as
high as the dominant algae in BS and NYS (Gao et al,, 2017).
Chrysophyceae produces high yields of DMS and DMSP, and an
increased abundance of Chrysophyceae would increase the
production of DMS and DMSP (Speeckaert et al., 2019). Overall,
the results demonstrated that DMS and its precursors had different
spatial distribution features resulting from alterations in the
structure of phytoplankton community from summer to autumn.

4.3 Dominant factors affecting the
distribution of DMS and DMSP

In order to explore the dominant factors that affect the
distribution of DMS and DMSP, we employed the Canonical
Correspondence Analysis (CCA) method for investigating the
relationship between the concentration of DMS and DMSP and
the environmental factors (temperature, salinity, DIN, and
concentrations of phosphate and silicate) and biological factors
(abundance of diatoms, dinoflagellates, and Chrysophyta in the
15 most dominant species) in summer and autumn, as depicted
in Figure 10. In summer, the temperature and salinity were
associated with the distribution of DMS, and the abundance of
Chrysophyceae was the most important biological factor that
affected the distribution of DMS. The distribution of DMSPd
was influenced by the temperature, while that of DMSPp was
affected by the abundance of dinoflagellate. The temperature and
abundance of dinoflagellates were the most dominant
environmental and biological factors, respectively, which
affected the distribution of DMS and DMSP in summer.
However, Yang et al. (2015b) showed that the distribution and
concentration of DMS and DMSP are primarily affected by the
abundance of diatoms. The differences in the results could be
attributed to the increased abundance of dinoflagellates, despite
the fact that diatoms were the dominant species (Fu et al., 2021).
We observed that diatoms were the dominant species in autumn
and was the main regulatory factor that affected the distribution
of DMS and DMSP. Our study also revealed that the levels of
PO43’, SiO32’, and DIN were related to the distribution
of DMSPd. Therefore, the abundance of diatoms and the levels
of PO, $i05%, and DIN were the dominant environmental and
biological factors that affected the distribution of DMS and
DMSP in autumn. These findings were similar to the previous
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TABLE 3 Correlation between the concentration of DMS and DMSP and the biological factors in the surface waters of BS and NYS in summer and
autumn.

Summer Autumn

DMS DMSPp DMSPd DMS DMSPp DMSPd
DMS 1 1
DMSPp -0.111 1 0.675%* 1
DMSPd 0.558** 0.475* 1 -0.119 0.217 1
Chl-a 0.403* 0.083 0.384* 0.379 0.594** -0.023
Diat. -0.237 -0.261 -0.241 0.412* 0.472* 0.181
Dino. 0.042 0.453* 0.225 0.242 -0.118 -0.120
Chry. 0.686** 0.557* -0.191

Diat., Diatom; Dino., Dinoflagellates; Chry., Chrysophyceae.
*Indicates significant correlation at the 0.05 level (double-tailed); ** indicates significant correlation at the 0.01 level (double-tailed).
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study, which reported that the abundance of diatoms and
nutrient levels affected the distribution of DMS and DMSP in
autumn (Yang et al,, 2014; Yang et al,, 2015a).

Based on the dominant factors that affected the distribution of
DMS, a schematic was prepared for providing a better
understanding of the seasonal cycles in the concentrations of
DMS (Figure 11). The rising temperatures not only upregulated
the primary production of phytoplankton and altered the structure
of the phytoplankton community, but also led to the unequal
distribution of nutrients. This resulted in seawater stratification
(SS), which promoted the reproduction of dinoflagellates in the
study area in summer. The dominant diatoms and dinoflagellates
enhanced the generation of DMS. The disappearance of SS and the
decomposition of organic matter with the onset of autumn increased
the nutrient concentration, which promoted the reproduction of
diatoms. This resulted in the dominance of diatoms in certain
regions, which resulted in a gradual decrease in the concentration
of DMS in these areas. Taken together, the findings demonstrated
that seasonal changes alter the structure of phytoplankton
communities, which further drives the seasonal cycle of DMS.
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