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Abstract

Oceanic dimethylsulfide (DMS) is hypothesized to impact cloud formation and solar radiation budget at Earth’s surface.

Ultrahigh seawater DMS concentrations, up to hundreds of nM, have been observed in the Southern Ocean, which are commonly

attributed to concurrent high phytoplankton biomass. However, phytoplankton biomass cannot fully explain the mechanism

leading to those extreme values. Herein, we show the results, including seawater DMS concentrations and other biological and

environmental parameters, in the water column collected in austral summer of 2015-2016 at the tip of Antarctic Peninsula.

Notably, large-scale ultrahigh seawater DMS (up to 85.2 nM and generally above 40 nM in the upper layer) were observed only

in areas with co-existing phytoplankton blooms and abundant microzooplankton (indicated by ciliates, whose abundance and

biomass were above 1000 ind L-1 and 2 μg L-1, respectively), suggesting the grazing of abundant microzooplankton cause the

ultrahigh seawater DMS during the bloom seasons of Southern Ocean.

Introduction

Although the Southern Ocean is well known to be a high-nutrient low-chlorophyll (HNLC) area due to
iron limitation (Boyd et al.2000), large-scale phytoplankton blooms occur in the open ocean and coastal
areas surrounding the Antarctica (Sullivan et al. 1993; Arrigo & van Dijken 2003). The high biomass of
phytoplankton in these areas not only sustains the world’s most special food-web based on krill (Atkinson
et al. 2004), but also plays a critical role in regulating emissions of the important climate-active biogenic
gas dimethylsulfide (DMS) (Liss et al. 2014). DMS, whose precursor dimethylsulfoniopropinate (DMSP)
is formed in algal cells (Stefelset al. 2007), acts as a foraging cue for AntarcticProcellariiform seabirds
(Nevitt et al. 1995). More importantly, DMS has been hypothesized to having a strong impact on the cloud
formation in the marine boundary layer (MBL) (CLAW hypothesis) (Charlson et al. 1987). Despite that this
hypothesis is still under debate (Quinn & Bates 2011), evidence has indicated that DMS levels are coincident
with new particle formation in the free troposphere and can actually contribute to the CCN population in
MBL through entrainment (Quinn et al. 2017). The Southern Ocean is an excellent natural lab to study
the DMS biogeochemical cycle and its influence on the atmospheric particles (McCoy et al. 2015), as that
region is considered to be the most unpolluted area from human activity (Ayers & Gillett 2000).

The Southern Ocean contributes more than 20% of global DMS annual emission (28.1 Tg S a-1, 17.6 – 34.4
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Tg S a-1), which is closely related to the high seawater DMS concentrations (Lana et al. 2011). Compared
with those in mid- and low- latitude regions (concentrations mainly below 5 nM), ultrahigh seawater DMS
levels, up to hundreds of nM, were observed in the Southern Ocean during the austral spring and summer
(Lana et al. 2011). And, these ultrahigh DMS concentrations were associated with the high phytoplankton
biomass (Arrigo et al. 1997; Arrigoet al. 1998), which mainly occurred in marginal sea ice zone (Inomata et
al. 2006; Zhang et al. 2017), coastal polynya (Tortell et al. 2011; Tortell et al. 2012; Kim et al. 2017) or even
sea ice (Asher et al. 2011). However, in other similar high-productivity regions at mid- and low- latitudes,
such as the eastern boundary upwelling regions (Chavez & Messié 2009), coral reef waters (Deschaseaux et al.
2016) or coastal areas (Yanget al. 2012), the seawater DMS concentrations generally do not reach extreme
values. One of the factors attributed to this difference is the low DMS removal rate caused by biological
consumption, which is slower in the Southern Ocean (Del Valle et al. 2009) than that in temperate regions
(Stefels et al. 2007). This inefficiency of rapid DMS removal causes its accumulation in the stratified upper
water layer during the phytoplankton blooms.

Zooplankton grazing is suspected to be another key factor causing high seawater DMS concentrations.
In 1986, the DMS release rate was found to be greatly increased, by approximately 24 times, because
of microzooplankton grazing under controlled feeding experiments (Dacey 1986). The digestion in grazers
greatly favors the transformation of DMSP from the particulate (DMSPp) to the dissolved phase (DMSPd)
for further degraded by bacteria to produce DMS (Stefels et al.2007). To date, microzooplankton, such as
ciliate and heterotrophic dinoflagellates (Wolfe & Steinke 1996; Archer et al. 2001a; Archer et al. 2001b),
meso- and macrozooplankton, like copepods (Tang et al. 1999) and krill (Kasamatsu et al. 2004), and
even macroinvertebrates, like sea urchins (Van Alstyne & Houser 2003) have been found to exhibit the
ability to enhance DMS production through grazing. Additionally, a large-scale perturbation experiment
in a Korean coastal environment indicated that the fluctuating zooplankton grazing activity in response
to high partial pressure of CO2clearly affected the DMS production (Kim et al. 2010; Parket al. 2014).
However, results of field work, particularly in the Southern Ocean, is still rare. To understand the role of
zooplankton grazing in regulating the seawater DMS concentrations in the Southern Ocean, we performed
the measurements of seawater DMS, abundance and biomass of a critical dominating microzooplankton
ciliates (Garzio & Steinberg 2013), and other parameters, such as chlorophyll a (Chl a) and phytoplankton
pigments, nutrients and water mass structures at the tip of Antarctic Peninsula during the 32nd Chinese
Antarctic Research Expedition (CHINARE). Thereby, the obtained key findings expand our understanding
responsible for ultrahigh seawater DMS levels in the Southern Ocean during austral spring and summer.

Materials and Methods

Cruise information

Our measurements were performed on board the R/V Xue Long during the Chinese 32nd Antarctic Research
Expedition from 31 Dec 2015 to 14 Jan 2016 (stations are shown in Figure 1 a). The cruise area was mainly
located at the tip of the Antarctic Peninsula. Note that the sections D6, D5, DB, D3 and D1 were conducted
during the period from the 31 Dec 2015 to 4 Jan 2016, and the sections DA and D2 were conducted during
the period from 11 Jan 2016 to 14 Jan 2016.

Water column parameters

We used a Rosette sampler with Niskin bottles to collect seawater chemical and biological samples from
different depths. The high-resolution physical parameters, such as salinity and temperature, were detected
by an SBE 911 plus CTD profiler (Seabird, Bellevue, Washington, USA).

For the measurements of seawater DMS, 100 mL seawater was sampled from the Niskin bottles with a
sealed brown glass bottle. The samples were stored in an insulation box and were rapidly measured within
approximately 1.5 h (8.5 min per sample). 5 mL of the seawater sample was directly injected and analysed
using a home-made purge and trap system coupled with a gas chromatograph and pulsed flame photometric
detector (GC-PFPD). (Zhang & Chen 2015). The detection limit of DMS was 0.05 nM.

2
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Seawater samples were filtered through pre-washed cellulose acetate membrane filters (0.45 μm) for measuring
dissolved inorganic nutrients (nitrate, phosphate, and silicate). Filtered water samples were stored at -20°C
before analysis. Nutrients were detected by using a continuous flow analyser (Skalar Analytical, Breda,
Netherlands) following a method reported by Grasshoff et al. (2009). The detection limits were 0.1 μM for
nitrate, 0.1 μM for silicate, and 0.03 μM for phosphate, respectively.

Pigments were determined after filtering 4 L of seawater with glass fiber filters (0.7 μm). The filters were
stored in liquid nitrogen and analysed in the home lab. The details of the measurement method are described
in Zhuang et al., (2016) and the references therein. The abundance of different phytoplankton species
was estimated from their contributions to the total phytoplankton biomass using the CHEMTAX program
(Mackey et al. 1996).

The Chl a presented here was detected by the classical method. Several hundred mL of seawater were
filtered through a 47 mm Whatman GF/F firstly. The Chl a was extracted from these filters by using 10 mL
acetone solution (90%) for at least 24 h under the cool and dark conditions. Subsequently, a Turner Design
Fluorometer was used to measure Chl a.

For the measurements of microzooplankton planktonic ciliates, 1 L seawater samples were collected from the
Niskin bottles from different depths above 300 m, and then fixed with Lugol’s solution (1% final concentration,
VV-1). Each sample was concentrated to a final volume of about 50 mL by repeatedly settling and siphoning.
The concentrated sample was then settled in an Utermöhl counting chamber for at least 24 h, and examined
using an Olympus IX 71 inverted microscope (×100 or ×400) (Liang et al. 2018). Note that aloricate ciliates
and tintinnids were the dominating groups in the Southern Ocean, and generally, abundance and biomass of
aloricate ciliate were much higher than those in tintinnid. Thus, in this study, the sum of aloricate ciliates
and tintinnids were used to indicate the total abundance and biomass of ciliate.

Sea ice distributions, remote sensing Chl a and calculation of mixing layer depth

The mean sea ice distribution was calculated using the daily sea ice information at the tip of Antarctic
Peninsula during the expedition (Figure 1 a). The data was obtained from the AMSR2 database in Bremen
University (https://seaice.uni-bremen.de/data/amsr2) with the resolution of 3.125 km. The evolution of Chl
a distributions in the study area was obtained from the 8-day average Chl a products from the Ocean Color
website (https://oceandata.sci.gsfc.nasa.gov/MODIS-Terra/Mapped/8-Day/4km/chlor a/) with a resolution
of 4 km. The mixing layer depth was obtained from the depth at which density increased by 0.03 kg m-3

than that at 10 m (Figure S1).

Results and discussion

Sea ice distribution and water mass hydrography

During the cruise period, the sea ice edge retreated to the south of 62°S (Figure 1 a). All the stations were
located in ice-free open waters, and only two stations from south of sections D3 and D5 were located very
close to the sea ice edge. According to the daily sea ice map from AMSR2 database in Bremen University,
the study area near South Orkney Island (SI) was still fully covered by sea ice until Dec 10, 2015, whereas
the sea ice had been melted at the other stations at that time. Thus, the following rapid sea ice retreat before
the sampling period in sections D5 and D6 near SI strongly affected the surface water.

3
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Figure 1. Stations, sea ice distribution and water mass hydrography at the tip of the Antarctic
Peninsula during the 32nd Chinese Antarctic Research Expedition. a)Sampling stations for DMS
and zooplankton. The mean sea ice coverage during the cruise period is presented in the background. A
total of seven sections are marked. The location named BS, EI, PB, SI refer to Bransfield Strait, Elephant
Island, Powell Basin and South Orkney Island, respectively. The small plot indicates the currents at the tip
of Antarctic Peninsula. The current names of ACC, CC, ASF, WF refer to Antarctic Circumpolar Current,
Coast Current, Antarctic Slope Front and Weddell Front, respectively. b) Temperature-Salinity diagram
of all stations obtained from the data above 400 m. The water mass names of AASW, WW, SW WDW
and CDW refer to Antarctic Summer Water, Winter Water, Shelf water near BS, Warm Deep Water and
Circumpolar Deep Water, respectively. c) and d) are the temperature and salinity distributions in the water
column. The features of the different water masses are marked with red arrows.

The hydrographic properties in the Scotia Sea and the Weddell Sea have been widely investigated (Palmer
et al. 2012). The dominating water masses are presented in Figure 1 b. The warm and high saline current
from Weddell Gyre can mix with cool and low saline shelf water from the western area, and subsequently,
the mixed water can go north and exchange with Antarctic Circumpolar Current (ACC) in the Scotia Sea
through the gaps of South Scotia Ridge (SSR) (Figure 1 c, d) (Palmeret al. 2012). Although our calculation
suggested that the mixing layer depth ranged from only 10 m to 17 m (Supplementary Figure S1) for all
stations, a clear stratification in the upper layer water, which belongs to Antarctic Summer Water (AASW),
in sections D5 and D6 near the SI and in northern section D2 at western Elephant Island (EI) was observed.
The low saline water there (salinity < 34.1) indicated the strong influence of melting sea ice. In the stations
near SI, the water below fresh stratification was the Winter Water (WW), which was colder and formed
during the sea ice formation period. Below the WW, the high saline water mass is the Warm Deep Water
(WDW) of the Weddell Sea. In the northern DB section, the relatively high salinity (> 34.3) and warm
waters indicated the modified upwelling of CDW (Silvester et al. 2014), although this area was not largely
affected by upwelling due to the overflowing of currents from the Weddell Sea to the Scotia Sea over the SSR
(Naveira Garabatoet al. 2002).

Distributions of seawater DMS and other chemical and biological parameters

The DMS distributions in the euphotic layer of the water column are shown in Figure 2 a. DMS concentra-
tions generally decreased with depth, and the mean level was 6.0 ± 15.9 nM. The highest value of DMS, 85.2

4
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nM, was consistent with the observations in the marginal ice zone of the Weddell Sea (88 nM) (Fogelqvist
1991) and near 3 °E (73.2 nM) (Zhanget al. 2017), but much lower than those in coastal polynyas, such as
Ross Sea and Amundsen Sea (Tortell et al. 2011; Tortellet al. 2012; Kim et al. 2017). Remarkably, a large-
scale region of high DMS levels, generally above 40 nM, was found in the upper layer waters from sections
D5 and D6 near SI. The strong stratification possibly facilitated the production of high seawater DMS. It
is necessary to note the slight difference in the vertical DMS distribution between sections D5 and D6 in
which the high DMS levels reached 50 m depth in section D6 but not in D5. Moderate DMS concentrations,
from 5 to 10 nM, were found in the section D1 and northern stations of D2, which was much higher than
those in the previous study at Bransfield Strait (BS) (Berresheim 1987). We also noticed a relatively high
DMS concentration, up to 9.3 nM, in upper layer water of a station in section DB, where the water mass
was likely affected by the modified CDW upwelling (Figure 1 c, d). However, in the sections at Powell Basin
(PB) and SSR, i.e., sections DA, DB, D2 and D3, respectively, DMS concentrations were generally low (less
than 2 nM). Near the sea ice edge, relatively high DMS concentrations, up to 45.5 nM, were observed in the
southernmost station of section D3.

Figure 2. Distributions of the DMS and other chemical and biological parameters in the water
column. a) DMS concentrations. b) Total N (sum of nitrate, nitrite and ammonium). c) Silicate. d)
Chl a; Proportion ofe) diatoms and f) phaeocystis in the phytoplankton community; g) Biomass of ciliate;
h)Abundance of ciliate;

5
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The abundance of macronutrients was measured at the tip of the Antarctic Peninsula (Figure 2 b, c, note that
phosphate concentrations are shown in Supplementary Figure S2). The levels indicate that macronutrients
were sufficient for the growth of phytoplankton. Even in the area of near SI, eastern EI and south of section
D3, the strong phytoplankton activity did not cause a significant decrease in the nutrient levels, as the
concentrations of total N (sum of nitrate, nitrite and ammonium) were all above 70 μmol L-1. Generally,
the nutrient levels increased with depth, and high nutrients in upper layer waters occurred in areas with
strong dynamics, such as the SSR and PB. These distributions of high nutrient concentrations were possibly
strongly affected by the modified upwelling of the CDW and out-spilling of Weddell Sea Deep Water (Naveira
et al. 2002; Palmer et al.2012; Silvester et al. 2014).

The distributions of Chl a, ranging up to 12.5 μg L-1and 8.1 μg L-1 near the SI and west of EI, i.e.,
sections D5, D6 and D2, respectively, suggested that phytoplankton blooms occurred (Figure 2 d). These
blooms were mainly caused by the growth of diatoms, according to the proportion of different species in
the phytoplankton community calculated from pigment data (Figure 2 e, f, see the diagnostic pigment
distributions of phytoplankton species in Supplementary Figure S3). It is well known that diatoms can
control the blooms during the austral summer in the Southern Ocean (Boyd 2002). The bloom areas are
mainly located over the continental shelf regions (Smith & Comiso 2008), such as those near the SI and
western EI. The micronutrients, like iron, are possibly added to the water when it flows over the sediments of
the continental shelf and stimulate the growth of phytoplankton (Peloquin & Smith Jr. 2007). Additionally,
sea ice melting likely contributed iron (Wang et al. 2014) and caused the stratification near the SI and
western of EI, both of which facilitated the blooms. In most of the other regions, such as BS, PB and SSR,
the Chl a values were relatively low (< 1 μg L-1), indicating a weak phytoplankton activity. This could
be due to the lower irradiances available for the phytoplankton inducing greater iron requirements due to
greater vertical mixing than those in the shelf regions (Smith & Comiso 2008). Our study area in the DB
section was slightly influenced by the modified upwelling CDW waters, and the supply of iron through this
process was possibly not enough to sustain the high phytoplankton biomass. In contrast, large-scale blooms
in the Scotia Sea could be observed possibly due to sufficient iron supply from upwelled deep water (Sullivan
et al. 1993; de Baaret al. 1995).

Ciliates and heterotrophic dinoflagellates are the dominant microzooplankton species near the Antarctic
Peninsula (Garzio & Steinberg 2013). Here, we present the abundance and biomass of ciliate (Figure 2 g, h),
which is a good indicator of the total microzooplankton distribution in the study area (Garrison 1991). The
variation in abundance of ciliate was not completely correlated with the corresponding biomass (R2=0.41,
n=322; Supplementary Figure S4). The highest abundance of ciliate, up to 6375 ind L-1, associated with
20.2 μg C L-1biomass was observed in section D5, whereas the highest biomass of ciliate, up to 22.2 μg C
L-1, was found in section D6 with a relatively low abundance of 1122 ind L-1. Generally, the high ciliate
abundances, above 2000 ind L-1, were observed in the sections D1, D3 and D5, respectively. The high ciliate
biomasses, above 10 μg C L-1, were found in section D1, D5 and D6, respectively. Most areas of the SSR
and PB generally exhibited a relatively low abundance and biomass of ciliate. Notably, the distributions
of ciliate were not always consistent with those of phytoplankton biomass. For instance, in the sections D1
and D3, high ciliate biomass or abundance was correlated with low Chl a, whereas the low values correlated
with very high phytoplankton biomass in section D2. The possible explanation is the different periods in
the growth cycle of both phytoplankton and microzooplankton.

Key role of microzooplankton in triggering extremely high seawater DMS during the phytoplankton bloom

To understand the factors controlling high seawater DMS levels, we investigated the correlations between
DMS concentration and several main biological parameters (Table 1). Unsurprisingly, a relatively strong
relationship between DMS concentration and Chl a was obtained (r= 0.781, p< 0.05, n=174). However, the
relationship between Chl a and DMS was not always constant. The big fluctuation in DMS concentration
corresponding with similar Chl a values was worth to notice, such as the values in section D2 and sections
D5, D6 (Figure 2 a, d). Additionally, according to the result that the phytoplankton species dominated
by the low-DMSP contained diatom in the upper layer waters of almost all stations (Figure 2 e, f), the
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similar phytoplankton biomass suggested an analogy in DMSPp concentrations. Therefore, a possible major
explanation for the difference in DMS concentration under the similar phytoplankton biomass there was
the discrepancy in releasing DMSPd for producing DMS. The main pathways of releasing DMSPp into
the seawater contributing to DMSPd are cell lysis due to algae senescence or viral attack and grazing of
zooplankton (Stefels et al. 2007). Based on a time series of the satellite derived MODIS 8-day average Chl
a distributions at the tip of the Antarctic Peninsula (Figure 3, b c), it could be seen that the identified
blooms, i.e., near the SI and section D2, were both at the beginning stage of rapid phytoplankton growth,
as the area coverage and strength of the blooms continued to increase after our study period. Thus, the
phytoplankton mortality there was, likely, not mainly caused by senescence or viral attack, but more likely led
by the microzooplankton grazing. This is consistent with a previous study showing that microzooplankton
grazing is the main cause of phytoplankton mortality in the polar systems (Calbet & Landry 2004). Actually,
microzooplankton in the Southern Ocean can be as plentiful and active as they are in other regions of the
world (Garrison 1991), and grazing-deduced DMS production per eaten cell is an order of magnitude higher
than those caused by the combination of direct algal release and cell death by viral infection (Evans et al.
2007). It is, thus, reasonable to draw attention to the role of microzooplankton grazing in regulating seawater
DMS concentrations in the Southern Ocean.

Table 1, Correlations between DMS and Chl a, ciliate abundance and ciliate biomass in distinct
groups. An asterisk indicates that the correlation is significant at the 0.01 level (two tailed). The number
of samples is shown below the corresponding correlation. The abbreviations of HH, HL, LH and LL refer to
the four identified groups in sections of high phytoplankton biomass (> 2 ug L-1) with high ciliate abundance
(> 1000 ind L-1) and biomass (> 2 ug L-1), high phytoplankton biomass with low ciliate abundance (<1000
ind L -1) and biomass (< 2 ug L-1), low phytoplankton biomass (< 2 ug L-1) with high ciliate abundance
and biomass, and low phytoplankton biomass with low ciliate abundance and biomass.

Groups Chl a Ciliate abundance Ciliate biomass

HH r 0.818* 0.355* 0.538*
57 95 95

HL r 0.388 0.513* 0.228
19 40 40

LH r 0.120 0.261 0.504*
30 48 48

LL r 0.724* 0.409* 0.478*
68 88 88

All data r 0.781* 0.302* 0.536*
174 271 271

However, we could not find strong correlations between the DMS concentration and ciliate abundance and
biomass under the all data (Table 1). It is necessary to point out that the low correlations could be explained
by the fact that we did not take into account the contributions from other groups of micro-, meso- and macro-
zooplanktons, such as heterotrophic dinoflagellate, copepods and krill. A higher r value 0.536 was found
between DMS concentration and ciliate biomass than that between DMS and ciliate abundance (r=0.302).
Remarkably, after grouping the sections into four distinct groups, namely the sections of high phytoplankton
biomass (Chl a > 2 μg L-1) with high ciliate abundance (> 1000 ind L-1) and biomass (> 2 μg L-1) (HH),
high phytoplankton biomass with low ciliate abundance (< 1000 ind L-1) and biomass (<2 μg L-1) (HL),
low phytoplankton biomass (Chl a < 2 μg L-1) with high ciliate abundance and biomass (LH), and low
phytoplankton biomass with low ciliate abundance and biomass (LL), we found that extremely high DMS
concentrations only occurred under HH group (Figure 4, using the data above 75 m), as in sections D5
and D6, but not in those under either HL (section D2) or LH (sections D1 and D3) (Figure 2 a, d, g,
h). As presented in Figure 4, the mean DMS concentation 32.6 ± 28.2 nM (n=52) in the HH group was
apporixmately 10-fold higher than that in the HL and LH groups, i.e., 3.1 ± 2.0 nM (n=20) and 3.4 ± 2.6 nM
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(n=36), respectivley, and about 30-folds higher than that of 1.1 ± 1.5 nM (n=68) in LL group. Additionally,
we could not find strong correlations between DMS and Chl a, ciliate abundance and biomass in each distinct
group except those between DMS and Chl a in HH and LL group (Table 1). Also, the correlations between
DMS and ciliate biomass were generally higher than those between DMS and ciliate abundance in each
separated groups.

Φιγυρε 3. Τηε εvολυτιον οφ βλοομς διστριβυτιονς (ινδιςατεδ βψ 4 κμ ρεσολυτιον ΜΟ-

ΔΙΣ 8-δαψ αvεραγεδ ἣλ α, μγ Λ
-1
) ατ τηε τιπ οφ τηε Ανταρςτις Πενινσυλα δυρινγ τηε

εξπεδιτιον περιοδ.α) From Dec 18 to Dec 26, 2015. b) From Dec 27 to Dec 31, 2015. c) From Jan 1 to
Jan 8, 2016. d) From Jan 9 to Jan 16, 2016. Note that the locations of selected sections were marked with
rectangles. The sampling periods of the marked sections are consistent with those selected MODIS plots.
The Chl a values are capped at 5 μg L-1

Another aspect that is worth noting is the grazing mortality rate of phytoplankton. According to a previous
study near the Antarctic Peninsula in January of 2009 to 2011, although a grazing mortality rate of phyto-
plankton of 0.24 d-1 (Garzio et al.2013) was much lower than those in tropical and temperate habitats, 0.72
and 0.69 d-1, respectively (Calbet & Landry 2004), the magnitude of microzooplankton could also contribute
to the large grazing mortality of phytoplankton during the bloom. The released abundant DMSP caused by
the grazing might be accumulated in the stratificated upper layer waters (Figure 1 c, d). Also, the strong
stratification could facilitate the accumulation and growth of both microzooplankton and phytoplankton and,
thus, in turn, enhance the DMSP release and DMS production (Simó & Pedrósalió 1999). The enhancement
in DMS production was likely mainly caused by the developing bacterial community corresponding with the
expanding blooms (Figure 3), and a relatively large proportion of DMSP might be rapidly converted into
DMS (Stefels et al. 2007). Additionally, the slow pathway of the dominant removal pathway of DMS, i.e.,
biological consumption (Del Valleet al. 2009), might also facilitate the accumulation of DMS in the upper
layer waters. The DMS photolysis rate was also possibly not strong during our sampling period, while its
high values more likely occurred under the non-bloom and free ice condition (Toole et al.2004). Thus, the
high DMS production and the low removal of DMS may also explain the findings of observed extremely high
DMS values during the blooms.

8
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Figure 4. Extremely high seawater DMS was only found in areas with co-existing phytoplank-
ton blooms and abundant microzooplankton.The comparison of seawater DMS, ciliate and Chl a mean
and median values (indicated by the dots and line in the box respectively) in the four identified regions in
the upper layer waters (0 – 75 m). The abbreviations of HH, HL, LH and LL refer to the four identified
groups in sections of high phytoplankton biomass (> 2 ug L-1) with high ciliate abundance (> 1000 ind L
-1) and biomass (> 2 ug L-1), high phytoplankton biomass with low ciliate abundance (<1000 ind L -1) and
biomass (< 2 ug L-1), low phytoplankton biomass (< 2 ug L-1) with high ciliate abundance and biomass,
and low phytoplankton biomass with low ciliate abundance and biomass. Note that interquartile range are
indicated by the boundary of the boxes and the whisker dashed line indicates the 1 time interquartile range.
To ensure the readability of plots, the outlier data points were not presented.

Conclusions and implications

In this study, we have shown that the co-existence of phytoplankton blooms and abundant microzooplankton
was found to be a critical factor controlling extremely high seawater DMS concentrations. The phytoplank-
ton bloom is likely the prerequisite, and an increase in zooplankton growth often follows with increasing
phytoplankton. Thus, understanding the distributions of blooms (Sullivan et al. 1993) are of great impor-
tance for evaluating the high seawater DMS levels over the Southern Ocean. Another aspect we want to
highlight is that the Southern Ocean environment has experienced the pressures from climate change over
the past decades (Jones et al. 2016), including ocean warming and freshening (Swart et al. 2018), abnormal
variations in sea ice extent (Meehl et al. 2019) and decline of ice sheet (Shepherd et al. 2018) etc , and these
types of changes are expected to continue and, perhaps, be enhanced in the future (Chown & Brooks 2019).
Undoubtedly, these changes can affect the ecosystems in the Southern Ocean (Montes-Hugo et al. 2009).
For instance, the melting of ice shelf can input a large flux of iron to sustain the large annual phytoplankton
blooms (Herraiz-Borreguero et al. 2016); warming and iron enrichment can affect the bloom-forming polar
species (Boyd et al. 2016; Boyd 2019); warming and ocean acidification might also alter the zooplankton
grazing rate and community structure (Kim et al. 2010; Park et al. 2014; Hammill et al.2018). The corre-
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sponding changes in the blooms and microzooplankton in the Southern Ocean will influence the production
of extremely high seawater DMS as well, which possibly impacts regional particle formation, clouds, and the
radiative balance (Meskhidze & Nenes 2006). Thus, it is worthwhile to perform future studies to investigate
these important Southern Ocean climate feedbacks.
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