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Abstract 

 

The trace gas dimethylsulfide (DMS) is considered to be one of the most important sulfur 

compounds in the marine environment. Research on this volatile sulfur compound has been 

stimulated by its potential role in regulating regional and global climate, and its importance, along 

with the related sulfur compounds, dimethylsulfoniopropionate (DMSP) and dimethylsulfoxide 

(DMSO), as carbon and sulfur sources for microbes in the marine environment.  

 The northeast subarctic Pacific (NESAP) is one of the global DMS hotspots, with 

significant spatial and temporal variability in DMS production. The difference in nutrient supply 

between coastal and offshore waters in this region drives significant variability in phytoplankton 

community structure, primary productivity, and thus sulfur cycling. The goal of this thesis is to 

characterize the patterns of sulfur cycling in two hydrographically distinct regimes in the NESAP, 

and to provide insights into the relative contribution of various DMS production pathways.  

 Chapter 2 presents new measurements of DMS, DMSP and DMSO (DMS/P/O) 

concentrations and turnover rate constants made in the coastal NESAP, as well as ancillary 

hydrographic and satellite data that help explain the underlying factors influencing DMS/P/O 

distributions and cycling. A strong linear relationship was demonstrated between DMS and DMSO 

concentrations, confirming similar ratios found in previous studies. Turnover rate constants for net 

DMS production from DMSO were comparable to those for DMSP, indicating DMSO reduction 

as an important pathway for marine DMS production. Similar rate constants for DMSP cleavage 

and DMSO reduction between the two regimes were found, although the lower average of 

kDMSPcleav in the continental shelf waters may indicate higher bacterial sulfur demand in the more 

productive shelf waters. Our findings provide insights into marine sulfur dynamics in adjacent but 
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contrasting marine waters, and highlight the significant contribution of DMSO to DMS production. 

This result suggests a need for improved understanding of marine DMSO cycling. 

In addition to the main research presented in the body of this thesis, the Appendices present 

supplementary tests of various DMSP preservation methods, and a detailed protocol for DMSO 

reduction by the TiCl3 method. These methodological details will be useful for future sulfur studies. 
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Lay Summary 

 

The trace gas dimethylsulfide (DMS) and related sulfur compounds 

dimethylsulfoniopropionate (DMSP) and dimethylsulfoxide (DMSO) are integral parts of the 

marine sulfur cycle. They act as important food sources for marine bacteria, play several 

physiological functions in algal cells, and can also influence atmospheric chemistry and climate. 

This thesis examines the relative contribution of net DMS production from DMSP and DMSO, 

and compares the different sulfur cycles in the continental slope waters versus the shelf waters 

near the British Columbia coast. This research provides insights about the potential environmental 

drivers governing sulfur cycling in different marine waters, and highlights the significant 

contribution of DMSO to DMS production.   
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Chapter 1: Introduction 

 

1.1 DMS Overview 

The marine biogenic trace gas dimethylsulfide (DMS), produced by marine phytoplankton 

and bacterioplankton, is an integral part of the marine sulfur cycle (Kiene and Linn 2000). DMS 

has received extensive research attention for more than 40 years due to its potential role in 

regulating regional and global climate (Lovelock et al. 1972; Charlson et al. 1987). Several decades 

ago, Charlson et al. (1987) proposed a famous CLAW hypothesis, which suggested a DMS-

mediated feedback loop between marine DMS emission and atmosphere. After being ventilated 

into the atmosphere, DMS is rapidly oxidized to form sulfate aerosols, which act as cloud 

condensation nuclei (CCN). Increased CCN enhances cloud albedo, leading to greater 

backscattering of incoming solar radiation. Hence, the oceanic flux of DMS in the atmosphere may 

potentially offset the warming effect by increased CO2 emissions. Furthermore, cloud formation 

would decrease both irradiance levels and UV exposure to phytoplankton, thus potentially altering 

biological productivity in marine surface waters. 

Recent research has challenged the connection between oceanic DMS emissions and CCN, 

and hence the proposed climate regulation role of marine DMS (Vallina et al. 2007; Quinn and 

Bates 2011). Those authors argue that non-DMS-derived particles may act as the dominant CCN, 

and field measurements revealed S-contained gases coagulated with sea salts and organics for 

formation of CCN (Murphy et al. 1998). Those results suggest that DMS itself is less likely to  

serve as CCN, especially in areas with greater aerosol contribution from anthropogenic emissions.  

Irrespective of its potential climate influence, surface ocean DMS and the related sulfur 

compounds, dimethylsulfoniopropionate (DMSP) and dimethylsulfoxide (DMSO), serve as 
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important substrates and carbon and sulfur sources to marine microbial food web (Kiene and Linn 

2000; Kiene et al. 2000; Simó 2001; Hatton et al. 2004; Vila-Costa et al. 2006b; Stefels et al. 

2007). In phytoplankton cells, these three reduced sulfur compounds have been suggested to play 

several physiological roles, such as cryoprotection, osmo-regulation, and anti-oxidant function 

(Kiene et al. 2000; Stefels 2000; Sunda et al. 2002; Hatton et al. 2004). In general, the multi-

faceted ecological and biogeochemical roles of DMS/P/O continue to interest atmospheric 

scientists and oceanographers. In the following section, physiological functions, and sources and 

sinks of those marine sulfur compounds will be discussed in detail. 

 

1.2 Understanding of marine sulfur cycle to date 

1.2.1 Physiological roles, sources and sinks of DMSP 

DMSP, an algal precursor of DMS, is synthesized in a broad spectrum of phytoplankton 

species, mainly those in several taxonomic groups, including Haptophyceae (Prymnesiophyceae) 

and Dinophyceae, as well as some members of Bacillariophyceae (diatoms) (Simó 2001; Stefels 

et al. 2007). Studies have demonstrated several physiological roles of algal DMSP, including 

osmoprotection and cryoprotection (Nishiguchi and Somero 1992; Stefels 2000), and scavenging 

of reactive oxygen species (ROS) under conditions of nutrient limitation and/or excess solar 

radiation (Sunda et al. 2002). In addition, an overflow mechanism of DMSP to dissipate excess 

energy and carbon under nutrient limitation is also hypothesized (Stefels 2000). When nitrogen 

(an essential element for amino acids) is limiting, phytoplankton cells continue to assimilate sulfur 

and synthesize DMSP without incorporating amino acids into proteins (Stefels 2000; Bullock et 

al. 2017). Notably, recent studies have detected DMSP biosynthesis in some marine bacteria 

(Curson et al. 2017; Williams et al. 2019). Those authors proposed that bacterial DMSP synthesis 
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is upregulated by salinity, nutrient and temperature stressors, indicting similar physiological 

functions of DMSP in heterotrophic bacteria. 

There are several consumption pathways of cellular DMSP by phytoplankton. Some 

DMSP-producing phytoplankton species can directly cleave cellular DMSP via the enzyme 

DMSP-lyase, thus liberating DMS (and acrylate) for intracellular metabolic use or excretion 

(Stefels 2000; Stefels et al. 2007). Cellular DMSP in particulate form (DMSPp) can also be released 

into the dissolved seawater pool through exudation, cell lysis or zooplankton grazing (Stefels et 

al. 2007; Archer et al. 2011). In the dissolved pool, DMSP (DMSPd) is consumed by bacteria via 

two pathways. The assimilatory demethylation/demethiolation pathway produces methanethiol 

(MeSH) as a carbon and reduced sulfur source for bacterial metabolism at a lower energetic cost 

(Simó 2001). The DMSP cleavage pathway generates acrylate as a carbon source and the less 

readily used DMS (Kiene et al. 2000; Stefels 2000; Sunda et al. 2002). Numerous laboratory and 

field studies have demonstrated that the demethylation/demethiolation pathway dominates under 

most natural conditions, and that the relative contribution of DMSP converted to DMS depends on 

bacterial growth rates and sulfur demands (Kiene and Linn 2000; Kiene et al. 2000; Stefels et al. 

2007; Tripp et al. 2008). Field studies also show that the genes responsible for demethylation are 

expressed at higher levels in surface marine waters than those for DMSP cleavage, suggesting a 

preferential process of demethylation in the surface (e.g., Zheng et al. 2020). 

More recently, Barak-Gavish et al. (2018) proposed DMSP as a mediator of bacterial 

virulence through various cellular pathways. They found that the amino acids produced from the 

DMSP demethylation pathway may act as precursors for the synthesis of bacterial algicides, thus 

leading to cell death. These authors also suggested that DMSP act as a chemotaxis cue, enabling 

bacteria to locate and physically attach to agal cells, as a precursor to infection.  
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1.2.2 Physiological roles, sources and sinks of DMSO 

In contrast to the in-depth understanding of the ecological and biogeochemical dynamics 

of DMS and DMSP, less is known about DMSO as an integrated component of the marine sulfur 

cycle. This molecule has been hypothesized to play several physiological roles in phytoplankton, 

including cryoprotection, hydroxyl radical scavenging, and intracellular electrolyte balance (Lee 

and de Mora 1999). Sunda et al. (2002) also suggested that DMSO contributes to the cellular 

oxidative stress defense mechanism, due to its ability to scavenge ROS such as hydroxyl radicals 

(·OH). More recently, Spiese and Tatarkov (2014) have shown that DMSO reduction activity 

(DRA) increases in response to nutrient limiting conditions, further suggesting that DMSO plays 

a role in algal stress responses.  

DMSO is believed to be produced primarily from the biological (mediated by 

phytoplankton or bacteria) and photochemical oxidation of DMS (del Valle et al. 2007, 2009; 

Spiese et al. 2009), although the relative contribution of these processes likely varies between 

coastal and open ocean environments (Hatton 2002; Yang et al. 2007). In contrast, DMSO 

reduction to DMS appears to be dominated by biological processes (mediated by phytoplankton 

or bacteria), with DRA ubiquitous in all marine phytoplankton species examined to date, including 

those without DMSP-lyase activity (Stefels et al. 2007; Spiese et al. 2009). Therefore, the 

biological conversion between DMS and DMSO (either within phytoplankton cells or in the water 

column) is a two-way reaction. Particulate DMSO (DMSOp), which has a high membrane 

permeability, is lost via diffusion across the cell membrane into the surrounding water column 

(Tanaka et al. 2001). Other removal pathways of cellular and dissolved DMSO (DMSOd) include 
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assimilatory and dissimilatory use, oxidation to dimethylsulfone, and export out of the water 

column in sinking particles (Hatton et al. 2004). 

Compared to DMSP, the mechanisms linking DMSO to other parts of the marine sulfur 

cycle remain poorly identified. Recently, Thume et al. (2018) discovered a new metabolite in the 

sulfur cycle, dimethylsulfoxonium propionate (DMSOP), which is synthesized by DMSP-

producing phytoplankton and some marine bacteria. Results from this work demonstrated that 

DMSOP is produced from DMSP via a direct oxidative production pathway by marine 

phytoplankton or bacteria. It was also suggested that bacterioplankton are able to further degrade 

DMSOP to DMSO. This reveals a previously undescribed pathway for marine DMSO production, 

in addition to DMS oxidation.  

 

1.3 Current sulfur studies 

1.3.1 Laboratory culture experiments 

In recent years, many studies have investigated the physiological roles of DMS/P/O and 

biogeochemical dynamics of the marine sulfur cycle, both in the laboratory and in the field. 

Controlled experiments with laboratory batch cultures have been conducted to understand the 

environmental constrains and drivers (e.g., nutrients, temperature, and salinity) of the sulfur 

compounds and their proposed physiological roles (e.g., antioxidants and osmo-protectants). To 

examine the hypothesized antioxidant function of DMSO, Spiese and Tatarkov (2014) studied the 

response of DRA to nutrient limitation in cultured marine diatoms. Their study revealed that 

cellular DMSO and DRA increased during nutrient limiting conditions, suggesting a physiological 

role in nutrient stress management for DMSO and DRA. To understand the response of these sulfur 

compounds to other oxidative stressors, Speeckaert et al. (2019) investigated the effects of salinity 
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and growth phases on cellular DMSP and DMSO in phytoplankton. They suggested that DMSP 

acts as an osmo-regulator in response to salinity change, while DMSO acts as an antioxidant under 

oxidative stress. Similarly, Wittek et al. (2020) also investigated the proposed metabolic functions 

of DMSP and DMSO as an osmo-regulator and cryoprotectant by quantifying the cell quotas of 

DMSP and DMSO in the sea-ice diatoms under a gradient of salinity and temperature. Their results 

suggested that these two compounds serve as osmo-regulators under higher salinity conditions. No 

significant temperature-dependent changes in DMSP and DMSO cell quotas were observed, 

indicating that the cryoprotection functions of DMSP and DMSO may not be relevant in these 

Antarctic diatoms. 

 

1.3.2 Field-based experiments 

In contrast to controlled laboratory experiments, where phytoplankton cultures are grown 

under controlled and axenic conditions, field-based experiments have also been performed to 

understand the complexity of the biogeochemistry of marine sulfur cycle. In general, there are two 

types of field-based studies: concentration measurements to investigate the spatial and temporal 

variability of sulfur compounds, and turnover rate experiments to examine the relative contribution 

of various pathways to DMS production. 

As an example of recent concentration measurements, Speeckaert et al. (2018) measured 

the annual cycle of the in-situ DMS, DMSP and DMSO concentrations to understand the 

relationship between these sulfur compounds and phytoplankton succession. Their results revealed 

strong seasonal variations in DMS/P/O concentrations associated with phytoplankton species 

succession throughout the year, yielding two different relationships between DMSP and 

chlorophyll a (Chl a) concentrations. In addition to seasonal variability, other studies have 
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examined diurnal changes in DMS/P/O, in relation to photo-chemical processes (i.e., DMS photo-

oxidation to DMSO). Zhou et al. (2020) observed obvious diurnal variations of DMSOd and DMS, 

suggesting photo-oxidation and biological oxidation of DMS may be important sources of DMSOd. 

Similarly, Herr et al. (2020) investigated DMSO diel cycling in the Lagrangian drift survey. In 

their study, DMSO concentrations were strongly coupled with non-photochemical quenching 

(NPQ) and the photochemical efficiency of photo-system II (Fv/Fm), suggesting a photo-

protective role of DMSO.  

Field-based incubation experiments have been conducted to measure the turnover rates and 

biological consumption of DMS/P/O. For example, Li et al. (2015) used stable isotope tracers to 

study the turnover of dissolved DMSP in coastal water samples, providing the first evidence of a 

refractory DMSPd pool that is resistant to degradation by the heterotrophic bacterial community. 

More recently, Tyssebotn et al. (2017) studied the bacterial uptake of DMSO using dark 

incubations that eliminated photochemical processes. Their results suggested a slow turnover time 

of DMSOd (days), and demonstrated that the majority of DMSO was respired by the microbial 

community, thereby calling into question the relative contribution of DMSOd reduction to DMS 

production in comparison to other removal pathways (e.g., respiration, oxidation to 

dimethylsulfone).   

 

1.3.3 Limitation of existing sulfur studies 

Although there have been numerous studies on DMS production from DMSP, and recent 

information on the mechanisms linking marine DMS and DMSO, very few studies have 

simultaneously compared in-situ DMSP cleavage to DMS and DMSO reduction to DMS (Asher 

et al. 2011a, 2017a; b; Dixon et al. 2020; Herr et al. 2020). Results from isotope tracer experiments 
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have demonstrated comparable DMS production rates from DMSP cleavage and DMSO reduction 

(Asher et al. 2017a), and, in some cases, DMSO reduction rate exceeding those of DMSP cleavage 

(Asher et al. 2011a, 2017b). These results suggest that DMSO plays a potentially significant, and 

previously under-appreciated, role in marine DMS production. However, given the scarcity of in-

situ turnover rate measurements of a variety of sulfur transformations, more field sampling is 

required to better understand the importance of these different pathways across various 

hydrographic regimes. 

 

1.4 Thesis overview 

In this study, we build on the recent work of Asher et al. (2011, 2017a; b) and Herr et al. 

(2019, 2020), examining the rates of DMS production via DMSP cleavage and DMSO reduction 

in the Subarctic Pacific Ocean, a global DMS production hotspot (Lana et al. 2011). We conducted 

ship-based field work combining high-resolution, underway measurements of surface water 

DMS/P/O concentrations, and stable isotope tracer experiments to quantify turnover rate constants 

for DMS/P/O conversions. Our new field observations provide insights into the spatial and 

temporal dynamics of different DMS production pathways, identifying distinct patterns across 

different near-shore hydrographic regimes, including the West Coast of Vancouver Island 

(WCVI), Queen Charlotte Sound (QCS), and the estuarine surface waters of the Strait of Georgia 

(SoG). 
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Chapter 2: DMS production from DMSO reduction and DMSP cleavage in 

saline and estuarine waters of the coastal Subarctic NE Pacific 

 

2.1  Introduction 

For more than 40 years, the marine biogenic trace gas dimethylsulfide (DMS) has received 

significant research attention due to its potential role in regulating regional and global climate 

(Lovelock et al. 1972; Charlson et al. 1987), and as an integral part of the marine sulfur cycle 

(Kiene and Linn 2000). After being ventilated into the atmosphere, DMS is rapidly oxidized to 

form sulfate aerosols, which act as cloud condensation nuclei (CCN). Increased CCN enhance 

cloud albedo, leading to greater reflection and back-scattering of incoming solar radiation 

(Charlson et al. 1987). Charlson et al. (1987) proposed that the resulting negative radiative forcing 

may, in turn, affect marine biological activity and DMS emissions, leading to a DMS-mediated 

feedback loop. Although recent research has challenged the connection between oceanic DMS 

emissions, CCN and climate regulation (Vallina et al. 2007; Quinn and Bates 2011), the multi-

faceted ecological and biogeochemical roles of this volatile organic compound and related marine 

sulfur compounds (Kiene et al. 2000; Stefels 2000; Sunda et al. 2002; Hatton et al. 2004) continue 

to interest atmospheric scientists and oceanographers.  

DMS is produced as a degradation product of dimethylsulfoniopropionate (DMSP), which 

is synthesized by a broad spectrum of marine phytoplankton and bacteria, and serves multiple 

physiological roles (Simó 2001), including osmoprotection and cryoprotection (Nishiguchi and 

Somero 1992; Stefels 2000), and scavenging of reactive oxygen species under conditions of 

nutrient limitation and/or excess solar radiation (Sunda et al. 2002). Some DMSP-producing 
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phytoplankton species can directly cleave cellular DMSP via the enzyme DMSP-lyase, thus 

liberating DMS (and acrylate) for intracellular metabolic use or excretion (Stefels 2000; Stefels et 

al. 2007). Intracellular DMSP exists in the particulate phase (DMSPp), but can also be released 

into the dissolved seawater pool through exudation, cell lysis or zooplankton grazing (Stefels et 

al. 2007; Archer et al. 2011). Dissolved DMSP in seawater (DMSPd) is an important organic 

carbon and sulfur source for bacteria (Kiene and Linn 2000; Kiene et al. 2000; Simó 2001), and is 

consumed via two pathways; the assimilatory demethylation/dementhiolation pathway, which 

produces methanethiol (MeSH) as a metabolic carbon and reduced sulfur source; and the DMSP 

cleavage pathway, which generates acrylate as a carbon source and the less readily used DMS 

(Kiene et al. 2000; Stefels 2000; Sunda et al. 2002). Numerous laboratory and field studies have 

demonstrated that the demethylation/demethiolation pathway dominates under most natural 

conditions, with the relative DMS yield from DMSP depending on bacterial growth rate and sulfur 

demand (Kiene and Linn 2000; Kiene et al. 2000; Stefels et al. 2007; Tripp et al. 2008). Across a 

variety of oceanic systems, DMS yields have been reported to range from <1 to >400 nM.  

Recently, Barak-Gavish et al (2018) proposed DMSP as a mediator of bacterial virulence through 

various cellular pathways, including the production of amino acid precursors for the synthesis of 

bacterial algicides, and as a chemotaxis cue enabling bacteria to locate and attach to algal cells, 

resulting in algicidal activity.  

DMS can also be produced from another sulfur compound, dimethylsulfoxide (DMSO), 

via biological DMSO reduction (Hatton et al. 2004). In comparison to DMS and DMSP, less is 

known about the ecological and biogeochemical roles of DMSO in the marine sulfur cycle. This 

molecule has been suggested to play several physiological roles in phytoplankton, including 

cryoprotection, hydroxyl radical (·OH) scavenging, and intracellular electrolyte balance (Lee and 
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de Mora 1999). Sunda et al. (2002) have also suggested that DMSO may serve to mitigate cellular 

oxidative stress due to its ability to scavenge reactive oxygen species (ROS). 

Production and consumption pathways of DMSO have been investigated in recent years. 

DMSO is believed to be produced primarily from the biological and photochemical oxidation of 

DMS (del Valle et al. 2007, 2009; Spiese et al. 2009), although the relative contribution of these 

processes may vary between coastal and open ocean environments (Hatton 2002; Yang et al. 

2007). Recently, Thume et al. (2018) have identified an alternate DMSO production pathway from 

the bacterial degradation of dimethylsulfoxonium propionate (DMSOP), a metabolite synthesized 

by DMSP-producing phytoplankton and some marine bacteria.  

Among the various DMSO removal pathways, DMSO reduction is of particular interest. 

This process appears to be primarily biological (mediated by both phytoplankton and bacteria), 

with DMSO reduction activity (DRA) ubiquitous in all marine phytoplankton species examined to 

date, including those without DMSP-lyase activity (Stefels et al. 2007; Spiese et al. 2009). DMSO 

reduction has been shown to increase in response to nutrient limitation, suggesting that DMSO 

plays a role in algal stress response (Spiese and Tatarkov 2014). In addition to biological reduction, 

DMSO produced within phytoplankton cells is suggested to function as part of the DMS-DMSP-

DMSO antioxidant cycle (Sunda et al. 2002; Spiese et al. 2009). It can also diffuse into the 

surrounding seawater due to its high membrane permeability (Tanaka et al. 2001). Spiese et al. 

(2009) suggested that cellular DMS oxidation to DMSO potentially serves as a signal of oxidative 

stress, triggering the transcription of genes responsible for DMSO reduction to regenerate DMS. 

In this way, biological oxidation and reduction reactions may drive a rapid two-way 

interconversion between DMS and DMSO. Other removal pathways of cellular and dissolved 
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DMSO (DMSOd) include assimilatory and dissimilatory use, oxidation to dimethylsulfone 

(DMSO2), and export from the water column by sinking particles (Hatton et al. 2004). 

Although there have been numerous studies of DMS production from DMSP, and more 

recent work examining mechanisms linking marine DMS and DMSO (Hatton et al. 2012; Lidbury 

et al. 2016), few studies have simultaneously measured and compared in situ DMS production 

from DMSP cleavage and DMSO production (Asher et al. 2011a, 2017a; b; Herr et al. 2020). 

Results from stable isotope tracer experiments have demonstrated comparable DMS net production 

rates from DMSP cleavage and DMSO reduction in the dissolved pool (Asher et al. 2017a), with 

DMSO reduction rate sometimes exceeding those of DMSP (Asher et al. 2011a, 2017b; Herr et al. 

2020). These results suggest that DMSO may play a potentially significant, and previously under-

appreciated role in marine DMS production. 

In this study, we build on the recent work of Asher et al. (2011, 2017a; b) and Herr et al. 

(2019, 2020) examining turnover rate constants of DMSP and DMSO pathways in the coastal 

NESAP, a global DMS production hotspot (Lana et al. 2011). Our study area covered two 

hydrographically distinct regions within the waters surrounding Vancouver Island, from the river-

influenced continental shelf region to more saline waters over the continental slope. These distinct 

regions are influenced by various physical processes driven by environmental conditions, 

including riverine input, coastal upwelling, tidal mixing and estuarine circulation (Ianson et al. 

2003; Whitney et al. 2005). This physical variability, in turn, drives regional patterns in nutrient 

delivery and phytoplankton dynamics (Boyd and Harrison 1999; Peterson et al. 2007; Harris et al. 

2009), but it is presently unclear how this may affect regional sulfur cycling. To address this 

question, we conducted high-resolution, ship-board measurements of surface water concentrations 

of DMS, DMSP and DMSO (DMS/P/O) along the British Columbia coastal region, coupled with 
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stable isotope tracer experiments to quantify turnover rate constants for DMS/P/O inter-

conversion. Our observations compare DMS/P/O concentrations and turnover rates in two distinct 

hydrographic regimes and examine potential drivers of sulfur dynamics. We also discuss the 

caveats and limitations of current tracer studies, and suggest avenues for future work.  

 

 

2.2 Methods 

2.2.1 Study area and hydrographic context 

Field sampling in the NE Pacific Ocean was conducted on board the CCGS John P. Tully 

during late summer, 2019. We surveyed the coastal waters adjacent to Vancouver Island, including 

the west coast of Vancouver Island (WCVI), Queen Charlotte Sound (QCS) and the Strait of 

Georgia (SoG), British Columbia, Canada (Fig. 2.1). Data were collected between 29th August and 

9th September, as part of the La Perouse program run by Fisheries and Oceans Canada. 

The regional oceanography of our study area is influenced by the seasonal timing of 

summer upwelling and winter downwelling, and freshwater discharge from the Fraser River 

(Bylhouwer et al. 2013; Jackson et al. 2015). Off the WCVI, upwelling primarily occurs in summer 

(Apr-Sept), transporting nutrient-rich deep waters onto the shelf, whereas downwelling conditions 

dominate in fall and winter (Oct-Mar) (Thomson 1981; Ianson et al. 2003; Jackson et al. 2015). In 

addition, the Vancouver Island Coastal Current (VICC) is a year-round buoyancy-driven flow 

running from the entrance of Juan de Fuca Strait to north of Brooks Peninsula along the inner shore 

of WCVI (Freeland et al. 1984; Hickey et al. 1991; Ianson et al. 2003; Harris et al. 2009; Jackson 

et al. 2015). This surface coastal current supplies relatively low salinity water and nutrients from 

Juan de Fuca Strait, and supports elevated summertime productivity along the southern Vancouver 
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Island coast and inner continental shelf off the WCVI (Freeland et al. 1984). Along the outer shelf, 

a southeastward flowing Shelf-Break Current dominates in the surface layer during summer 

(Freeland et al. 1984; Jackson et al. 2015). Nanoflagellates are the dominate phytoplankton group 

in both the offshore and nearshore regions, with the contribution of diatoms increasing over the 

continental shelf, particularly during summer months (Harris et al. 2009).  

In the QCS region, surface water nutrients are typically supplied by summer upwelling 

(Peterson et al. 2007; Jackson et al. 2015) and fresh water outflow from Rivers Inlet (Whitney et 

al. 2005). In addition, anticyclonic Haida eddies, formed near the southern tip of Haida Gwaii in 

winter, propagate westward, supplying nutrients (including iron and silicate) into surface waters 

off the west coast of Haida Gwaii and adjacent oceanic waters (Crawford 2002; Whitney and 

Robert 2002; Keith Johnson et al. 2005). Satellite images reveal enhanced chlorophyll a around 

the perimeter of Haida eddies (e.g. Whitney et al. 2005). The dominant phytoplankton groups in 

the QCS region are typically diatoms and dinoflagellates, although the abundances of these groups 

exhibits strong temporal and spatial variability (Peterson et al. 2007, 2011).  

Surface water in the SoG is strongly impacted by tidal mixing and freshwater input from 

the Fraser River, which peaks during the summer freshet (Thomson 1981; Masson and Pena 2009). 

Summertime temperatures in the SoG are typically warmer than in Johnstone Strait due to strong 

stratification (Thomson 1981; Tortell et al. 2012). The timing of the diatom-dominated spring 

bloom in the SoG varies from February to April, depending on biotic and abiotic conditions 

including solar radiation, temperature and grazing (Stockner et al. 1979; Harrison et al. 1983). 

Following the spring bloom, phytoplankton communities in the SoG are characterized by smaller-

sized groups, such as prasinophytes and cryptophytes (Harrison et al. 1983; Del Bel Belluz et al. 

2021). 
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2.2.2 DMS/P/O Concentration measurements 

Concentrations of DMS, total (i.e. dissolved plus particulate) DMSO (DMSOt) and total 

DMSP (DMSPt) in surface water were measured using the previously described Organic Sulfur 

Sequential Chemical Analysis Robot (OSSCAR; Asher et al. 2015). This analytical system has 

been deployed on several previous cruises (Asher et al. 2015; Jarníková et al. 2018; Herr et al. 

2019, 2020), and only a brief overview is given below. The reader is referred to Asher et al. (2015) 

for a full description of the instrument. 

 The system consists of a custom-built sample handling module for underway seawater 

collection and chemical reactions of DMSO and DMSP, a purge-and-trap and gas chromatography 

system to extract and separate DMS from other volatile gases, and a pulsed-flame photometric 

detector (PFPD). Seawater is drawn from the ship’s underway supply with an intake at ~7 m depth. 

5 mL of unfiltered seawater is automatically dispensed into a sparging chamber for sequential 

analysis of DMS, DMSO and DMSP. For DMS analysis, ultra-high purity (99.999%) N2 is bubbled 

through the sample (~100 ml/min) to strip dissolved DMS out of the sample and onto a room 

temperature stainless-steel thermal desorption trap (Markes International, C3-AXXX-5266). 

Rapid electrical heating of the trap results in analyte desorption, and the resulting gas mixture is 

delivered onto a capillary column, where DMS is separated from other volatile compounds prior 

to detection by PFPD. Following DMS analysis, enzymatic conversion of DMSO to DMS is 

initiated by adding 2 mL of DMSO reductase (DMSOr) solution into the sparging chamber (Hatton 

et al. 1994). DMSO in the sample is enzymatically reduced to DMS under exposure to LED lights 

for 20 minutes, and the resulting DMS is measured using the purge-and-trap method described 

above. After DMSO analysis, 3 mL of 10N NaOH is added to the sparging chamber for DMSP 
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hydrolysis to DMS (Dacey and Blough 1987). The resulting DMS measured as outlined above. 

After the full DMS/P/O analysis sequence, the system completes a rinse cycle prior to the next 

sample analysis. The complete DMS/P/O cycle requires roughly 40 minutes. A 6-point calibration 

curve using DMS standard solutions is produced daily to check the system performance and for 

calculation of DMS/O/P concentrations.  

In the absence of pre-filtering steps in our analysis, the concentrations of DMS/O/P 

reported her represent potential contributions from both the dissolved and particulate pools. For 

DMSP analysis, we assume that all phytoplankton cells were lysed by the addition of 10 M NaOH, 

such that DMSP concentrations measured by our system represent concentrations close to DMSPt. 

However, the situation for DMSO analysis is more complex. The addition of DMSOr into the 

sparging chamber is believed to act on the DMSOd pool in the samples. However, due to the high 

cellular permeability of particulate DMSO (Tanaka et al. 2001), it is expected that particulate 

DMSO may diffuse into the surrounding seawater, increasing the apparent size of the DMSOd 

pool. Herr et al. (2020) discuss the uncertainties of DMSO measurements by our system, pointing 

out that the LED lights used during the DMSO reduction step may enhance DMS production from 

DMSP due to oxidative stress, resulting in a potential overestimation of DMSO concentrations. In 

addition, the analytical sparging step in the analysis could potentially damage phytoplankton cells, 

releasing cellular DMSO into the dissolved pool. Therefore, the measured DMSO concentrations 

by our system likely represent DMSO concentrations closer to DMSOt.  

  Discrete DMS/P/O samples were also collected at various stations across the sampling 

region. Approximately 10 L volume of seawater collected from a depth of 5 m was gently 

transferred into a 10 L carboy using flexible silicone tubing. Native DMS concentrations were 

obtained from the T0 samples of the tracer experiments (described in Section 2.3). Samples for 
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DMSP analysis were collected in 12 mL glass vials from the carboy using a spigot, and 

immediately preserved with 100 µL of 25% H2SO4. Samples were sealed with rubber stoppers and 

crimped without headspace, before being immediately stored in the dark at 4 ºC. Analysis of 

discrete DMSP samples was conducted in the laboratory, approximately 1 month after sample 

collection. Parallel DMSO samples were collected in similar 12 mL glass vials, which were filled 

halfway to accommodate volume expansion upon freezing. Samples were sealed with rubber 

stoppers and crimped without adding any preservative and stored at -80 ºC prior to analysis. DMSO 

samples were analyzed approximately one year after sample collection using TiCl3 method 

described by Kiene and Gerard (1994) and Deschaseaux et al. (2014). 

 

2.2.3 Rate measurements 

Using the stable isotope tracer method described by Asher et al. (2011, 2017a; b) and Herr 

et al. (2019, 2020), we measured rate constants of net DMS production, gross DMS consumption, 

and net DMS production from DMSP cleavage and DMSO reduction. This method enables 

simultaneous determination of rate constants for each of the four production/consumption 

pathways within a single incubation experiment. In September 2019, we conducted 20 tracer 

experiments in coastal waters of British Columbia, covering the WCVI, QCS, and SoG.  

Seawater for rate measurements was collected in Niskin bottles from 5 m depth as 

described above in Section 2.2.2. The seawater in the 10 L carboy was spiked with isotopically 

labelled D3-DMS (CDN Isotopes, 99.9% purity), D6-DMSP (produced using the method in 

Challenger and Simpson 1948) and D6, 13C2-DMSO (ISOTEC, 99% purity) to obtain a final tracer 

concentration of ~1 nM. Spiked seawater was homogenized by gently inverting the carboy ~10 

times, and 1L sub-samples were dispensed into triplicate UV-transparent FEP bags (Welch 
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Fluorocarbon). The bags were incubated in a deck-board seawater tank and maintained at in situ 

surface temperature by continuously flowing seawater. A plexiglass incubator lid was installed 

over the incubator, largely blocking UV exposure of incubation bags, thus minimizing any 

photochemical processes, such as the photo-oxidation of DMS to DMSO.  

Incubation experiments were performed over a period of approximately 4 hours, during 

which 5 mL subsamples were collected every ~ 30 minutes from each incubation bag. DMS was 

analyzed in multiple reaction monitoring (MRM) mode using a Sciex (Concord, Ontario, Canada) 

API3200 triple quadrupole mass spectrometer, equipped with an atmospheric pressure chemical 

ionization source (McCulloch et al. 2020). In this method, DMS is ionized through a proton 

transfer mechanism, resulting in the formation of [M+H]+ ions. Analyte ions are therefore 

measured at a mass to charge ratio (m/z) 1 unit higher than the native state. Concentrations of four 

isotopic species of DMS were measured over the course of the incubation period. Unlabeled DMS 

(m/z = 63) was monitored to track net DMS production, D3-DMS (m/z = 66) was used to estimate 

gross DMS consumption, D6-DMS (m/z = 69) was used to trace D6-DMSP cleavage and D6-13C2-

DMS (m/z = 71) was used to follow D6-13C2-DMSO reduction. Rate constants for net DMS 

production and gross DMS consumption were calculated as pseudo-first order reactions by 

deriving the logarithmic slope concentration changes (natural logarithm of either m/z 63 or 66) 

from triplicate bags during the incubation period. Rate constants for net DMS production from 

biological DMSP cleavage and DMSO reduction were derived from a first order rate law (Uher et 

al. 2017), taking into account the initial concentrations of reactants (either D6-DMSP or D6-13C2-

DMSO) and products (D6-DMS or D6-13C2-DMS) 
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where Ct and C0 are concentrations at time t and t = 0, respectively; ΔCt(D6-DMS) and ΔCt(D6-

13C2-DMS) are concentration change of isotopically labelled DMS derived from biological 

cleavage of D6-DMSP and biological reduction of D6-13C2-DMSO, respectively. The resulting rate 

constants were expressed in units of day-1.  

Importantly, we note that the approach used here to derive rate constant calculations 

(equations 1 and 2) differs from that used by Asher et al. (2017a; b) and Herr et al. (2019, 2020). 

In these earlier studies, calculations were based only the rate of change of labelled products, 

without taking into account the starting concentration of labelled tracers. As documented in the 

appendices (Appendix C.1.1), these simplified calculations result in significantly higher derived 

rate constants. In our data set, for example, calculations using equations 1 or 2 produced rate 

constants more than 100-fold lower than those obtained from the calculations of Asher et al. 

(2017a; b) and Herr et al. (2019, 2020). In a re-analysis of the data from these earlier studies, we 

found a similar offset in derived rate constants. This discrepancy affects our comparison with 

absolute rate constants reported in earlier studies, but does not affect our conclusions regarding the 

relative rates of DMSP cleavage and DMSO reduction.   

As per Asher et al. (2017a), incubation data producing regressions with r2 < 0.5 were 

removed for calculation of rate constants. Detailed statistical criteria for removing outliers in the 

rate constant plots are discussed in the appendices (Appendix C.1.2). In total, this led to the 
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elimination of 1, 5, 3, and 2 out of 20 experiments of each sulfur transformations (net DMS change, 

gross DMS consumption, DMSP cleavage to DMS, and DMSO reduction to DMS). 

 

2.2.4 Ancillary measurements 

To characterize the oceanographic context of our study area, we obtained ancillary 

measurements from the shipboard underway sensors and at discrete sampling stations, as well as 

remote sensing data. Sea surface temperature and salinity were measured along the cruise track 

using a thermosalinograph (SeaBird 45 S/N 0620) at 5 m depth. For discrete sampling stations, a 

Sea-Bird CTD probe (SBE-911plus) equipped with a Wetlabs CSTAR transmissometer (#1883DG 

& 1185DR), a SBE 43 dissolved oxygen sensor (#3234), a SeaPoint Fluorometer (#3640), a 

Biospherical QSP-400 PAR sensor (#70613) and an altimeter was deployed for depth profile 

measurements of chlorophyll fluorescence, photosynthetically active radiation (PAR), salinity and 

dissolved oxygen. Mixed layer depth (MLD) at each CTD sampling station was calculated as the 

depth where density exceeded the surface values by 0.05 kg/m3. Discrete seawater samples of 

nitrate/nitrite (NO3), phosphate (PO4), silicate (Si), Chl a, and HPLC measurements for 

phytoplankton assemblage composition were collected and analyzed by the Institute of Ocean 

Sciences, following the methods of Barwell-Clarke and Whitney (1996) and Zapata et al. (2000). 

Ancillary measurements collected at 5 m depth were used for statistical analysis (described below). 

For some stations where 5 m measurements of Chl a and phytoplankton taxonomic composition 

were not available, surface samples (0 m) were used instead.  

To provide a broader spatial and temporal context for our observations, we examined 

several remote sensing data products. Reginal Chl a concentrations and PAR were derived from 

Level 3 8-day composite MODIS-Aqua satellite imagery at 4-km resolution 
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(https://oceancolor.gsfc.nasa.gov/l3/). Chl a satellite data from Aug 21-Sep 13, 2019 were 

averaged to minimize cloud interference, while PAR data from Aug 28-Sep 4, 2019 were used. 

Monthly-averaged absorbance due to gelbstof and detritus at 443 nm was also obtained from the 

same satellite product, as a measure of chromophoric dissolved organic matter (CDOM) 

concentrations for photo-oxidation of DMS to DMSO (Nelson and Siegel 2013). Sea surface 

height anomalies (SSHA) were obtained and averaged from AVISO satellite altimetry using the 

Level 4 near real-time daily product with 0.25º resolution from Aug 29-Sep 9, 2019 

(https://las.aviso.altimetry.fr/las). 

 

2.2.5 Sea-air flux 

The sea-air flux of surface DMS along the cruise track was calculated using OSSCAR 

underway DMS concentrations and the piston velocity derived from wind speeds, surface 

temperature and salinity: 

<#%& = :4[>?@]-5 

where [DMS]aq is the surface concentration of DMS measured by the OSSCAR system, and kw is 

the piston velocity based on parameterization by Sweeney et al. (2007). Following previous studies 

(e.g., Asher et al. 2017b; Herr et al. 2019), we assumed that atmospheric DMS concentrations are 

negligible for the purposes of sea-air flux calculations for DMS. Daily averaged wind speeds were 

derived from http://www.remss.com/measurements/ccmp/. Surface temperature and salinity were 

obtained from shipboard thermosalinograph data, as described above.  
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2.2.6 Statistical analysis 

Linear regression analysis demonstrated a very limited number of statistically significant 

correlations between our sulfur measurements and environmental variables. As a result, we 

focused our analysis on the comparison of average values between different oceanographic sub-

regions. Given the presence of various water masses within our study region, a principal 

component analysis (PCA) followed by a k-mean clustering analysis was applied to identify 

different hydrographically distinct regimes. Environmental parameters used in the PCA included 

Chl a, NO3, PO4, Si, salinity, temperature, density, MLD, dissolved oxygen, phaeo-pigment 

concentrations, and relative abundance of phytoplankton groups. For k-mean clustering, we found 

that k = 2 was the optimal clustering group number, as the sample size was relatively small (n = 

20). A Mann-Whitney U test for non-parametric samples was performed to evaluate statistical 

differences among variables between the two regimes.  

 

 

2.3 Results 

2.3.1 Oceanographic conditions 

Fig. 2.2 shows the distribution of surface water oceanographic properties across our study 

region, during September, 2019. At the time of our cruise, sea surface temperature and salinity 

ranged from 9.7 to 18.7 °C and from 21.0 to 32.6 psu, respectively. The warmest and most saline 

waters were observed along the west coast of WCVI and QCS (except for the eastern tip of QCS 

close to Rivers Inlet), whereas colder waters were mostly found in the Johnstone Strait and Juan 

de Fuca Strait due to strong tidal mixing processes. The more saline waters along the WCVI were 

indicative of their exposure to the Pacific Ocean, although a freshwater signature along the 
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southern WCVI was indicative of the near shore VICC. Maximum temperature (18.7 °C) and 

minimum salinity (21.0 psu) were observed in the surface waters of SoG, due to the Fraser River 

runoff which stratifies the near-surface waters during summer (Thomson 1981; Jackson et al. 

2015). Mixed layer depths calculated from CTD profiles varied between 6.0 and 24 m. Shallower 

MLDs were observed along the eastern side of QCS and SoG, due to intensified stratification by 

river inputs (Rivers Inlet near QCS or Fraser River in the SoG).  

The relative abundance of different phytoplankton groups across our study region exhibited 

typical distributions around Vancouver Island. Fig. 2.2 shows the relative abundance of diatoms, 

dinoflagellates and prymnesiophytes derived from HPLC-based pigment analysis. Diatoms were 

the most abundant species in the continental shelf waters around Vancouver Island, accounting for 

up to 90% of total Chl a. Dinoflagellates and prymnesiophytes dominated in the deeper slope 

waters of WCVI and QCS, contributing between 15% to 57% and <1% to 36% of total Chl a, 

respectively. 

Fig. 2.3 compares the surface in-situ Chl a concentrations with satellite-derived values 

across our study area. In-situ Chl a concentrations ranged from 0.10-16 mg/m3, with maximum 

and minimum concentrations observed in inshore and offshore waters in the WCVI, respectively. 

Higher chlorophyll concentrations were present in the continental shelf waters of WCVI, QCS and 

SoG. In general, there was good coherence in the spatial distribution and absolute values of Chl a 

concentrations derived from ship-board analysis and remote sensing. 

 

2.3.2 Underway DMS/P/O concentrations 

Fig. 2.4 shows the DMS/P/O distributions along our cruise track. DMS concentrations in 

surface waters ranged from <0.1 to 31 nM, with a mean of 6.2 ± 0.5 nM. Due to instrument 
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problems at sea, underway DMSP and DMSO measurements are not available until the 5th day of 

our cruise (Sept. 2nd UTC time), and thus only underway DMS concentrations are shown for the 

southwestern portion of our WCVI transect.  

The highest DMS concentrations (>20 nM) were observed in coastal waters of the La 

Perouse Bank and in QCS (Fig. 2.4). Total DMSP concentrations ranged from <2 to 528 nM (mean 

103 ± 9 nM), with the maximum value (528 nM) observed in QCS. Total DMSO concentrations 

were comparable to DMS concentrations measured in our study, ranging from <0.1-15 nM (mean 

3.6 ± 0.2 nM). Notably, DMSO concentrations exhibited a strong positive correlation with DMS 

concentrations (r = 0.81, p << 0.001; Fig. 2.5) with a slope of 1.57 ± 0.10. Statistically significant 

correlations (p << 0.001) were also observed between DMS and DMSP (r = 0.52), and between 

DMSO and DMSP (r = 0.60), although the strength of these correlations was weaker than that 

observed between DMS and DMSO.  

 

2.3.3 Turnover rate constants 

Through our isotope tracer experiments, we were able to quantify turnover rate constants 

(d-1) for DMS, DMSP and DMSO at a total of 20 stations. Table 2.1 summarizes the DMS/P/O 

concentrations and turnover rate constants obtained for each incubation station, while Fig. 2.6 

shows the spatial distribution of the turnover rate constants. Across all 20 stations, rate constants 

for DMSO reduction averaged 0.079 ± 0.015 d-1 (0.015 - 0.29 d-1) and were comparable with those 

for DMSP cleavage (0.084 ± 0.012 d-1, ranging 0.019 - 0.10 d-1). Relative to DMSO reduction and 

DMSP cleavage, turnover rate constants for net DMS change and gross DMS consumption were 

higher (2.7 ± 0.3 d-1 and -1.4 ± 0.3 d-1). A comparison of the measured concentrations, rate 

constants and various ancillary variables along the cruise track is presented in Fig. 2.7. 
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Since the seawater samples used to obtain initial DMS/P/O concentrations at each 

incubation station were not pre-filtered, concentrations reflect potential contributions from both 

the particulate and dissolved pools. In contrast, the turnover rate constants derived from our isotope 

tracer experiments capture a dominant signal from the dissolved pool. For this reason, turnover 

rates (computed as the product of rate constants and concentrations) were subject to significant 

uncertainty and thus not calculated (see discussion). 

 

2.3.4 Sea-air flux 

Sea-air fluxes of DMS along our cruise track averaged at 5.2 ± 0.7 μmol m-2 d-1, in good 

agreement with previous studies in the same study area (Asher et al. 2011b; Herr et al. 2019). Daily 

wind speeds obtained from the CCMP wind vector analysis products were relatively low and 

homogeneous over our sampling area in the late summer (averaged wind speeds: 3.6 ± 0.2 m/s). 

Hence, DMS fluxes were tightly correlated with DMS concentrations. Maximum sea-air fluxes 

were observed near the La Perouse Bank and QCS, consistent with the locations of DMS hotspots. 

 

2.3.5 Comparison of distinct hydrographic domains 

Results from PCA and k-mean clustering analysis revealed that our sampling stations 

clustered into two dominant groups that were separated across the 200 m isobath (Fig. 2.8). 

Stations along the deeper slope waters within the WCVI and QCS regions clustered together 

hydrographically, while the continental shelf WCVI stations and estuarine waters of the SoG 

formed a distinct group. In this analysis, we found that the first two PCA axes explained 67% of 

the total variability. Average values of different oceanographic properties across the two groups 

(defined as slope waters and shelf waters) are compared in Fig. 2.9. The slope stations were nitrate 
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depleted (NO3 = 0.02 ± 0.02 μM), whereas the shelf stations had higher NO3 concentrations (5.7 

± 2.3 μM). Nitrate concentrations within the two groups were determined to be statistically 

different (B ≪ 0.001). Silicate concentrations in the two domains were similar, with greater 

variability in the slope (slope: 22 ± 20 μM; shelf: 21 ± 5 μM; p = 0.9948, Permutation test). The 

two groups were also characterized by different phytoplankton community structures. The slope 

stations were nano- and pico- phytoplankton dominated (relative abundance of sum of nano- and 

pico-phytoplankton in slope and shelf waters of 60 ± 2% and 27 ± 3%), whereas continental shelf 

waters had a significantly higher fraction of diatoms (offshore: 10 ± 3%; inshore: 38 ± 5%). The 

difference in phytoplankton taxonomic abundances was statistically significant between the two 

groups of stations (nano- and pico-phytoplankton %: B ≪ 0.001; diatom %: B ≪ 0.001). 

As with surface water hydrography, in-situ sulfur concentrations demonstrated distinct 

patterns between the two oceanographic domains. Higher values of chlorophyll-normalized 

DMSPt and DMSOt concentrations were observed in the slope waters (DMSPt/Chl a = 172 ± 23 

nmol μg-1, DMSOt/Chl a = 10 ± 2 nmol μg-1) relative to the continental shelf waters (DMSPt/Chl 

a = 56 ± 12 nmol μg-1, DMSOt/Chl a = 2.7 ± 0.9 nmol μg-1). These regional differences between 

DMSPt/Chl a and DMSOt/Chl a were statistically different (DMSPt/Chl a: B ≪ 0.001 ; 

DMSOt/Chl a: B ≪ 0.001). Despite differences in nutrient supply and phytoplankton community 

structure in the two domains, turnover rate constants for net DMS production from DMSP cleavage 

(kDMSPcleav) and DMSO reduction (kDMSOred) were statistically similar. kDMSPcleav in slope and shelf 

waters averaged 0.10 ± 0.02 d-1 and 0.070 ± 0.013 d-1 (p = 0.2991), while kDMSOred in two domains 

averaged 0.056 ± 0.013 d-1 and 0.097 ± 0.024 d-1 (p = 0.1388), respectively. 
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2.4 Discussion 

Our study contributes new data on the concentrations and turnover rate constants of DMS, 

DMSP and DMSO in the waters adjacent to Vancouver Island, BC. This region is notable in terms 

of its high primary productivity and elevated concentrations of various reduced sulfur compounds, 

and for its high spatial heterogeneity, which results from complex physical dynamics and the 

influence of localized freshwater inputs. Here, we discuss the potential biotic and abiotic drivers 

of DMS/P/O concentrations and turnover rate constants across the two distinct hydrographic 

regions in our study area. 

 

2.4.1 DMS/P/O concentrations around Vancouver Island 

The range of surface DMS concentrations measured during our September, 2019 cruise 

(<0.1 to 31 nM, average of 6.2 nM) are more than twice the global median DMS concentration 

(2.4 nM), reflecting a regional DMS hotspot in the Northeast Pacific. Indeed, similarly elevated 

DMS concentrations have previously been reported from the same study area (e.g., Nemcek et al. 

2008: average 5.8 nM; Tortell et al. 2012: 5.2 nM in 2007 and 10.2 nM in 2010; Asher et al. 2017b: 

9.7 nM in coastal waters; Herr et al. 2019: 4.6 nM in the California Upwelling Coastal Province). 

Measurements of DMSP and DMSO in our study area are less common, and there are 

correspondingly fewer data for comparative purposes. Using the underway OSSCAR system, we 

measured DMSPt concentrations ranging from ~1 nM to > 500 nM. By comparison, Herr et al. 

(2019) observed DMSP concentrations ranging from 26-480 nM, with the highest values found 

near the La Perouse Bank, which is consistent with our observations. To our knowledge, only four 

studies have previously reported in-situ DMSO concentrations in this study area (Bates et al. 1994; 

Asher et al. 2015, 2017b; Herr et al. 2020). Values from these previous studies range from 0-20 
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nM, in good agreement with our results. Moreover, the strong correlation between DMS and 

DMSO (Fig. 2.5) with a slope close to 1 is also consistent with previous observations (Hatton et 

al. 2004; Herr et al. 2020). Thus, a reasonably clear picture is now emerging of our study region 

as a persistent hotspot of DMS/P/O concentrations. It remains less clear, however, which factors 

are responsible for these elevated concentrations. 

The spatial distribution of underway DMS/P/O measurements (Fig. 2.4) reveals higher 

values for all three sulfur compounds in continental shelf waters, specifically in regions influenced 

by riverine input (e.g., QCS: Rivers Inlet; WCVI: Nootka Sound and Barkley Sound; Fig. 2.1) and 

those characterized by SSHA (Fig. 2.8b). Lower SSHA values in near-shore waters is indicative 

of coastal upwelling, which brings nutrient-rich deep waters up to the surface and stimulates mixed 

layer primary productivity. The observation of elevated DMS concentrations in proximity to 

regions of low SSHA and riverine inputs, suggests the influence of macro- and micro-nutrients 

from coastal upwelling and/or riverine inputs in driving the variability of DMS distribution. At the 

same time, Herr et al. (2019) have previously observed high DMS concentrations associated with 

positive SSHA, caused by the warm-core Haida and Sitka eddies in the transitional waters. Such 

eddies have been shown to provide an additional mechanism to deliver nutrients offshore 

(Crawford 2002; Keith Johnson et al. 2005). As a result, both positive (indicative of warm-core 

eddies) and negative (indicative of coastal upwelling) SSHA may be associated with increased 

productivity and enhanced DMS concentrations. In a recent analysis of all available DMS data 

from the NE Pacific based on machine learning methods, McNabb et al., (in prep) found a strong 

regional imprint of SSHA features on DMS distributions. 

In contrast to the WCVI and QCS regions, DMS/P/O concentrations in the SoG were 

generally low (Fig. 2.4a & 2.7a; e.g., DMS in the SoG = 2.8 ± 0.2 nM vs. 6.2 ± 0.5 nM for the 
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entire study area). To our knowledge, only one study has previously measured DMS/P 

concentrations in the these estuarine waters (Sharma et al. 2003). During the late summer (August) 

period, these authors found DMS/P concentrations ranging from 0.5-14.2 nM and 10.2-284.7 nM, 

respectively, in good agreement with our observations (DMS = 0.34-4.4 nM, DMSPt = 8.2-112 

nM). These earlier results, taken at a later phase of the annual productivity cycle, suggest that 

relatively low DMS/P concentrations may be a persistent feature of the SoG. The lower sulfur 

concentrations in this region relative to the WCVI and QCS may result from a lower proportion of 

high DMSP- and DMSO-producing phytoplankton groups. Indeed, pigment analysis in the SoG 

shows that the relative percentage of dinoflagellates in the SoG stations was only 1.5 ± 0.3 % of 

total Chl a, with prasinophytes and diatoms dominating phytoplankton assemblages in these waters 

(30 ± 2% and 28 ± 2%, respectively; Fig. 2.7c). These latter phytoplankton groups produce much 

lower cellular DMSP than dinoflagellates (Stefels et al. 2007).  

 

2.4.2 DMS - DMSO Relationship 

Our results indicate a strong positive linear relationship between DMS and DMSO at 

concentrations below 20 nM (Fig. 2.5), confirming previous observations (Hatton et al. 2004; Herr 

et al. 2020). Notably, Herr et al. (2020) reported a DMSO to DMS ratio (DMSO:DMS = 0.92, 

during May, 2017) that was approximately two-fold higher than what we observed during late 

summer (DMSO:DMS = 0.42, Fig. 2.5). This difference may be attributable to several factors. 

First, lower light levels and reduced sunlight hours during our sampling period relative to that of 

Herr et al. (2020) could have decreased the intrinsic photochemical oxidation of DMS to DMSO 

(Hatton et al. 2004; del Valle et al. 2009). As shown in Fig. C.3.1, the average monthly PAR in 

September, 2019 (27 E m-2 day-1) was ~ 30% lower than in May, 2017 (40 E m-2 day-1). In addition, 
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lower primary productivity during our late summer cruise relative to the spring cruise of Herr et 

al. (2020) may also have indirectly decreased DMS photo-oxidation by reducing the supply of 

chromophoric dissolved organic matter (CDOM), which has been implicated in driving this 

process (Bouillon and Miller 2004; Bouillon et al. 2006; Taalba et al. 2013). Indeed, the average 

monthly CDOM absorbance in September, 2019 was nearly half of that in May, 2017 (0.044 m-1 

vs. 0.074 m-1) (Nelson and Siegel 2013; Appendix C, Fig. C.3.2). Taken together, differences 

between spring and late summer in light intensity and phytoplankton-derived CDOM 

concentrations could explain the relatively lower DMSO concentrations (and thus lower 

DMSO:DMS ratio) we measured relative to that reported by Herr et al. (2020). 

Beyond potential differences in photo-oxidation (light and CDOM), lower bacterial 

oxidation of DMS to DMSO may also have contributed to the lower DMSO accumulation we 

observed. In support of this hypothesis, measured rate constants of DMS oxidation were below our 

detection limit at 2 out 3 incubation stations (Appendix C, Fig. C.3.3), whereas Herr et al. (2020) 

reported a strong coupling between DMSO reduction and DMS oxidation, suggesting a stronger 

biological DMSO production term in their study. We thus conclude that lower DMSO production 

(both biotic and abiotic) can likely explain the lower DMSO concentrations we observed during 

late summer. 

 

2.4.3 Sulfur cycling in slope and shelf waters 

Our survey covered hydrographically distinct regimes, from continental slope waters with 

bottom depths greater than 2000 m, to shelf and estuarine waters with bottom depths of ~200 m or 

less. Sulfur cycling in these distinct regimes is likely influenced by a variety of environmental 
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factors, as demonstrated by our PCA analysis and k-mean clustering, which shows a clear 

hydrographic separation of our incubation stations across the continental shelf (Fig. 2.8).  

 Slope stations were dominated by high DMSP- and DMSO-producing dinoflagellates and 

prymnesiophytes (Fig. 2.9c), whereas the shelf stations were dominated by low DMSP/ DMSO-

producing diatoms (Fig. 2.9d). As a result, DMSPt/Chl a and DMSOt/Chl a were significantly 

higher at the offshore, nano- and pico-phytoplankton dominated stations (Fig. 2.9e and f). 

However, rate measurements reveal statistically similar values of kDMSPcleav (Fig. 2.9g, p = 0.2991) 

and kDMSOred (Fig. 2.9h, p = 0.1388) between the two clusters.  

 Previous work by Royer et al. (2010) has demonstrated lower DMSP-S assimilation 

efficiencies at offshore stations relative to inshore waters along the Line P transect (from the WCVI 

to Ocean Station Papa in the NE Subarctic Pacific). Offshore waters in our study region are 

typically nutrient depleted (mean NO3 concentration of 0.02 μM at offshore stations vs. 5.72 μM 

at nearshore stations) and the bacterial productivity is likely limited by the availability of organic 

carbon (Hale et al. 2006; Royer et al. 2010), resulting in a lower bacterial sulfur demand. Under 

these conditions, the microbial community may decrease the relative proportion of DMSP used as 

a carbon source through the demethiolation/demethylation pathway, and thus leading to a greater 

fraction of DMSP being consumed via the cleavage pathway, liberating DMS as a less readily used 

sulfur source (Kiene et al. 2000; Simó 2001). At the shelf stations where nutrient stress is relaxed 

by coastal upwelling and river inputs, the availability of organic carbon is enhanced, thus 

promoting the assimilation of sulfur into bacterial proteins through the MeSH-producing pathway 

(Kiene and Linn 2000; Kiene et al. 2000; Simó 2001; Lizotte et al. 2009; Royer et al. 2010). This 

higher assimilation of reduced sulfur into proteins would, in turn, lead to the lower rate constants 

of bacterial DMSP cleavage in the shelf waters (Fig. 2.9g). On average, we did see a higher average 
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DMSP cleavage rate constant in the further offshore waters over the continental slope, though this 

difference was not statistically significant. In future studies, greater sampling coverage across the 

inshore – offshore nutrient gradient may be required for higher statistical confidence. 

  Relative to DMSP cleavage, it is more difficult to interpret the turnover rate constants of 

DMSO reduction, as there are more uncertainties in these experiments, and more limited 

understanding of the DMSO reduction pathway. As DMSO exhibits high cellular permeability 

(Tanaka et al. 2001; Spiese et al. 2009), isotopically labelled DMSO can be accessed by both 

phytoplankton and bacteria, such that kDMSOred reflects the contribution of both autotrophic and 

heterotrophic microbes. Although several studies have measured species-specific cellular DMSO 

synthesis in phytoplankton (Simó et al. 2000; Hatton and Wilson 2007; Spiese et al. 2009), few 

studies have investigated DMSO reduction by different phytoplankton groups. Nonetheless, this 

activity seems to be broadly distributed across marine phytoplankton, albeit with significant 

differences across even closely related species (Spiese et al. 2009). By comparison with 

phytoplankton, far less information is available on bacterial DMSO reduction and its potential 

drivers (Hatton et al. 2004). Several studies have identified bacterial DMS oxidation to DMSO as 

an important transformation pathway for DMS in surface seawaters (Hatton et al. 2012; Lidbury 

et al. 2016), but, to our knowledge, no study has exclusively investigated bacterial DMSO 

reduction in oxygenated seawaters. Given the limited understanding of bacterial DMSO 

metabolism in the marine sulfur cycle, it remains challenging to interpret the patterns observed in 

kDMSOred between the shelf and slope waters of the study region. As with DMSP cleavage, 

additional measurements across coastal-offshore gradients may provide greater statistical support 

for the apparent trend towards higher DMSO reduction in coastal waters (Fig. 2.9h).  
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2.4.4 Comparison with previous rate measurements and methodological considerations 

2.4.4.1 Comparison with rate measurements in the same area 

A key objective of this study was to directly compare the potential contributions of DMSP 

and DMSO as sources of DMS. On average, we found that the turnover rate constants for net DMS 

production from DMSO reduction were similar with those from dissolved DMSP cleavage in both 

hydrographic regimes (Fig. 2.9g and h; overall mean kDMSOred = 0.079 ± 0.015d-1, overall mean 

kDMSPcleav = 0.084 ± 0.012 d-1, p = 0.5861). After taking into account differences in calculation 

procedures, this observation is similar to that of Herr et al. (2020). As noted in the methods, the 

calculation used by Herr et al. (2019, 2020) and Asher et al. (2017a; b) results in values that are 

~100-fold higher than the approach taken here, which factors in the starting concentration of the 

tracer. After correcting results from Herr et al. (2020), we derive a mean kDMSOred of 0.16 ± 0.02 

d-1 and kDMSPcleav of 0.19 ± 0.03 d-1 during the May/June La Perouse cruise. These values are on 

the same order, though somewhat higher, than the rates we measured. The lower turnover rate 

constants for DMSP cleavage and DMSO reduction we measured could be due to seasonality of 

bacterial processes in the study area. Bacterial biomass in the coastal NE Pacific is typically higher 

in spring than in summer (Sherry et al. 1999), which may contribute to the faster rate constants for 

dissolved DMSP cleavage and DMSO reduction observed in Herr et al. (2020), as the reported rate 

constants are not normalized to bacterial biomass. As our rate measurements (kDMSPcleav and 

kDMSOred) may potentially represent biological conversions by algal processes (discussed in Section 

2.4.4.3), the higher net primary production in May/June, 2017 may also have contributed to the 

greater rate constants (CbPM model, 559 mg C m-2 d-1 in May/June, 2017 vs. 260 mg C m-2 d-1 in 

September, 2019). 
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2.4.4.2 Comparison with other tracer studies 

Our work and that of other recent studies employing the same tracer-based method has 

revealed comparable biological DMS production from both dissolved DMSP cleavage and DMSO 

reduction pathways in different water masses with varying phytoplankton community structure 

(e.g., Asher et al. 2011, 2017b; Herr et al. 2020). In contrast, a recent study by Dixon et al. (2020) 

reported undetectable kDMSOred over much of a seasonal cycle in May to October in temperate 

coastal waters of the N. Atlantic (salinity ~35 psu). Results from radiotracer incubations reported 

by these authors suggested that the majority of DMSOd (> 94%) was respired by the heterotrophic 

community for growth (Tyssebotn et al. 2017; Dixon et al. 2020), resulting in low or undetectable 

rates of DMSO reduction to DMS. In our study, DMSO reduction may have been triggered by 

nutrient stress, as part of a redox-coupled antioxidant cycle that includes DMSP, DMS and DMSO 

(Hatton 2002; Spiese et al. 2009). Going forward, given the sparse but highly variable 

measurements of DMSO reduction, additional studies simultaneously comparing different fates of 

DMSO (DMSO reduction to DMS, DMSO metabolism, DMSO oxidation to DMSO2) are required 

to better constrain spatial and temporal variability in DMSO cycling. 

 

2.4.4.3 Methodological considerations 

The similar rate constants of kDMSOred and kDMSPcleav (e.g., in the present study, and those of 

Asher et al. 2011a; Herr et al. 2020) may be partially due to the nature of uptake of different sulfur 

isotope tracers by phytoplankton and bacteria. DMSP is a zwitterion, which has a positively 

charged dimethyl group and a negatively charged carboxylate group. Membrane transport of such 

charged species requires binding proteins (Yoch et al. 1997). Vila-Costa et al. (2006) investigated 

uptake of radio-labelled DMSP by axenic phytoplankton cultures and natural communities, 
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showing that this compound can be assimilated by phytoplankton. These authors also noted that 

the relative proportion of DMSP assimilation by heterotrophic bacteria and phytoplankton depends 

on light conditions (e.g., greater proportional DMSP uptake by phytoplankton in the light). This 

result suggests that our tracer-based measurements would have reflected contributions of DMSP 

uptake and cleavage by both phytoplankton and bacteria, though the relative contributions of these 

two groups is difficult to determine. In contrast to DMSP, uncharged DMSO molecules have a 

high cellular membrane permeability (Tanaka et al. 2001; Spiese et al. 2009), such that the 

dissolved tracer of DMSO added to the incubation samples was likely accessible by both 

phytoplankton and bacteria. Our measured kDMSOred is thus likely to represent something closer to 

community-wide DMSO reduction.  

It is important to note that we only measured the turnover rate constants (unit: d-1) of sulfur 

transformations in the dissolved pool. To compare the relative contribution of net DMS production 

from DMSPd cleavage and DMSOd reduction, dissolved DMSP and DMSO concentrations are 

needed for the calculation of turnover rates (unit: nM d-1). In our study, we collected unfiltered 

DMS/P/O samples at each incubation station, and used total DMSO concentrations to calculate 

turnover rates of DMSO reduction in the dissolved pool. Given the high cellular membrane 

permeability of DMSO (Tanaka et al. 2001), we assume the total DMSO was accessible to 

microbes (Herr et al. 2020). To estimate turnover rates of DMSP cleavage, we adopted the reported 

ratio of DMSPd and DMSPt (3.64% DMSPd of total DMSP) at inshore stations in our study area 

by Royer et al. (2010), and estimated the DMSPd concentrations for microbial DMSP cleavage 

rates (Table 2.2). This approach provides only a rough approximation, given the potentially 

significant variability in the relative DMSPd : DMSPt ratio (Royer et al. 2010; Asher et al. 2017b),. 

Noting these caveats, we nonetheless estimated average rates of net DMS production from 
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bacterial DMSP cleavage and DMSO reduction as 0.30 ± 0.10 nM d-1 and 0.28 ± 0.06 nM d-1. 

These similar rates of DMSP cleavage and DMSO reduction further suggests that biological 

DMSO reduction may be an important source of net DMS production, particularly in coastal and 

estuarine waters where DMSO reduction turnover may be relatively faster (Fig. 2.9h).  

 

2.4.4.4 DMS budget and mass balance 

Based on our measurements, we constructed an approximate mass balance for net DMS 

production (Table 2.2). Net DMS production rate is directly measured in our experiments, as the 

change of unlabelled DMS concentrations over time (m/z = 63). If we assume: i) tracer DMSP was 

only accessible to the dissolved pool, albeit the potential component of phytoplankton contribution 

discussed above; ii) tracer DMSO was accessible to both phytoplankton and bacteria due to its 

high membrane permeability, the contribution of net DMS production attributable to bacterial 

DMSP cleavage and DMSO reduction is expressed as: 

:#%&'*+,-. × >?@C3 + :#%&12,3 × >?@D6 

Net DMS production by other biological processes is: 

∆FG;	>?@	BIJKLM;NJF = :#%& × >?@ − :#%&'*+,-. × >?@C3 + :#%&12,3 × >?@D6        Eq.3 

where kDMS is rate constant for net DMS production. 

 In our experiments, we found that the proportional contribution of total bacterial DMSP 

cleavage and DMSO reduction rates to net DMS production rates varied from 3.6% to 52% (mean 

18 ± 4 %). This large range likely represents true environmental variability, but may also partially 

reflect uncertainty in the DMSP cleavage term. In particular, it is not clear in our experiments what 

fraction of dissolved vs. particulate DMSP is reflected in our kDMSPcleav measurements. It seems 

likely, however, that the discrepancy between overall net DMS production, and that measured with 
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our tracers is likely due to algal production of DMS from intracellular DMSP cleavage and DMSO 

reduction, in addition to other biological DMS production pathways that were not measured in our 

study (e.g. photo-chemical conversions and zooplankton releases; Kiene and Linn 2000; Stefels et 

al. 2007).  

 

2.4.4.5 Implication of DMSO reduction in contribution to DMS production 

This study, and previous studies which used the same stable isotope tracers to 

simultaneously measure DMS production from DMSP cleavage and DMSO reduction (Asher et 

al. 2011a, 2017a; b; Herr et al. 2019, 2020), have suggested that biological DMSO reduction is an 

important contributor to DMS production. Whereas the rate constants (d-1) for kDMSPcleav and 

kDMSOred were statistically similar in our dataset, the rates (nM d-1) of DMS produced from DMSP 

cleavage and DMSO reduction are largely subject to concentrations of DMSP and DMSO. Total 

DMSP concentrations are typically higher than total DMSO concentrations in surface waters, due 

to higher DMSPp than DMSOp in algal cells, particularly in dinoflagellates and prymnesiophytes 

species (Hatton and Wilson 2007). Therefore, with the comparable rate constants for both 

pathways but significantly higher DMSP concentrations, net DMS gain from DMSP could be 

much more substantial than that from DMSO. However, in areas where DMSO is comparable to 

or higher than DMSP (e.g., oligotrophic tropical ocean by Zindler et al. 2013), biological DMSO 

reduction could be a dominant production pathway. In addition, since DMSO reduction is 

suggested to be a universal activity in marine phytoplankton, while DMSP lyase is only present in 

some species, DMSO reduction could be a major source of DMS production in those species 

lacking DMSP lyase activity (Spiese et al. 2009). Therefore, given the variability of global DMSP 

and DMSO distributions and algal functions (i.e., algal DMSP cleavage and DMSO reduction 
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activities), and the hypothesized antioxidant function of DMSO which may elevate DMS 

production under oxidative stress, it is important to evaluate the relative contributions of DMSP 

and DMSO to net DMS production in different hydrographic domains. 

 

2.4.4.6 Future studies 

In this study, we used a relatively new stable isotope tracer method to quantify DMS 

production from DMSO reduction and DMSP cleavage. These measurements provide only a 

partial understanding of the complex dynamics governing DMS cycling in seawater. In future 

studies, application of the tracer technique may be expanded to extend our understanding of this 

cycle. For example, additional measurements of the isotopically labelled methanethiol (MeSH) 

could be adopted to compare the relative proportion of DMSP consumption through 

demethylation/demethiolation vs. cleavage. In this approach, the appearance of deuterated D3-

MeSH derived from D6-DMSP would represent the demethylation/demethiolation pathway, while 

the appearance of deuterated D6-DMS from D6-DMSP would represent the cleavage pathway. 

Since the generated D6-DMS can be further degraded to D3-MeSH, tracer 13C2-DMS could be 

added to determine MeSH production from DMS degradation. In this experiment, the appearance 

of 13C-MeSH would represent MeSH production from DMS degradation, whereas the difference 

between D3-MeSH and 13C-MeSH could be used to quantify the methanethiol production from the 

demethylation/demethiolation pathway. In this way, turnover of DMSP consumption through the 

demethylation/demethiolation pathway and cleavage pathways could be simultaneously evaluated. 

Our study focused on in-situ biological transformations of DMS/P/O only, however, one 

can also take advantage of the stable isotope tracer method and study turnover of DMS photo-

oxidation in the laboratory. For instance, turnover of DMS photo-oxidation can be examined by 
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conducting incubation experiments with stable isotope tracers in the dark vs. in the light. 

Furthermore, the effect of CDOM concentrations on DMS photolysis can also be determined by 

dark/light experiments. 

 

 

2.5 Conclusion 

This study reports DMS/P/O concentrations and turnover rate constants in the coastal 

subarctic NE Pacific, a global DMS production hotspot. Our results reveal a strong correlation 

between DMS and DMSO concentrations, and comparable turnover rate constants of DMSO 

reduction relative to DMSP cleavage, suggesting DMSO as an important contributor in marine 

DMS production. Our results also showed that distinct hydrographic regimes in slope and shelf 

waters differed significantly in sulfur concentrations, although less significantly in turnover rates 

among DMS/P/O. Greater sampling coverage of distinct hydrographic regimes is suggested to 

evaluate the difference in turnover of DMSP and DMSO in contribution of DMS production. 

Additional field sampling and laboratory-controlled studies are required to determine the physical 

and biological drivers of marine DMS production, and the response of various autotrophic and 

heterotrophic groups to oxidative stressors. In addition, as more recent studies have revealed 

important sulfur metabolites beyond DMS/P/O (e.g. Thume et al. 2018), extended understanding 

of various sulfur transformation pathways is needed for establishment of regional and global 

biogeochemical models.   
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Table 2.1 Summary of Chl a concentrations, total DMS/P/O concentrations and rate constants from 20 incubation stations. Error bars represent one 

standard error. 

 

  

Station 
Chlorophyll 

(ug/L) DMS (nM) DMSPt (nM) DMSO (nM) 
knet DMS change 

(d-1) 
kgross DMS 

consumption (d-1) 
kDMSP cleavage 

(10-2 d-1) 
kDMSO reduction 

(10-2 d-1) 
LB01 3.1 12 117 5.7 - -1.7 ± 0.1 - 10 ± 1 
LB16 0.21 2.9 35 2.7 1.9 ± 0.5 -1.4 ± 0.1 - 4.5 ± 0.0 
LC11 0.14 1.2 33 3.0 1.7 ± 0.7 - 5.6 ± 0.8 1.5 ± 0.4 
LC01 2.3 3.9 119 4.7 3.8 ± 1.3 -1.8 ± 0.1 1.9 ± 0.3 - 
LD01 13 13 423 18 1.8 ± 0.5 -1.4 ± 0.1 10 ± 1 - 
LD11 0.24 1.0 38 2.8 - -2.8 ± 1.0 3.9 ± 0.8 2.5 ± 0.1 
LG09 0.33 0.59 40 2.5 4.0 ± 1.9 - 9.3 ± 0.3 4.4 ± 0.3 
LJ06 0.32 0.94 66 1.9 5.5 ± 1.0 -1.4 17 ± 1 3.5 ± 0.1 
LBP7 0.37 0.73 36 4.0 2.5 ± 0.8 -0.54 8.4 ± 0.5 9.0 ± 0.2 
LBP3 0.50 2.7 48 5.2 2.0 ± 0.5 - 10 ± 1.0 2.0 ± 0.4 
CPE2 - 1.4 81 3.8 2.8 ± 0.7 - 4.5 ± 0.3 11 ± 1.0 
CS00 0.94 0.65 107 2.8 5.3 ± 1.4 - 18 ± 1 13 ± 1 
CS04 1.4 2.1 150 3.8 2.1 ± 0.5 -1.9 ± 0.1 14 ± 2 7.7 ± 0.9 
SS1 0.42 0.77 54 2.9 4.5 ± 0.4 -0.75 10 ± 1 6.5 ± 0.8 
SS5 1.9 2.5 61 3.8 1.3 ± 2.8 -3.7 ± 0.5 8.6 ± 2.4 29 ± 2 

CPE1 4.0 4.7 115 7.2 0.96 -1.2 ± 0.2 7.3 ± 0.8 4.1 ± 0.3 
stn14 3.3 2.0 55 3.7 2.0 ± 0.2 -0.76 7.7 ± 1.0 11 ± 1 
stn12 1.1 0.17 36 1.6 1.7 ± 0.3 -1.7 3.0 ± 0.3 7.0 ± 0.3 
stn22 2.1 4.2 27 4.4 2.1 ± 0.7 1.7 2.3 ± 0.6 6.6 ± 1.1 
CPF2 0.98 0.32 16 1.5 2.4 -1.9 - 9.1 ± 0.4 
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Table 2.2 Estimated DMS budget from biological production/consumption rates. Rates for DMSPd cleavage are calculated by estimating DMSPd : DMSPt 

= 3.64% from Royer et al., (2010). Error bars represent one standard error. 

 

Station 
DMSPdcleav 

(nM d-1) 
DMSOred 
(nM d-1) 

net DMS prod. 
(nM d-1) 

(DMSPcleav+DMSOred)/
net DMS prod. 

(%) 
Δnet DMS prod. 

(nM d-1) 
LB01 - 0.60 - - - 
LB16 - 0.12 5.6 - - 
LC11 0.067 0.046 2.1 5.4 2.0 
LC01 0.082 - 15 - - 
LD01 1.58 - 23 - - 
LD11 0.054 0.069 - - - 
LG09 0.13 0.11 2.4 10 2.1 
LJ06 0.40 0.066 5.1 9.3 4.6 
LBP7 0.11 0.36 1.7 27 1.3 
LBP3 0.18 0.10 5.3 5.3 5.0 
CPE2 0.13 0.41 3.9 14 3.3 
CS00 0.71 0.36 3.4 31 2.4 
CS04 0.76 0.29 4.4 24 3.3 
SS1 0.21 0.19 3.5 11 3.1 
SS5 0.19 1.1 3.3 40 2.0 

CPE1 0.31 0.29 4.5 13 3.9 
stn14 0.15 0.41 4.1 14 3.5 
stn12 0.039 0.11 0.29 52 0.14 
stn22 0.023 0.29 8.8 3.6 8.5 
CPF2 - 0.14 0.75 - - 

Average 0.30 ± 0.10 0.28 ± 0.06 5.4 ± 1.3 18 ± 4 3.2 ± 0.5 
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* DMSPdcleav indicates rates of net DMS production from DMSPd cleavage. DMSOred indicates rates of net DMS production from DMSO reduction. Net DMS 

prod. indicates net DMS production rates. (DMSPcleav+DMSOred)/net DMS prod. indicates percentage of our measured bacterial DMSP cleavage and DMSO 

reduction in contribution to net DMS production rates. Δnet DMS prod. indicates the missing net DMS production rates in the DMS budget. 
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Figure 2.1 Ship track (black lines) and location of tracer experiments (white circles) from La Perouse cruise in 

September, 2019. WCVI, QCS and SoG denote West Coast of Vancouver Island, Queen Charlotte Sound and 

Strait of Georgia, respectively. Colormap represents bathymetry. The light grey solid line represents the 200m 

isobath. 
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Figure 2.2 Distributions of (a) sea surface temperature (SST); (b) salinity; (c) mixed layer depths (MLD); and relative abundance of diatoms (d), 

dinoflagellates (e), and prymnesiophytes (f) derived from HPLC-based pigment analysis during the September, 2019 cruise. Grey solid lines represent the 

200 m isobath. 
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Figure 2.3 Comparison of discrete in-situ Chl a measurements (colored dots) and satellite-based Chl a 

measurements (background color) derived from the 8-day MODIS-Aqua satellite averaged from Aug 21-Sep 

13, 2019. Colorbar scale is logarithmic. The grey solid line represents the 200 m isobath. The figure 

demonstrated good coherence between satellite and discrete Chl a data. 
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Figure 2.4 Concentrations of surface water (a) DMS, (b) DMSP and (c) DMSO around Vancouver Island in 

September, 2019. Round scatter points (●) are underway measurements from the automated OSSCAR system; 

diamond scatter points (♦) are discrete samples analyzed in the laboratory. Measurements for DMSP and 

DMSO are not available from the early cruise samples due to instrument problems. 
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Figure 2.5 Linear relationship between DMS and DMSO concentrations around Vancouver Island during 

September, 2019. The black dashed line represents a linear fit to the data (["#$%!] = (. *+ × ["#$] +

(. ./, 1 = (. 23, 4 ≪ (. ((3). The dashed-dot line indicates the linear fit to the May, 2017 data obtained by 

Herr et al. (2020) ( ["#$%!] = (. /+ × ["#$] + (. *., 1 = (. .., 4 ≪ (. ((3 ), and the black dotted line 

indicates a 1:1 relationship. 
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Figure 2.6 Rate measurements of (a) net DMS change, (b) gross DMS consumption, (c) DMS production from 

DMSP cleavage, and (d) DMS production from DMSO reduction. Rate constants below detection limit are 

shown as hollow symbols (♢). The grey solid line in each panel represents the 200 m isobath. 
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Figure 2.7 Ship-track distribution of (a) DMS/P/O concentrations; (b) sea surface salinity, temperature and discrete Chl a samples; (c) relative abundance 

of diatoms, dinoflagellates and haptophytes; and (d) turnover rate constants of DMSP cleavage and DMSO reduction. Note that the rate constant for 

DMSO reduction at station SS5 (k = 0.29 ± 0.02 d-1) exceeds the y-scale, and is not plotted. Grey patches indicate the QCS region. Error bars represent 

one standard error. 
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Figure 2.8 (a): Results from PCA and k-mean clustering analysis using Chl a, NO3, PO4, Si, salinity, temperature, density, MLD and relative abundance 

of different phytoplankton groups as input variables. The first two PC axes explain 67% of total variance of the dataset. Diamonds and circles represent 

two clustering (k = 2) groups; white diamond symbols in dark blue represent slope stations, and black round symbols in light blue represent on-shelf 

stations. (b): Locations of discrete incubation stations superimposed on the sea surface height anomaly derived from remote sensing observations. Grey 

solid line represents the 200 m isobath.  
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Figure 2.9 Comparison of various environmental variables, sulfur concentrations and rate constants between 

the slope and on-shelf stations. Variables with statistical differences between the two sets of stations are marked 

with a red asterisk. Error bars indicate one standard error.  
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Chapter 3: Conclusion 

 

The main objective of this thesis was to further understand the factors driving variability 

in the concentrations and turnover rates of DMS, DMSP and DMSO in the coastal NESAP. In 

Chapter 2, I used an autonomous underway system developed by the Tortell group to measure 

distributions of surface DMS, DMSP and DMSO concentrations at high resolution. I also 

conducted rate measurements using a stable isotope tracer method to examine production and 

removal pathways of DMS. In the Appendices, I present supplementary materials from laboratory 

tests. Several DMSP preservation methods were investigated and optimized prior to our sampling 

mission in 2019 (Appendix A). Due to deficiency of DMSO reductase used for DMSO analysis, a 

TiCl3 reduction method was also evaluated in the laboratory, and a detailed protocol is presented 

in Appendix B. 

 

3.1 Major findings 

In Chapter 2, high resolution DMS/P/O data further confirm the coastal subarctic NE 

Pacific as a global DMS hotspot. Concentration data show a tight coupling between DMS and 

DMSO, as previously observed, however, the DMSO:DMS ratio I observed was lower than earlier 

measurements. This result suggests that DMSO concentrations may be affected by several 

environmental factors, including light intensity, CDOM concentrations, and biological DMS 

oxidation. I also demonstrated comparable DMSO reduction rate constants in relative to DMSP 

cleavage rate constants in our study area, suggesting that DMSO may act as an important DMS 

precursor in addition to DMSP. Lastly, I applied statistical methods including PCA and k-mean 

clustering analysis to identify two hydrographic regimes (continental slope and shelf waters) in 
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my study area with distinct features of phytoplankton community structure, nutrient cycling and 

DMS/P/O concentrations but similar sulfur turnover rates. My results suggest that rate constants 

for net DMS production from DMSP cleavage and DMSO reduction were similar between the two 

hydrographically distinct regimes. Albeit the less statistically significant difference, the average 

kDMSPcleav was higher in shelf waters, which could be explained by the higher bacterial carbon and 

sulfur demand in the more productive shelf waters. On the other hand, it is challenging to interpret 

the patterns observed in kDMSOred between the two domains, given the sparse studies on biological 

DMSO reduction.  

 

3.2 Limitations and future outlook 

Due to limited ancillary measurements, it is challenging for us to further interpret the 

results from turnover rate measurements and to draw broader biogeochemical conclusions. Future 

work should combine additional ancillary measurements to address remaining gaps in our 

understanding of the marine sulfur cycle. For instance, parallel measurements using a fast 

repetition rate fluorometer (FRRF) to measure the photosynthetic efficiency of photosystem II 

(Fv/Fm) and non-photochemical quenching (NPQ) could be adopted. The measurements of Fv/Fm 

and NPQ indicate oxidative stress experienced by phytoplankton cells, providing information 

about antioxidant function of cellular DMSO. On the DMSP side, further ancillary measurements 

on heterotrophic community are needed, such as bacterial productivity, bacterial abundance, and 

bacterial sulfur assimilation efficiency, as DMSP is an important food source for microbial 

community.  

To my knowledge, only five studies have simultaneously compared biological DMSP 

cleavage and DMSO reduction in-situ (Asher et al. 2011a, 2017a; b; Dixon et al. 2020; Herr et al. 
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2020). Research attention has largely focused on marine DMS production by algal and bacterial 

DMSP cleavage and relevant driving factors. However, as more recent studies have revealed 

comparable DMS production pathway from DMSO reduction, it is suggested that biological 

DMSO reduction may serve as an important source of marine DMS. More intensive field sampling 

of DMSO distribution and cycling are needed, extending the spatial and temporal coverage of 

DMSO measurements in the global dataset. Laboratory-controlled experiments are also needed to 

evaluate the antioxidant function of DMSO, examining the response of DMSO reduction to various 

oxidative stressors (e.g., UV, Fe, Cu, macronutrients) in bacterial and phytoplankton cultures. It is 

also important to identify the difference of kDMSOred between autotrophic and heterotrophic 

communities. Finally, understanding of marine sulfur cycle can also incorporate other organosulfur 

compounds, such as DMSOP, DMSO2, MeSH, extending our existing knowledge of marine sulfur 

cycle.  
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Appendices 

 

The appendices below describe several laboratory tests I have performed for method 

optimization (Appendices A and B). Appendix C presents supplementary materials for the main 

body of this thesis. 

 

DMSP preservation  

In preparation for a sampling cruise in September, 2019, a series of DMSP preservation 

tests were conducted to examine the most suitable preservation method for unfiltered DMSP 

seawater samples. The most common preservation method of DMSP is acidification (Curran et al. 

1998). However, del Valle et al. (2011) suggested a substantial loss of DMSP in the colonial 

Phaeocystis seawater samples by acid preservation, which was not detected in other waters with 

minor Phaeocystis components. Since Phaeocystis is not abundant in the coastal waters around 

Vancouver Island (Harrison et al. 1983; Hobson and McQuoid 1997; Harris et al. 2009), I 

compared the conventional acidification method with the microwave method suggested by Kinsey 

and Kieber (2016), and optimized the amount of acid used for preservation to reduce hazardous 

waste. Seawater samples were collected at Wreck Beach and Kitslano Beach, Vancouver. 

Preserved and controlled samples were analyzed in the laboratory upon sample collection at T0 

(day 0), and analyzed over the course of storage to compare the concentration change.  

Results from these experiments show that both acidification and microwave methods 

successfully preserve DMSP samples for at least 1-2 weeks. Results also suggest that addition of 

100 µL of 50% H2SO4 per every ~10 mL seawater sample is sufficient for preservation purpose. 

Since microwaving DMSP samples onboard is time-consuming and difficult to perform, we 



70 

 

adopted the acidification method. This method is also adopted in the following Saanich sampling 

cruises and other DMSP samples. The sub-appendices below show raw results and notes from 

three DMSP preservation experiments. Statistical tests were used to compare the means of non-

normally distributed groups, and an α-value of 0.05 was used as a measure of statistical 

significance. 

 

A.1 Optimal amount of acid used for preservation 

Replicates of small volume seawater samples (n = 5; volume ~ 10 mL) were collected on 

May 16, 2019 at Wreck Beach, Vancouver. Samples were preserved with addition of 100 µL, 200 

µL and 300 µL of 50% H2SO4, and stored in the dark at a 4°C fridge for 4 weeks. Due to 

experimental problems, concentrations of unpreserved DMSP samples at T0 were missing, and 

thus the concentration change between T0 and the last time point cannot be compared. However, 

pH of the DMSP samples acidified by various amounts of H2SO4 was measured, and it remained 

<1 throughout the storage period for all acidified samples. A Mann-Whitney U test was done to 

compare the concentration means of three non-parametric groups (100 µL, 200 µL and 300 µL) 

after 4 weeks of storage. There was no statistical difference among the three treatments (p = 0.934). 

Therefore, acidification using 100 µL of 50% H2SO4 per 10 mL seawater is adopted for DMSP 

acidification to minimize hazardous waste. 

 

A.2 Acidification method 

Triplicates of small volume seawater samples (volume ~ 10 mL) were collected on May 

23, 2019 at Kitslano Beach, Vancouver. Samples were preserved with addition of 100 µL of 50% 

H2SO4, and stored in the dark at a 4°C fridge. Results show that when analyzed immediately upon 
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sample collection, a pre-sparge step for removal of endogenous DMS is necessary. A Mann-

Whitney Test (SPSS Software Inc.) was performed to evaluate statistical difference between the 

means of two non-parametric groups. Statistical results show that there is no significant difference 

between acidified samples with and without pre-sparge (p = 0.513). No statistical difference was 

also found between the untreated T0 and acidified T3 without pre-sparge step (p = 0.513). 

Therefore, it is suggested that a pre-sparge step prior to sample analysis is not necessary after two 

weeks of storage time. 

 

Figure A.2.1 Comparison of acidification method with and without pre-sparge. Error bars 

represent standard deviations. 
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A.3 Microwave method 

Replicates of small volume seawater samples (n = 5; volume ~ 10 mL) were collected on 

June 4, 2019 at Kitslano Beach, Vancouver. Following the preservation method described in 

Kinsey and Kieber (2016), samples were preserved by microwaving them to boiling, cooled down 

to room temperature, and stored in the dark at a 4°C fridge. Similar to the acidification method, 

after serval days of storage, a pre-sparge step prior to DMSP analysis to remove endogenous DMS 

is unnecessary as there is no statistical difference between the two groups at day 7 (p = 0.917). No 

statistical difference was also found between the untreated T0 and microwaved T3 without pre-

sparge step (p = 0.251). 

 

Figure A.3.1 Comparison of microwave method with and without pre-sparge. Error bars represent 

standard deviations. 
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Protocol of DMSO analysis by TiCl3 

Due to deficiency of DMSO reductase for the DMSO reduction method, we adopted the 

TiCl3 reduction method described in Kiene and Gerard (1994) to analyze the discrete unfiltered 

DMSO samples collected during the 2019 La Perouse cruise. Below is a detailed protocol of TiCl3 

reduction adopted from Kiene and Gerard (1994) and Deschaseaux et al. (2014). 

 

B.1 Preparation of glassware prior to analysis 

Prepare 10% HCl in fume hood at least one day prior to analysis. In the fume hood, slowly 

add 216 mL of 37% w/w HCl into ~800mL of Milli Q water using a glass funnel. Place the 10% 

HCl on a stir plate overnight. 

Soak the glassware with 10% HCl for at least an hour to remove any dissolved DMSO or 

DMS in the glass, then rinse with Milli Q water. Bake the glassware at >100 °C for at least an hour. 

When baking is done, cover the hot glassware with aluminum foil and leave them in the fume hood 

until it is cooled to room temperature. 

While the glassware is in oven, turn on water bath and set temperature to 50 °C, and thaw 

DMSO samples at room temperature in the dark. Sparge a small amount of TiCl3 solution needed 

for analysis with N2 for at least an hour. Note that sufficient sparging of TiCl3 is particularly 

important to remove any endogenous DMS in the solution and minimize blanks. If possible, sparge 

TiCl3 for two hours before use. An additional step can also be done to check if sparging is sufficient. 

Add 5 mL of Milli Q and 1 mL of TiCl3, and analyze the sample for DMS concentrations. If DMS 

is detectable in the sample, a longer period of sparging is needed. When the reagents are clean, 

prepare a 10 nM DMSO standard solution for calibration. 
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B.2 Experimental procedures of DMSO reduction by TiCl3 

After DMSO samples are thawed to room temperature, sparge them with N2 to remove any 

endogenous DMS in the samples. To prepare blanks, add 5 mL of Milli Q water and 1 mL of TiCl3. 

For DMSO samples, add 5 mL of pre-sparged seawater samples or DMSO standard and 1 mL of 

TiCl3. Seal the vials with aluminum cap and gently mix the vials. Put them in water bath at 50 °C 

for one hour. 

An hour later, remove the samples from water bath and cool to room temperature. Analyze 

the samples for DMS (see methods in Chapter 2). In our method, it is not necessary to make the 

samples basic prior to analysis, as previously suggested by Kiene and Gerard (1994). When the 

analysis is complete, dispose the Ti-contaminated waste in a designated container in the fume hood.  
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Supplementary materials for Chapter 2 

Below are supplementary figures, tables, and notes used in Chapter 2. 

 

C.1 Calculation of turnover rate constants for net DMS production from DMSP cleavage 

and DMSO reduction 

For the first-order reaction of DMSP cleavage: 

 

!"#$ → !"# + '()*+',- 

Reaction rate is defined as: 

)',- = −0[!"#$]0, = 0[!"#]
0, = 3![!"#$] 

where 3! is the rate constant for DMSP consumption (sum of all DMSP consumption pathways 

including assimilation to particulate, demethiolation/demethylation pathway and DMSP 

cleavage). 

 

Therefore, 3! can be derived by the change of natural logarithm of DMSP concentrations over 

time: 

ln[!"#$]" − ln[!"#$]# =− 3!, 

or, 

ln[!"#$]" − ln[!"#$]#
, = −3! 

where [!"#$]" and [!"#$]# are DMSP concentrations at time t and t = 0. 

 

Similarly, rate constant for net DMS production from DMSP cleavage (3$) can be derived by: 
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ln{[!"#$]# − ([!"#]" − [!"#]#)} − ln[!"#$]# =− 3$, 

or, 

 

ln{[!"#$]# − ([!"#]" − [!"#]#)} − ln[!"#$]#
, = −3$ 

where [!"#]" and [!"#]# are DMS concentration produced from DMSP cleavage at time t and 

t = 0. The rate constant calculated in this way represents DMSP change due to DMS production 

from DMSP cleavage, and the resulting DMS may be consumed simultaneously, thus it 

represents net DMS production from DMSP cleavage. 

 

Therefore, for the stope isotope tracer experiments, rate constant for net DMS production from 

DMSP cleavage can be obtained from: 

 

ln([!% − !"#$]# − ∆[!% − !"#]") − ln[!% − !"#$]#
, = −3&'()*+,-. 

 

where [!% − !"#$]# is the starting concentration of tracer D6-DMSP, and ∆[!% − !"#]" is the 

concentration change of D6-DMS between t and t = 0. 

 

Similarly, rate constant for net DMS production from DMSO reduction can be obtained from: 

 

ln([!% − 13=$ − !"#>]# − ∆[!% − 3=$ − !"#]") − ln[!% − 3=$ − !"#>]#
, = −3&'(/0,1 
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where [!% − 13=$ − !"#>]# is the starting concentration of tracer D6-13C2-DMSO, and 

∆[!% − 13=$ − !"#]" is the concentration change of D6-13C2-DMS between t and t = 0. 

 

 
 

C.2 Statistical assessment of turnover rate constants 

Isotope tracer experiments were conducted in triplicate incubation bags, with turnover rate 

constants for tracers in each bag computed individually, and averaged to obtain a mean value. 

Following Asher et al. (2017a; b) and Herr et al. (2020), tracer time-course data with r2 > 0.5 were 

considered to represent statistically-significant linear regressions, while data with r2 < 0.04 were 

considered to have rate constants below detection limit (or no net change as a result of various 

competing pathways). For those experiments with 0.04 < r2 < 0.5, Cook’s Distance was computed 

to detect potential outliers and estimate the influence of individual data points on the linear 

regression. From this analysis, we removed the one point with greatest Cook’s Distance to improve 

the correlation coefficients (r). The tracer dataset was considered unusable if the removal of this 

outlier did not improve the correlation coefficient (r2 still below 0.5). Otherwise, turnover rate 

constants were re-calculated after removing the outlier point. Fig. C2.1 illustrates an example of 

this approach.  
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Figure C.2.1 Example of outlier removal based on the determination of the Cook’s Distance 

metric. Panels (a-c) show the raw data of natural DMS evolution (m/z = 63) over the course of 

incubation at station 12. Bag 1 shows a high initial data point for the measured sample (T0), which 

results in a low r value. Bag 2 has the lowest r value (r = 0.28, r2 = 0.056) and a slope close to zero. 

Bag 3 has r2 > 0.5 so the rate constant derived from this bag is accepted. Panels (d-f) illustrate the 

influence of removing one outlier on the slopes and correlation coefficients. After removing the 

first data point from bag 1 (panel d), the r value is significantly improved, and the revised rate 

constant derived from this bag is used. For bag 2, removing the outlier point with the greatest 

Cook’s distance does not improve the r2 value to reach the threshold (r2 = 0.5), so the rate constant 

derived from bag 2 is not used in our analysis. Averaging slopes from bag 1 and 3 yields a mean 

rate constant of 2.09 ± 0.68 d-1 for net DMS change at station 22. 
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C.3 Supplementary figures for discussion 

 

Figure C.3.1 Monthly-average distribution of photosynthetically active radiation (PAR) derived 

from the MODIS-Aqua satellite product with 4 km resolution in (a): May 2017; (b): September 

2019. Black lines are cruise track in the 2019 September cruise. White dotted boxes indicate 

selected areas for estimating average PAR. The difference between the two years results from 

greater cloud cover in 2019, and the lower PAR levels may have acted to decrease DMS photo-

oxidation rates. 



80 

 

 

Figure C.3.2 Monthly-average distribution of absorbance due to gelbstof and detritus at 443 nm 

derived from the MODIS-Aqua satellite product with 4 km resolution in (a): May 2017; (b): 

September 2019. Black lines are cruise track in the 2019 September cruise. White dotted boxes 

indicate selected areas for estimating average PAR. The average absorbance in May, 2017 is 0.067 

m-1 and average absorbance in September, 2019 is 0.036 m-1. 
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Figure C.3.3 Raw data of turnover rate measurements of DMS oxidation from station CS00, SS1 

and SS5. Measurements represent the disappearance of D3-DMS due to DMS oxidation to DMSO. 

 

 


