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Abstract

Dimethylsulfide (DMS) is a climatically active trace gas promoting cloud formation. The biochemical precur-
sor of DMS, dimethylsulfoniopropionate (DMSP), is a phytoplankton metabolite and a source of reduced sulfur
for many microbial species. Because of the complex interactions between their many producers and consumers,
the dynamics of DMSP and DMS in the ocean are still poorly constrained. In this study we measure particulate
DMSP, dissolved DMSP (DMSP4), and DMS concentrations in seven mesocosms where two consecutive phyto-
plankton blooms (first, pico- and nano-algae; second, Emiliania huxleyi) were induced by nutrient addition, and
we build a mechanistic numerical model to identify the sources and sinks that best account for the observations.
The mesocosms were designed as replicates but differ from each other by their E. huxleyi virus abundance due to
stochastic differences in initial conditions. The model shows that heterotrophic bacteria cannot be the only
consumers of DMSPy. A fraction of dissolved DMSP4 must be consumed by phytoplankton to avoid excessive
DMSPy accumulation during the first bloom. The induced blooms increase DMS concentration by 220% on
average, until an increase in the abundance of DMS-consuming bacteria brings DMS concentration back to its
pre-bloom value, after 3 weeks of experiment. Therefore phytoplankton blooms can increase DMS emission to
the atmosphere, but only during a transient regime of a few weeks. The model also shows that the DMS yield,
production and emission are increased when the coccolithophore bloom is terminated by a viral infection,
but decreased if the infection occurs several days before the bloom can reach its maximum.
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Dimethylsulfide (DMS) is a climatically active trace gas that
is found in the sunlit layer all over the world’s ocean. Esti-
mates of oceanic DMS emission to the atmosphere range from
17.6 to 34.4 Tg S yr! (Kettle and Andreae 2000; Lana
et al. 2011), with an average estimate of 27 Tg S yr—! (Hulswar
et al. 2022). DMS emission and oxidation contribute to non-
sea-salt sulfate and methanesulfonate production, and cloud
condensation nuclei (CCN) formation (Charlson et al. 1987;
Kulmala et al. 2014; Veres et al. 2020). The amount of atmo-
spheric CCN impacts cloud albedo and therefore the Earth
radiative budget (Twomey 1974). In this regard, a negative
feedback between DMS production and Earth albedo has been
postulated (Charlson et al. 1987), although this hypothesis is
still debated to this day (Quinn and Bates 2011; Bréviere
et al. 2015; Wang et al. 2018).
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The biochemical precursor of DMS, dimethylsulfoniopro-
pionate (DMSP), is an important phytoplankton metabolite
that plays a central role in the marine sulfur cycle. For
instance, DMSP is a major source of sulfur for bacteria (Kiene
et al. 1999). Although DMSP concentration in seawater is 6-7
orders of magnitude lower than that of sulfate, DMSP is taken
up in preference to sulfate because it is already reduced and
therefore requires less energy for incorporation into proteins.
DMSP is of particular importance for the ubiquitous clade
SARI11 that does not have the genes to reduce inorganic
sulfate (Tripp et al. 2008). Various studies identified DMSP
either as an attractant across trophic levels of the planktonic
food web (Miller et al. 2004; Seymour et al. 2010; Breckels
et al. 2011) or on the contrary as a chemical defense deterring
grazers (Wolfe et al. 1997; Strom et al. 2003). Among several
known functions, DMSP has antioxidant properties (Sunda
et al. 2002) and serves as an osmolyte in phytoplankton
(Stefels 2000).

Intracellular DMSP, also called particulate DMSP (DMSP,,),
is produced mainly by eukaryotic phytoplankton and released
to the water as dissolved DMSP (DMSP4) by cell death, includ-
ing grazing by zooplankton and viral lysis. Living cells can
also exude DMSP as an overflow mechanism for excess
reduced sulfur or energy (Stefels 2000). The main sinks of
DMSPy are consumption by bacteria (Kiene et al. 1999; Sim6
et al. 2009) and phytoplankton (Vila-Costa et al. 2006a),
including by some phytoplankton species that can produce
their own DMSP (Spielmeyer et al. 2011). The majority of
DMSP, usually around 90%, is consumed through the demeth-
ylation pathway, which allows for the incorporation of sulfur
into methionine and does not produce DMS (Kiene and
Linn 2000a; Moran et al. 2012; Gali and Sim6 2015).

The remaining fraction of DMSP is cleaved into DMS and
acrylate by enzymes collectively known as DMSP-lyases. Two
types of organisms can cleave DMSP. Some eukaryotic phyto-
plankton species, like many haptophytes and dinoflagellates
(Keller 1989; Alcolombri et al. 2015), possess DMSP lyases and
can use them to produce DMS and remove excess carbon or
scavenge harmful oxygen radicals (Vairavamurthy et al. 1985;
Sunda et al. 2002; Stefels et al. 2007). Some DMSP-consuming
bacteria also have DMSP-lyases and therefore cleave DMSP
into DMS. Overall however, bacterial communities cleave only
a fraction of the dissolved DMSP they consume into DMS,
usually around 10% (Kiene and Linn 2000b). Bacterial DMSP
cleavage is the main DMS source when the DMSP producers
do not have DMSP lyase.

DMS is removed by both biotic and abiotic sinks. Some spe-
cialized bacteria, like Methylophaga, can consume DMS as their
sole carbon source (Vila-Costa et al. 2006b; Schifer 2007). A
more common DMS degradation pathway in bacteria such as
Roseobacter and the widespread SARI1 is DMS oxidation to
dimethylsulfoxide (DMSO) for energy gain in the presence of
other carbon sources (Chen et al. 2011; Green et al. 2011;
Hatton et al. 2012). In the uppermost, UV-exposed water
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layer, DMS is degraded by photolysis (Toole et al. 2003; Gali
et al. 2016). Finally, as a volatile, DMS is emitted to the atmo-
sphere at a rate depending on wind speed, temperature, and
DMS concentration (Kettle and Andreae 2000). Overall, DMS
emission is a small sink, accounting for less than 10% of
global DMS losses (Kloster et al. 2006; Gali and Simé 2015).

All the aforementioned sources and sinks are extremely var-
iable in space and time, making any prediction of their
response to future environmental changes challenging. The
fluxes are affected by environmental parameters such as tem-
perature, nutrient supply, and solar irradiance, both directly
and through their impact on plankton community composi-
tion and ecophysiology. DMSP production varies by several
orders of magnitude across phytoplankton taxa. For instance,
haptophytes and dinoflagellates contain on average 10-30
times more DMSP per unit of biomass than diatoms, exclud-
ing the diatoms living in sea ice, whereas most cyanobacteria
do not produce DMSP (Stefels et al. 2007). A large variability
also exists within each group. In some phytoplankton species,
high exposure to UV radiation (Archer et al. 2010) or low
nutrient concentration (Bucciarelli and Sunda 2003; Harada
et al. 2009; McParland and Levine 2019) has been shown to
increase DMSP or DMS production. Both DMS producers and
DMS consumers represent a variable minority fraction of het-
erotrophic bacteria. Therefore changes in the phytoplankton
and heterotrophic bacteria community composition may have
a larger impact on the production and consumption of DMSP
and DMS than bulk biomass or primary production, with
potential feedback on the food web and global climate.

The variability in the cycle of dimethylated sulfur com-
pounds can be assessed through observations. Particulate and
dissolved DMSP (Gali et al. 2015) and dissolved DMS (Hulswar
et al. 2022) concentrations have been measured in situ at thou-
sands of different locations of the surface ocean. The residence
times and the relative contributions of each flux are more chal-
lenging to estimate and cannot be directly deduced from the
concentrations. Indeed, a given concentration of DMS can be
explained by a fast production and a fast removal, whereby the
average residence time of a DMS molecule can be as short as a
few hours, or by a slow production and a slow removal, with
residence times of several days (Kiene and Linn 2000b). One
way to estimate fluxes is to label DMS or DMSP with stable (e.
g., 2H or 13C) or radioactive (e.g., 3°S) isotopes and track how
these signature isotopes are transferred to other molecules
over time (Kiene and Linn 2000a; Asher et al. 2011).

Mechanistic numerical modeling is another tool to estimate
the fluxes that are not directly measured or sparsely so. Models
transform the knowledge we have on processes into differential
equations that can be solved by a computer. However, as our
prior knowledge is incomplete, several sets of equations are pos-
sible. In addition, equations depend on parameters, some of
which are poorly constrained. Yet, within the realistic range,
some equations and parameter values account better than
others for the observations, in our case the measured DMSP
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and DMS concentrations, providing invaluable insight into the
general rules controlling ecosystems.

In most global biogeochemistry models, like those used in
coupled model intercomparison project exercises (Bock
et al. 2021), DMS concentration is either a diagnostic function
of chlorophyll, mixed layer depth, light or nutrients; or a tracer
directly produced from DMSP, by cell death and exudation.
The dynamic model of oceanic sulfur (DMOS), developed in
2008 and dedicated to the cycle of organic sulfur in the Sar-
gasso Sea (Vallina et al. 2008), is more comprehensive and
reproduces the variations in DMSP,, DMSPq, and DMS con-
centrations over a year. DMOS resolved the role of seasonally
varying abiotic factors, such as temperature, irradiance, and
vertical mixing. In particular, Vallina et al. (2008) showed that
the large DMS concentrations observed in summer could not
be explained without allowing phytoplankton cells to leak
DMS at high solar irradiance.

However, the aforementioned models only account for sea-
sonal cycles and were not designed to explain how environ-
mental factors changing at the timescale of a few days impact
the fluxes of DMSP and DMS. During a phytoplankton bloom,
temperature and day length are almost constant but nutrient
concentrations and biotic factors, such as plankton biomass
and species composition, vary rapidly (Levasseur et al. 2006).
Measuring DMSP and DMS concentrations during a phyto-
plankton bloom is therefore ideal to discriminate the contri-
bution of different species or different processes that would
otherwise be difficult to separate, such as DMSP uptake by
phytoplankton and DMSP uptake by heterotrophic bacteria.

In this work, we present new observations of DMSP and DMS
concentrations and a new model to explain the sources and sinks
of these two molecules. The model we built, called DMOS-Bloom,
is a modified version of the DMOS model designed to reproduce
DMSP;,, DMSPy, and DMS concentrations during phytoplank-
ton blooms. The data used to validate DMOS-Bloom were
measured in a fjord and in seven mesocosms filled with fjord
water and artificially enriched in nutrients. The mesocosms
started from identical initial compositions but spontaneously
diverged, most notably in the degree of viral infection of the
main bloomer, the coccolithophore Emiliania huxleyi. With
DMOS-Bloom, we investigate whether a model based on the
current knowledge of dimethylated sulfur compounds cycling
can reproduce the observed differences induced by nutrient
concentration, taxonomic composition, and viral infection,
and what the relative contribution of each source and sink
is. The comparison of model and observations provides new
insight into the impact of artificially induced phytoplankton
blooms on DMS emission.

Materials and methods

Mesocosm experiments
All observations presented in this article come from an
induced phytoplankton bloom experiment carried out between
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the 23 May 2018 (day —1) and the 16 June 2018 (day 23) in
Raunefjorden at the Marine Biological Station Espegrend
(60°16'11N; 5°13'07E) in southern Norway (Kuhlisch et al. 2021;
Vincent et al. 2023). On day —1, seven light-transparent 4-m-
deep enclosure bags were filled with nonfiltered surrounding
fjord water and continuously mixed by air bubbling (from day
0 onward). On days 0-5 and 14-17, each bag was supplemented
with nutrients (NaNO3; and KH;PO4) at a nitrogen-to-phospho-
rus ratio of 16:1 (so that NO3 concentration is increased by
1.6 uM per day and POy is increased by 0.1 uM per day),
whereas on days 6, 7, and 13, only nitrogen was added
(Vincent et al. 2023). Water samples were collected daily
(07:00h) from each bag and from the surrounding fjord,
which served as an environmental reference.

Nutrient concentrations and plankton abundances from
each bag (Supplementary Figs. S1, S2) were measured by
Vincent et al. (2023). In each bag, the phytoplankton commu-
nity responded to nutrient addition (Supplementary Fig. S1a)
with an increase in chlorophyll concentration compared to
the surrounding fjord, and two consecutive phytoplankton
blooms (Supplementary Fig. S1b) occurred. The first bloom,
with a chlorophyll maximum on day 8 or 9 depending on the
bag, was a bloom of a mixed algal community consisting
mainly of picoeukaryote and nanoeukaryote (Supplementary
Fig. S1c,d). The second bloom, with a chlorophyll maximum
around day 18, was dominated by the coccolithophore
E. huxleyi (Supplementary Fig. Sle).

Very similar dynamics were observed in bags 1, 2, 3, 5, and
6. In the validation process of DMOS-Bloom, we will treat
them as replicates of the same experiment and compare their
averaged results to a model simulation where the non-grazing
mortality rate is constant and low. By contrast, bags 4 and
7 differed substantially from the other bags and from each
other during the second half of the experiment. By far, they
had the two largest abundances of E. huxleyi viruses, measured
by quantitative polymerase chain reaction (Supplementary
Fig. S1g); and the two largest proportions of infected E. huxleyi
cells, measured by single-molecule fluorescence in situ hybrid-
ization (Supplementary Fig. S1h). Therefore bags 4 and 7 will
be treated separately and compared with model simulations
where the mortality rate of E. huxleyi is increased in order to
account for the key role of viral lysis in the termination of the
coccolithophore bloom.

DMSP and DMS measurements

DMS and DMSP were analyzed using a purge-and-trap sys-
tem coupled to sulfur-specific gas chromatography (Shimadzu
GC14A) with flame photometric detection. For DMS analysis
immediately after sample collection, seawater aliquots of 2—
SmL were gently passed through a syringe filter (GEF/F,
Whatman) and immediately sparged in a crimp glass vial for
3-5 min with 40 mL min ! of high-purity helium (He). Vola-
tiles were trapped in a 1/8” Teflon tube loop submerged in lig-
uid nitrogen, from where they were revolatilized by dipping
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the loop in water at room temperature. Sulfur compounds
were separated using a packed Carbopack 60/80 mesh column
(Sigma-Aldrich) maintained at 170°C. Retention time for DMS
was 0.9 min, and detection limit was 3 pmol. Analytical preci-
sion was better than 5%. Calibration was performed with a
DMS standard solution prepared by alkaline hydrolysis of
a DMSP solution in MilliQ water. Plots of log(nmol DMS)
vs. log(peak area) yielded a straight line (usually R*> > 0.99)
that was used for DMS quantification in the samples. For dis-
solved DMSP (DMSPy) analysis, 3 mL of seawater were gravity
filtered through a 25-mm GF/F filter, and the filtrate was col-
lected in a 10-mL glass vial. After addition of one NaOH pellet
(45mg, ~ 0.1mol L' final concentration, pH > 12), the vial
was crimped and stored overnight for alkaline DMSP hydroly-
sis. Evolved DMS was analyzed by purging the entire vial the
same way as the samples above, and the DMSPy concentration
was calculated by subtraction of the corresponding, previously
determined DMS concentration. For total DMSP (DMSP;, i.e.,
dissolved + particulate) analysis, aliquots of 30mL of unfil-
tered seawater were placed in gas-tight vials and hydrolyzed
with two NaOH pellets. The DMSP; + DMS was determined as
evolved DMS after 4 months. To do so, small (10-500 L) ali-
quots were withdrawn with a gas tight syringe and injected
into the purge vial containing 2-4 mL of MilliQ water. Two
DMSP; + DMS samples were also run on-site 24 h after adding
NaOH. The measurements of evolved DMS after 4 months
were within 4% of the on-site measurements. The DMSP; con-
centration was calculated by subtraction of the on-site deter-
mined DMS concentration. Particulate DMSP (DMSP,) was
calculated as DMSP; — DMSP4 with an uncertainty of 5%. The
DMSP,, DMSP4, and DMS observations for each individual
bag are available in Supplementary Fig. S3.

DMOS-Bloom step 1: Plankton ecosystem submodel

In order to simulate DMSP and DMS concentrations,
DMOS-Bloom requires the biomass (uM-N) and the growth,
mortality and grazing rates of all the microbes producing or
consuming these two molecules. As these rates were not deter-
mined experimentally in the mesocosm experiment, they
must be estimated by a model. Another limitation of the
observed concentrations is that they oscillate, especially those
of E. huxleyi (Fig. 1g), and there is no standard statistical
method to tell what variability is real and what variability is
due to measurement error. A mechanistic model provides a
simple solution by fitting the part of variability that can be
explained based on realistic estimates for growth and death
and smoothing the part of variability that cannot be
explained.

Therefore, the DMOS-Bloom model was designed to include
a nitrogen-based phytoplankton ecosystem submodel (Fig. 1a)
whose state variables, presented in Table 1a, are the concentra-
tions of dissolved inorganic nitrogen (DIN) and organic nitro-
gen (ON) and the biomass of heterotrophic bacteria (B), four
eukaryotic phytoplankton types (P; with 1<i<4) and five
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zooplankton types (Z; with i€ {1,2,3,4,B}), one per prey type.
To simplify the expression of the fluxes between the living (B,
P;, and Z;) and the non-living (DIN and ON) nitrogen pools,
the biomass of all microbes are expressed as molar concentra-
tions of nitrogen. In the model, all phytoplankton types con-
sume DIN, bacteria consume ON and each zooplankton type
consumes only one prey type, either bacteria or one of the
four phytoplankton types. We chose this food web for its sim-
plicity and because it accounts well for the boom-and-bust
dynamics experienced by each prey type (Supplementary
Fig. S1c-f). The nitrogen cycle is closed when plankton mortality
and a fraction of zooplankton grazing either goes to the organic
nitrogen pool or is remineralized to DIN, immediately or
through the action of bacteria. “Mortality” here and through-
out the article refers to all non-grazing causes of cell death,
including both background mortality and viral lysis. Hetero-
trophic bacteria are grouped in a single pool due to the lack of
observations to separate the free-living and particle-attached
fractions. As a consequence, organic nitrogen, the bacterial
substrate, is not divided into dissolved and particulate frac-
tions either. The four phytoplankton types represent eukary-
otic picophytoplankton (type 1), two nanophytoplankton
types (2 and 3), and calcified E. huxleyi (type 4), which also
belongs to the nanophytoplankton size fraction but is treated
separately due to its dominance during the second bloom.
Nanophytoplankton are divided into two types because their
overall biomass increases during both blooms but the species
involved in each bloom are different (see fig. 2 of Vincent
et al. (2023)). Eukaryotic picophytoplankton are grouped
into a single type because their biomass increases only during
the first bloom. The equations and parameters of the ecosys-
tem submodel are presented in detail in the Supplementary
Methods.

In order to explain the differences observed between the
fjord and the seven bags, four virtual bags are simulated.
The Control virtual bag simulates the fjord. The No-lysis vir-
tual bag simulates bags 1, 2, 3, 5, and 6 and has an external
nitrate input on days 0-7 and 13-17. The Late-lysis virtual bag
simulates bag 4 and differs from the No-lysis virtual bag by
imposing a higher mortality on nanophytoplankton and
E. huxleyi and a higher bacterial growth rate from day 17 on.
The Early-lysis virtual bag simulates bag 7 and is similar to the
Late-lysis virtual bag but its mortality event starts earlier,
on day 11. The differences between virtual bags and the
corresponding mathematical parameterizations are described
with more detail in Supplementary Table S1.

The comprehensive list of parameters shared by all virtual
bags is presented in Supplementary Table S2 along with their
values in DMOS-Bloom. Some parameters were set based on
previous knowledge and others were optimized using a
nonlinear least-squares method. The phytoplankton maxi-
mum growth rates estimated by optimization are all close to
the prior estimate of 0.7 d~!, which is very close to the nutri-
ent replete growth rates measured in laboratories for species of
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Fig. 1. Schematic diagram of the model. In the plankton ecosystem submodel (a), all stocks are in uM-N. P; is the " phytoplankton species, Z; is the /"
zooplankton species, DIN is dissolved inorganic nitrogen and ON is organic nitrogen, either particulate or dissolved. In the DMSP and DMS model (b), all

stocks are in nM.

intermediate size (Marafion et al. 2013). As model plankton
biomass is fitted to observations, the loss rate suffered by each
prey type due to grazing and mortality is also expected to be
realistic.

DMOS-Bloom step 2: DMSP and DMS submodel

The organic sulfur submodel (Fig. 1b) of DMOS-Bloom
accounts for the production and removal of DMSP and DMS
as a function of plankton biomass, reproduction, mortality
and grazing rates, taken from the plankton ecosystem sub-
model. The parameters of the organic sulfur model are
described in Supplementary Table S3. As the dynamics of
organic sulfur are not precisely known, several scenarios, using
different parameterizations for the sources and sinks, are
tested and their results are compared to observations. The dif-
ferences between the four scenarios are summarized in
Table 2. All scenarios have dissolved DMSP (DMSP4) and DMS
as state variables, as shown in Table 1b. Scenario S4 has a third
state variable which is the fraction y® of DMS-consuming spe-
cialists among bacteria. Particulate DMSP (DMSP)) is not a
state variable but is diagnosed at each time step based on phy-
toplankton biomass and DIN concentration.

Dissolved DMSP has three sources, all related to phyto-
plankton. When a phytoplankter suffers non-grazing motality,
100% of its DMSP, becomes dissolved. When it is grazed, a
fraction f= 70% of its DMSP, becomes dissolved and the
remaining 1—-f= 30% is assimilated by zooplankton and

Table 1. State variables of DMOS-Bloom. The four phytoplank-
ton types are picophytoplankton (i = 1), first bloom nano-
phytoplankton (i = 2), second bloom nanophytoplankton (i = 3),
and Emiliania huxleyi (i = 4).

(a) Ecosystem model

Symbol Description Unit

P i€{1,2,3,4} Phytoplankton biomass (type /) uM-N

B Bacterial biomass uM-N

Zj i€{1,2,3,4,B} Zooplankton biomass (predator of uM-N
type i)

DIN Dissolved inorganic nitrogen uM-N
concentration

ON Organic nitrogen concentration uM-N

(b) Organic sulfur model

Symbol Description Unit

DMSPy4 Dissolved DMSP concentration nM

DMS DMS concentration nM

s Fraction of specialist DMS-consuming bacteria —

removed from the system (Sim6 2004; Salé et al. 2009).
The third source is phytoplankton DMSP exudation, which
is proportional to DIN uptake and DMSP,, content. Dissolved
DMSP has two sinks: consumption by picophytoplankton and
by heterotrophic bacteria. DMS is produced in two different

8518017 SUOWIIOD 3A1RRID 3[R0l |dde ayy Aq pausenob 8e Ssjo1e YO ‘88N JO S3|Ni Joj ArIg1T 8UIIUO A8|IM UO (SUO B IPUOD-pUe-SWISH L0 A8 | I A ReIq 1 [eul [UO//Sa1Y) SUORIPUOD pUe SWB L 38U} &8s *[£202/TT/82] Uo Areiqiaulluo /8|1 ‘80ue.H 3UeI400D AQ 0LF2T 0U|/Z00T OT/I0p/w0d A3 |im Akeiq putjuo'sandose//sdiy Wouy papeojumoq ‘0 ‘0655686T



Le Gland et al.

Table 2. Model scenarios.

Process affecting S cycle S1 S2 S3 S4

Phytoplankton DMSP : N ratio increase under No Yes Yes Yes
nutrient stress

DMSP4 uptake by picophytoplankton No No Yes Yes

Variable fraction of DMS-consuming bacteria No No No Yes

Increased DMSP and DMS release during viral No No No Yes
infection

ways: it is leaked by nanophytoplankton and E. huxleyi pro-
portionally to their DIN uptake and DMSP, content, and a
fraction a (16-28%, depending on scenarios) of the DMSPy4
consumed by heterotrophic bacteria is cleaved into DMS.
DMS is then removed by two sinks: a constant abiotic sink ¢
(0.125 d~! in the fjord and 0.2 d~' in the mesocosms) and a
variable consumption by heterotrophic bacteria. Bacterial
DMS consumers are divided into generalists, which are a con-
stant fraction of the bacterial biomass, and specialists, the frac-
tion of which is constant in scenarios S1-S3 but variable in
scenario S4.

Complexity is progressively increased from scenario S1-54.
Each scenario is designed to improve the ability of the model
to reproduce one observed variable. From scenario S2 onward,
the DMSP;, : N ratio of all phytoplankton types is higher under
low nutrient concentration. Scenario S3 adds DMSP; con-
sumption by picophytoplankton to avoid DMSPy accumula-
tion when bacterial biomass is low. Finally, scenario S4 refines
the dynamics of DMS by increasing DMS leakage by E. huxleyi
cells during viral infections and allowing the fraction of spe-
cialist DMS-consuming bacteria to increase under high DMS
concentration.

We define three additional diagnostic variables to further
analyze the model outputs and allow comparisons with previ-
ous studies. The dissolved DMSP turnover rate constant (d~})
is the ratio between DMSPy removal and DMSPy concentra-
tion. The turnover rate constant is high when the residence
time (1/[turnover rate constant], d) is low. The DMS turnover
rate constant is defined in a similar way for DMS. The commu-
nity DMS yield is the unitless ratio of DMS production to total
DMSP consumption.

DMSPy sink

DMSP, t =
a turnover DMSP, concentration

__cons. by B+cons. by Py

" DMSP4 concentration (1)
DMS sink
DMS turnover = DMS concentration
cons. by gen. B+ cons by spec. B
gt y 8 y sp 2)

DMS concentration

DMS modeling during induced algal blooms

DMS source

DMS yield = — > S04
SYleld = 5 18P g, ) sink

_ DMS leakage by P3,3,4 +DMSPy cleavage by B
~ DMSPy cons. by B/ P; +DMSP,, assim. by Z

3)

Results

Model plankton and nutrient concentrations

The simulated microbial abundances and organic nitrogen
concentrations of the No-lysis virtual bag fit very well with the
corresponding observations (Fig. 2). All model concentrations
are within the range of the corresponding observations, all
mean errors (model — observations) are less than 10% of the
mean observed concentrations and all linear correlations (R)
between a model state variable and the corresponding set of
observations from bags 1, 2, 3, 5, and 6 are between 0.8 and 1.

In both model and observations, picophytoplankton bio-
mass (Fig. 2a) is close to 0.4 uM-N at the beginning of the
experiment, reaches a maximum of 3 uM-N during the first
bloom and then decreases continuously. From day 18 on, bio-
mass is even lower than its initial observed and simulated
value. The model explains the decline of picophytoplankton
biomass after the first bloom and the subsequent lack of recov-
ery by large grazing rates. The main mismatch between model
and observations is that the initial picophytoplankton growth
was faster in the observations, and a maximum was reached
on day 6, i.e., 2d earlier than in the model.

In both model and observations, nanophytoplankton bio-
mass (Fig. 2b) exhibits two local maxima, one during each
bloom. The amplitude of the second peak is slightly under-
estimated in the model, reaching 2.5 uM-N instead of 3 yM-N.
The first peak and the inter-bloom minimum have the same
amplitude in model and observations but occurs 1 d earlier in
the model.

Calcified E. huxleyi biomass (Fig. 2¢) reached a maximum
during the second bloom only. In observations, there were
three consecutive peaks of E. huxleyi from day 17 to day 23 and
biomass 2-4 times lower between the peaks. We do not know
what process controls these oscillations. The growth rates that
would be required to transition from a local minimum to a
local maximum of biomass would be larger than 2 d™!, which
to our knowledge has never been observed for this species.
The model is not able to reproduce the oscillations but has a
maximum on day 18, which is the same time as in observa-
tions, and reproduces the average between peaks and troughs.

Bacterial biomass (Fig. 2d) is the model state variable that
fits best with observations (R = 0.95 and mean error less than
2%) of mean observed biomass. The absolute maximum of
bacterial biomass was reached on day 11, with 1.2 uM-N. Then
bacterial biomass was reduced by two thirds, reaching a mini-
mum on day 17 and then slightly increasing again until the
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Fig. 2. Model plankton (a-d) and nutrient (e-f) outputs (lines) compared with observations (symbols). Lines and symbols represent model results and
observations respectively. Each color represents a virtual bag and the observations it is designed to reproduce. Model organic nitrogen is compared with
particulate organic nitrogen observations (open symbols) but these were not used to optimize the model parameters.

end of the experiment. In the model, the decrease after
the absolute maximum is not due to a lack of organic matter,
which is still very abundant, but to an increase in bacterivory.

Dissolved inorganic nitrogen (Fig. 2e) is compared to
nitrate observations, knowing that nitrogen was the limiting
nutrient and that the source of nitrogen added to the meso-
cosms to initiate phytoplankton blooms was nitrate. During
the first bloom, modeled and observed nutrients coincide very
precisely (R=0.98 and mean error less than 2% of mean
observed concentration). After day 9, nutrients are more abun-
dant in the model, with an average of 0.4 yM-N, than in the
observations, with an average of 0.09 yM-N. This difference
was expected and is likely due to the presence of non-nitrate
sources of inorganic nitrogen, such as ammonium and nitrite,
which were not measured. The very low nitrate concentrations
observed in the mesocosms would not be enough to sustain
the phytoplankton biomass reached during the second bloom.

The ON pool of DMOS-Bloom represents the labile organic
nitrogen, either dissolved or particulate, on which hetero-
trophic bacteria feed. Labile organic nitrogen has not been
measured and the overall organic nitrogen stock is likely
to be dominated by refractory organic matter (Benner and
Amon 2015) that is irrelevant for our model. However, the

measured particulate organic nitrogen follows the same trend
and order of magnitude as the model ON (Fig. 2f), increasing
after each bloom from 1.5 4uM-N at the beginning of the exper-
iment to more than 8 yM-N at the end.

In fjord waters, the model results have the same order of
magnitude as the observations but are more stable in time.
Observations did not represent a steady state but oscillated,
either as part of a seasonal cycle that was not measured or in
response to a short term biotic or abiotic perturbation. These
oscillations are out of the scope of the present study and are
not precisely accounted for in the model.

From day 13 on, the Late-lysis and Early-lysis virtual bags
differ from the No-lysis case. These differences have the
same sign and occur at the same time as the observed differ-
ences between bags 4 or 7 and the average of the five other
bags, and usually also have the same order of magnitude.
This coincidence means that high viral load is indeed the
most important factor setting bags 4 and 7 apart. In the
Late-lysis simulation, the E. huxleyi bloom collapses much
faster after day 17 than in the No-lysis case. In the Early-
lysis simulation, E. huxleyi biomass is almost constant at 1.5
uM-N from day 10 to day 18, which is less than 30% of the
maximum concentration in the No-lysis simulation, and then
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collapses, whereas from day 15 onward all other living or non-
living nitrogen pools are higher than in the No-lysis
simulation.

Model DMSP and DMS concentrations

In each new scenario, the simulated DMSP,, DMSPq, and
DMS concentrations agree better with observations than in
the previous one (Fig. 3). Scenario S2 improves the model
DMSP,, concentration by increasing the DMSP: N ratio under
nutrient stress. Scenario S3 avoids DMSP4 accumulation dur-
ing the first bloom by allowing picophytoplankton to take up
DMSP4. Scenario S4 improves the model DMS concentration
during the second bloom by giving a competitive advantage
to DMS-consuming bacteria under high DMS concentrations
and increasing DMS leakage by E. huxleyi cells during viral
infections.

The dynamics of DMSP,, (Fig. 3a—d) in the mesocosms are
largely correlated with those of chlorophyll. In the observa-
tions and in all four scenarios a first maximum occurs on day
9, with around 400nM, and a second one on day 19, with
around 600nM. In scenario S1, DMSP,, concentration is con-
sistently overestimated by around 50% during the growth
phase of the first bloom and underestimated after day 8 during

soof (P} 1

400 i

800 wyvyvyye o prwwvw :
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the inter-bloom. By contrast, scenario S2 reproduces the
DMSP,, observations almost perfectly from day O to day
11, with a large increase from day 8 to day 9 caused by nutri-
ent stress. Scenarios S3 and S$4 share the same DMSP,, concen-
trations as scenario S2. None of the scenarios correctly
reproduces the very low DMSP,, concentration (< 200nM) on
day 13 and the increase in DMSP, (to > 400nM) on days 23
and 24, because these two trends of the observations cannot
be related to trends in phytoplankton, chlorophyll, or nutri-
ents. In the fjord, all scenarios tend to underestimate DMSP,,
content, especially from day 5 to day 12, but scenario S1 more
than the others. The discrepancies between model and obser-
vations may be caused by changes in phytoplankton composi-
tion that DMOS-Bloom cannot precisely resolve.

In contrast to DMSP,, DMSP, (Fig. 3e-h) varies signifi-
cantly between scenarios. In observations from the meso-
cosms, DMSP4 peaked at 25nM during the first bloom, and
from 50 to 90 nM during the second bloom, depending on the
bag. In all four scenarios, the DMSP4 maxima occur at the
right time. However, scenarios S1 and S2 experience excessive
DMSP4 accumulation during the first bloom, with maxima of
230nM and 87nM respectively. This accumulation occurs
because bacterial growth follows that of phytoplanktonic
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Fig. 3. Model particulate DMSP (upper row), dissolved DMSP (second row) and DMS (third row) concentrations and fraction of specialist DMS-
consuming bacteria (lower row) in the four scenarios. Lines and symbols represent model results and observations respectively. Each color represents a

virtual bag and the observations it is designed to reproduce.
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DMSP producers with a delay of several days, leaving a time
window between days 5 and 9 when production is high and
consumption by bacteria is low. In scenarios S3 and S4, the
correct order of magnitude during both blooms can only be
reached by allowing picophytoplankton to take up DMSPy.
We note that during the second bloom, from day 18 on,
observations pointed to a relatively constant and high concen-
tration of DMSP4, between 30 and 40nM whereas in the
model DMSP,4 concentration is reduced to less than 20nM at
the end of the experiment. We do not know what mechanism
stabilizes DMSP4 concentration at the end of the experiment,
when phytoplankton biomass declines and bacterial biomass
increases. As DMSPy production is constrained by DMSP,, con-
tent and by mortality rates, the model error is much more
likely to be in the DMSPy turnover rate. It does not affect the
overall DMSP4 consumption and the DMS production by bacte-
ria. Errors in the consumption rate can modify the DMSPy stocks
but all the DMSP4 that is produced is consumed anyway.

In all scenarios, DMS concentration (Fig. 3i-1) experiences
two peaks, the first of which occurs on day 11, 3 d after the
chlorophyll peak, in agreement with observations. However,
from scenario S1 to S4, all changes improve the fit of model
DMS concentration to observations, for different reasons. Sce-
narios S1 and S2 overestimate DMS concentration during the
first bloom. This mismatch is corrected in scenario S3 by reduc-
ing DMSP,, concentration and allowing picophytoplankton to
consume DMSPy, thereby reducing the amount of DMSP avail-
able for cleavage by bacteria. However, scenarios S1-S3 all fail
to represent the rapid DMS decline observed after the second
bloom: their DMS concentrations are always larger than
40nM from day 8 to the end of the experiment. In the virus-
infected bags, scenarios S1-S3 also have their DMS maxima
later than in the observations.

Scenario S4 is the most accurate of the four scenarios (R >
0.72 for DMSP, and R > 0.95 for DMS in the No-lysis, Late-
lysis and Early-lysis virtual bags) thanks to two changes. First,
DMS production is increased when viral infection is active, all-
owing DMS concentration to reach its maximum of 120 nM in
time in the Late-lysis virtual bag and to remain higher than
50nM from day 11 to day 15 in the Early-lysis virtual bag
(Fig. 31). Second, the fraction of DMS-consuming bacteria
(Fig. 3m-p) is allowed to increase in response to high DMS
concentration, going from 0.05% in the fjord and at the
beginning of the experiment to 3.0% in the No-lysis virtual
bag and even 3.7% in the Late-lysis virtual bag during the
demise of the second bloom. With these two changes,
the maximum and minimum DMS concentrations from day
18 to day 24 are correctly reproduced in the No-lysis and Late-
lysis cases. In bag 7, observed DMS concentration decreases
from 50nM on day 15 to less than 10nM from day 18 to the
end of the experiment, several days earlier than in all other
bags. In our model, this trend can only be reproduced by mak-
ing the growth rate of specialist DMS consumers higher under
viral infection, allowing this group to reach 2.3% of the total

DMS modeling during induced algal blooms

bacterial community as early as day 18. Why viral infection
accelerates both DMS production and consumption is not yet
fully understood.

In the fjord, the model has almost constant DMSP4 and
DMS concentrations, whereas the corresponding observations
fluctuate around their mean. Scenarios S3 and S4 have a mean
fjord DMS concentration 2% smaller than observations and a
mean fjord DMSPy concentration 5% smaller than observa-
tions, a very small difference that may stem from the underes-
timation of DMSP,, or from measurement uncertainties.

DMSP and DMS fluxes

By design, DMOS-Bloom reproduces the concentrations of
DMSP4 and DMS by computing their sources and sinks based on
established mechanistic equations. One advantage of this model-
ing approach is that, as long as the model fits observations, it also
provides estimates of sources and sinks. Comparison of the fluxes
allows us to understand what processes have the largest impact
on our state variables and thus how the system would react to
environmental changes. In Fig. 4 we display the model fluxes for
each virtual bag from the beginning to the end of the experiment,
based on scenario S4, which is the most accurate.

In all bags and also in the fjord, the main sources of dis-
solved DMSP (Fig. 4a—d) are grazing and mortality. Therefore,
DMSPy production is aligned in time with phytoplankton
death. In all virtual bags, there is a maximum production of
161nM d! on day 9, 81% of which is explained by grazing.
In the Late-lysis virtual bag, there is a second DMSP4 produc-
tion maximum of 268 nM d~! around day 18 when the large
E. huxleyi bloom collapses due to viral infection. During this
second peak, mortality accounts for 71% of DMSPy4 produc-
tion. In the fjord, production is never higher than 13nM d "
and decreases with time as picophytoplankton biomass
decreases. Exudation is always a minor source, accounting for
10.7% to 12.9% of DMSPy production, depending on the bag.

Dissolved DMSP has two sinks: consumption by heterotro-
phic bacteria and consumption by picophytoplankton
(Fig. 4e-h). In the fjord, the two sinks have the same order of
magnitude, both oscillating between 1.6 and 7.4 nM d'. In
the bags, picophytoplankton is by far the dominant DMSP
consumer before day 9, and heterotrophic bacteria are the
dominant consumers from day 10 on. On average, phyto-
plankton account for 36% of DMSPy uptake in the fjord and
between 24% and 30% in the bags.

Bacteria are the largest DMS producers overall, by conver-
ting dissolved DMSP to DMS (Fig. 4i-1). This source accounts
for 82% of DMS production in the fjord, 69% in the No-lysis
virtual bag, 61% in the Late-lysis case and 71% in the Early-
lysis case. However, during the growth phase of E. huxleyi,
from day 14 to day 18, leakage by phytoplankton cells is the
largest DMS source. Leakage is one of the reasons why
the DMS maximum occurs at the same time as the chlorophyll
maximum during the second bloom. The other reason is the
change in the dominant DMS sink.
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Fig. 4. Model dissolved DMSP and DMS sources and sinks. Note the differences in scale between the Control case (fjord) and the mesocosm bags.

In the fjord, the abiotic DMS sinks account for 69% of DMS
losses (Fig. 4m-p). In the mesocosms however, DMS uptake by
bacteria is at least 50% of the total DMS losses from day
10 on. During the demise of the second bloom, bacterial DMS
uptake is even one order of magnitude larger than the abiotic
sinks, explaining why DMS removal is very fast after day 20 in
all real and virtual bags.

The average simulated turnover rate constant of DMSPqy
(Fig. 5a) in the fjord is 0.8 d™!, which is in the lower range of
previous estimates (Gali and Sim6 2015; Lizotte et al. 2017).
In other words, the residence time of DMSPy is 1.2 d, with
stocks of 9.0nM and sinks of 7.5nM d'. In the bags, the sim-
ulated consumption of DMSP4 is faster due to the large
populations of consumers. The average residence time is
reduced to 0.26 d in the No-lysis virtual bag, 0.19 d in the
Late-Lysis case and 0.16 d in the Early-lysis case. During
the demise of the first bloom, the turnover rate constants in
the mesocosms can temporarily reach more than 13 d°'. In
the Late-lysis and Early-lysis virtual bags, our model also diag-
noses DMSP, turnover rate constants larger than 10 d~' dur-
ing the demise of the second bloom, but these might be
overestimates, as DMOS-Bloom underestimates dissolved
DMSP stocks at this time in these two virtual bags (Fig. 3h).
The same contrast between the fjord and the bags can be seen
for the simulated DMS turnover rate constant (Fig. S5b). In the
fjord, the DMS turnover rate constant is close to 0.18 d !, but
in the bags during the demise of the second bloom, the DMS

10

turnover rate constant is larger than 2 d~'. The DMS turnover
is faster in bags where a viral infection is ongoing.

As the turnover rate constants vary by one order of magni-
tude, the DMS and DMSPy standing stocks are poor predictors
of the DMS production and removal. For instance, the DMS
production over the whole experiment is 12.8 times larger in
the No-lysis virtual bag than in the Control, but the average
DMS concentration is only 3.6 times larger in the bag and the
DMS residence time there is 3.6 times shorter due to rapid bac-
terial consumption.

Viral infection increases the DMS yield and DMS produc-
tion in the Late-lysis virtual bag but not in the Early-lysis one.
In the Late-lysis simulation, increased phytoplankton mortal-
ity and leakage lead to increased DMS production and yield.
In the Early-lysis simulation, DMS production is reduced
because E. huxleyi biomass is very low, even though high mor-
tality rates enhance specific DMS production. The community
DMS vyield is also reduced because species that have a lower
leakage rate than E. huxleyi prevail. Total time-integrated DMS
production per unit volume during the second bloom, from
day 13 to day 24, is 337 nM in the No-lysis case, 497 nM in the
Late-lysis case but 279 nM in the Early-lysis case, with mean
DMS yields of 29.6, 39.4, and 26.7% respectively (Fig. 5¢).

However, DMS concentration is still a good predictor of emis-
sion to the atmosphere, as gas exchange is a physical process
independent from biochemical rates. Mean DMS concentration
during the second bloom is 43.3nM in the No-lysis case,
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Fig. 5. Model dissolved DMSP and DMS turnover rate constants, community DMS yield and net DMS balance.

49.2 nM in the Late-lysis case, and 25.7 nM in the Early-lysis
case. The increase in DMS emission will therefore be modest and
within the ensemble standard deviation of bags 1, 2, 3, 5, and 6
(£ 28%) for viral infections that accelerate bloom demise
(Late-lysis), whereas early infections will reduce DMS emission
substantially (Early-lysis). Note, however, that temporal emis-
sion dynamics differ among cases. High and short lived DMS
emission events (spikes) may have different consequences for
atmospheric processes than sustained high emissions.

In addition to the above figures, the DMS concentration
at the end of the experiment has decreased to its initial
value of 10 nM or is on the verge of getting there due to
high consumption rates in all the bags. The net biological
DMS balance (Fig. 5d) confirms that, by the end of the
experiment, a point has been reached where the microbial
community has become a net sink of DMS. Any further
increase in DMS production, either by nutrient addition or
viral lysis, is likely to be rapidly consumed by bacteria and
to never reach the atmosphere.

Discussion

Key mechanisms needed to reproduce the organic
sulfur cycle

In DMOS-Bloom, DMSP consumption by phytoplankton is
necessary to avoid DMSP4 accumulation during the first bloom.

This result is robust because it stems from the temporal patterns of
the microbial types. DMSP consumption by picophytoplankton
is necessary, not because bacteria cannot consume enough
DMSP to account for average observed concentrations, but
because bacteria consume DMSP too late. DMSP consump-
tion by phytoplankton has already been observed for cyano-
bacteria and diatoms, two taxa that produce no or little
DMSP, and for picoalgae (Vila-Costa et al. 2006a). By contrast
DMSP consumption is thought to be absent or rare in dino-
flagellates and haptophytes (Vila-Costa et al. 2006a), which
are strong DMSP producers. In our model exercise, we
found that a fraction of phytoplankton needed to consume
DMSP, at least during the first phytoplankton bloom, when
Micromonas sp. was the most abundant taxon. Despite being
DMSP producers, Micromonas has been shown to be attracted
by DMSP (Seymour et al. 2010). Alternatively, as the phyto-
plankton community was diverse during the first bloom,
Micromonas might not necessarily be the only or even the
main phytoplanktonic consumer of DMSP. Cyanobacteria were
negligible in the mesocosms, but the nanophytoplanktonic
community from the beginning of the experiment to day
9 contained diatom taxa, such as Rhizosolenia, Minutocellus,
Leptocylindrus, and Eucampia (Vincent et al. 2023). In particular,
the Eucampia abundance followed a temporal pattern similar to
that of Micromonas. We cannot exclude that a fraction of
nanophytoplankton consumed DMSP during the second
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phytoplankton bloom, but this cannot be shown with our
mechanistic numerical model.

In our model, the only way to reproduce the rapid decrease
in DMS concentration observed after the DMS maximum of
day 18 is to allow specialist DMS-consuming bacteria to
respond rapidly to the increase in DMS concentration, making
the bacterial community a net DMS sink. This DMS collapse
cannot be explained by an increase in gas exchange due to
the wind: bags 5 and 6 were covered (Vincent et al. 2023) and
experienced the same trend in DMS concentration. DMS pho-
tolysis by UV radiation did not increase either after day 18.
On the contrary, the cloud cover was higher during the
demise of the second bloom than during the rest of the exper-
iment (Supplementary Fig. S4). In the Late-lysis virtual bag, a
DMS turnover rate constant of 9.3 d ™! is estimated for day 22,
and more than 97% of that loss is explained by bacteria. DMS
loss rates in in situ measurements lie between 0.125 and 2 d !
(Gali and Sim6 2015), but loss rates larger than 2 d! have
already been reported in artificially induced phytoplankton
blooms. For instance, DMS turnover rate constants peaked at
6.5 d”! during the microcosm experiment of Pinhassi et al.
(2005), compared to 0.2 d ! in the control experiment. Twelve
days after the beginning of an iron fertilization experiment,
Merzouk et al. (2006) reported that bacteria acted as a net
DMS sink and that DMS concentration collapsed to less than
its initial value. Global models would gain from explicitly rep-
resenting the dynamics of specialist DMS-consuming bacteria,
as their growth or decline acts as a damping term on perturba-
tions of the DMS dynamics.

We cannot directly link the observed DMS dynamics to any
particular bacterial taxon. However, a likely DMS consumer
taxon at the end of the second bloom is Methylophaga, obli-
gate methylotrophs able to use DMS as a carbon source
(de Zwart et al. 1996; Schifer 2007) that have been reported to
be the most efficient users of DMS carbon in DMS-enriched
waters (Vila-Costa et al. 2006b). Indeed, the relative abun-
dance of Methylophaga among bacteria, estimated by analyzing
the 16S rRNA sequences, increased rapidly from day 15 on
(Supplementary Fig. S2) (Vincent et al. 2023) and coincide
with the relative abundance of DMS-consuming specialists of
our model. We note that, in bag 7, Methylophaga relative abun-
dance reached its maximum around day 18, 4 d earlier than in
any other bag. Methylophaga remained abundant after this
maximum, which may explain why DMS concentration was
lower than 8 nM in bag 7 from day 18 to the end of the exper-
iment. In DMOS-Bloom, the growth of specialist DMS con-
sumers must be accelerated during viral infections in order to
reproduce the above features.

Other known DMS consumers were also observed in the
mesocosms, but they are not known to consume DMS as a car-
bon source and their distribution in time did not coincide
with that of DMS consumption. Some were distributed evenly
in time (Glaciecola), and others had their maximum relative
abundance during the first bloom (Marinobacter, Alteromonas,

12

DMS modeling during induced algal blooms

Pseudoalteromonas). If these consumers do not bloom in DMS-
enriched waters, their DMS consumption will be more stable
in time than that of Methylophaga, similarly to the DMS con-
sumption by generalist bacteria in DMOS-Bloom.

Potential for improvement and alternative scenarios

The four scenarios presented in our study were built by
adding new mechanisms step by step in order to reproduce
the main features of the DMSP and DMS observations. Some
alternative scenarios have been considered during this study
and later abandoned, either because of their complexity,
because data to validate them were lacking, or because they
failed to improve the fit between model and observations.

During the second bloom, model DMSP;, is less stable in
time than observed DMSPy. In the Late-lysis and Early-lysis
virtual bags, large bacterial biomass depresses model DMSP,
concentrations to below 10nM, whereas observed DMSPy at
the end of all mesocosm experiments are above 20nM. Li
et al. (2015) reported the existence of a DMSP4 pool that is
refractory to degradation on a timescale of days. Simulating a
refractory DMSPq4 pool able to persist throughout the second
bloom might increase the fit between model and observations.

Kiene et al. (2000) hypothesized that the bacterial DMS
yield depends on DMSPy concentration and sulfur demand.
As DMSP cleavage does not allow bacteria to incorporate its
sulfur, it is likely less favored when DMSP concentrations are
low and bacterial production is high. In our study, a relatively
high bacterial DMS yield of 28% is used to account for high
DMS concentrations between the two blooms, when phyto-
plankton DMS leakage is small. In some way this is in line
with the sulfur demand hypothesis, as our mesocosms were
very enriched in DMSPy. However, the time (days 10 to 13)
when high bacterial DMS yield is most needed to improve the
fit is also the time when the bacterial sulfur demand is highest
whereas the dissolved DMSP concentrations are relatively low
(around 10nM). Therefore a variable DMS yield depending on
the sulfur demand or sulfur status of bacteria is not useful for
our study. This result does not outright invalidate the sulfur
demand hypothesis, as other organic compounds produced
during a bloom may provide sulfur (Pinhassi et al. 2005).

One organic sulfur compound is lacking in the DMOS-
Bloom model: DMSO. DMSO is a product of DMS oxidation
by either photolysis or bacteria using widespread non-specific
enzymes (Chen et al. 2011). However, the ability to use DMSO
as an electron acceptor and to reduce it back to DMS is also
widespread among bacteria (Griebler and Slezak 2001) and
phytoplankton (Spiese et al. 2009). In our model, we decided
not to include DMSO because we lack data to validate its con-
centration and fluxes. Neglecting a DMS source means we
may overestimate other DMS sources or underestimate DMS
sinks, particularly the sources and sinks proportional to the
bulk bacterial biomass. Indeed, our bacterial DMS yield (28%)
is in the upper range of published estimates, whereas our bac-
terial DMS consumption in the fjord (30% of the total DMS
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sink) is in the lower range (Gali and Sim6 2015). In past obser-
vational studies, bacterial DMS consumption has generally
been shown to have the same order of magnitude as photoly-
sis and to be larger than emission to the atmosphere, although
variability between measurements is large (Sim6 and Pedrés-
Ali6 1999; Bailey et al. 2008; Gali and Simé 2010; Yang
et al. 2013). Taking DMSO reduction into account would
allow us to use a lower bacterial DMS yield and a higher con-
sumption rate by generalist DMS consumers, without altering
the conclusions of our model exercise.

In this study we have neglected the impact of light, UV
radiation and water temperature on the organic sulfur cycle.
We have assumed that in a shallow environment in summer,
light was not limiting for phytoplankton. Indeed, daily-aver-
aged, downwelling photosynthetic active radiation (PAR) at
sea surface was stable and always larger than 127 W m~2 from
day O to day 16, which encompasses the first phytoplankton
bloom, the inter-bloom, and the onset of the second bloom
(Supplementary Fig. S4). Therefore differences in light avail-
ability or UV radiation cannot explain the trends observed
during this period of time. During the demise of the second
bloom, from day 18 onward, there have been several days
with large cloud cover and low surface solar irradiance, but on
average during this period the PAR was still 72W m~2 at sur-
face and 33 W m~? integrated over the water column of the
mesocosms, which is likely not limiting or less limiting than
nutrients for most phytoplankton species (Edwards
et al. 2015). If DMS photolysis were slower during the demise
of the second bloom than during the previous phases due to
lower UV radiation, then our conclusion that DMS consump-
tion by bacteria at that time is very fast would be even stron-
ger. Water temperature varies by less than 0.4° between bags
but is on average 3° warmer from day 8 to day 18 than earlier
or later in the experiment (Supplementary Fig. SS). To our
knowledge, small short-term temperature changes in natural
microbial communities have never been shown to change the
dynamics of DMSP and DMS concentrations.

Bacterial DMS consumption and implications for
deliberate fertilization experiments

In our mesocosm experiments, nutrient enrichment led to
a temporary increase in DMS concentration. Indeed, during
the 24 d of the experiment, the DMS concentration was on
average 220% larger in the mesocosms than in the fjord, and
therefore DMS emission to the atmosphere increased in pro-
portion. This was a transient process: by the end of the experi-
ment DMS concentration had collapsed to its initial values.
Similar transient DMS increases have also been observed in
previous mesocosm experiments performed in Raunefjorden
(Vogt et al. 2008a; Avgoustidi et al. 2012).

However, past studies also showed that in other natural
environments, deliberate induced fertilization has a smaller
impact on DMS emission, if it has an impact at all. For
instance, in an open ocean iron fertilization experiment in the
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Northeast Pacific, Levasseur et al. (2006) measured an increase
in DMS concentration during the first 2 weeks of the experi-
ment and then a decrease to concentrations lower than the
control unfertilized patch. Belviso et al. (2008) observed that
the phytoplankton blooms caused by natural iron enrichment
over the Kerguelen Plateau did not translate into higher DMS
production. Back-of-the-envelope estimates of deliberate iron
fertilization in the Southern Ocean also suggest little impact on
DMS emission to the atmosphere (Vogt et al. 2008b). Several
reasons might explain the contrast between these open ocean
iron enrichment experiments and our nitrogen-limited meso-
cosm experiments. The iron-induced blooms were dominated
by diatoms, which generally produce less DMSP than E. huxleyi
(Stefels et al. 2007) and lack DMSP-lyase entirely. Iron addition
may also have decreased the phytoplankton DMSP:C ratio
more than nitrate addition (Sunda et al. 2002).

Comparisons between our study and previous enrichment
experiments tell us that deliberate fertilization can increase
DMS emission to the atmosphere provided (1) the bloom is
dominated by DMSP producers, and (2) fertilization does not
extend more than a few weeks in time, as DMS consumers set
an absolute limit to the DMS emissions, even when the phyto-
plankton bloom is dominated by DMS producers. Increased
nutrient availability can only increase DMS concentration,
and therefore DMS emission, during a transient regime.

Does viral infection affect DMS production?

Grazing and viral lysis are the main causes of phytoplank-
ton death in our model. Both contribute to DMS production
by releasing DMSPy into the environment where bacteria can
convert it to DMS. When a phytoplankton cell is lysed by a
virus, all its particulate DMSP is released into seawater as dis-
solved DMSP (Hill et al. 1998). When a phytoplankton cell is
grazed, an estimated 30-45% of phytoplankton DMSP
is retained or assimilated into proteins by the predator (Simo6
et al. 2002; Sal6 et al. 2009). Therefore, a given phytoplankton
cell will release 30-45% less DMSP and induce less bacterial
DMS production if it is grazed than if it is lysed. However,
assessing what cause of cell death produces more DMS is not
as straightforward for phytoplankton that contain DMSP-
lyase. By mixing DMSP and DMSP-lyase, both grazing and
viral mortality can convert a fraction of phytoplankton DMSP
to DMS, and one process may have a larger yield than the
other. For instance, Evans et al. (2007) showed that viral infec-
tion reduces the activity of DMSP-lyase in E. huxleyi. As a con-
sequence, in axenic conditions, viral infection of a single
strain of E. huxleyi produced less DMS per consumed cell than
grazing by the dinoflagellate Oxyrrhis marina. Phytoplankton
intra-specific diversity makes prediction even more difficult.
DMS and acrylate have antiviral properties which make the
E. huxleyi strains with large DMSP-lyase activity more resistant
to infection (Evans et al. 2006). During infection of a pop-
ulation with several strains with different DMSP-lyase activi-
ties, the proportion of resistant cells may increase due to the
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death of their competitors, which may in turn increase DMS
production.

In addition, viral infections also modify in two opposite
ways the number of cells that die and release DMSP. Infection
releases nutrients to the environment, which may accelerate
phytoplankton growth. If the phytoplankton population
remains high enough, its life cycle will be accelerated, and
more organic matter, including DMS, will be released. How-
ever, a strong infection may depress the overall amount of
phytoplankton to the point where, even with more nutrients,
the total production of organic matter is reduced. Which
effect is stronger depends on the context.

In our study, viral mortality differed between bags, allowing
us to estimate the overall effect of viruses on DMS production in
two contrasting cases, regardless of the biochemical mechanisms
at stake. In bag 7, where viral lysis became a large mortality term
at an early stage, E. huxleyi remained stable at moderate biomass,
and the chlorophyll concentration was lower than in other bags
as other phytoplankton species benefited little from the demise
of E. huxleyi. The community DMS yield and DMS production
were lower than in the other bags. In this early lysis case, the
largest effect of viruses was to depress the concentration of their
host and of every chemical their host produces. In bag 4, viral
lysis decimated E. huxleyi at a later stage, when the chlorophyll
maximum had already been reached, and only accelerated the
bloom demise. In this late lysis case, the maximum DMS con-
centration was 75% higher than in the average of bags 1, 2, 3, 5,
and 6, in spite of the larger biomass of DMS-consuming bacteria.
In the model, total DMS production during the second bloom
has to be 50% higher in the Late-lysis virtual bag than in the
No-Lysis case and the maximum DMS yield 40% higher in order
to account for the observations. This contrast highlights the
bloom stage dependence of viral infection on DMS production
in natural ecosystems.

Conclusions

The DMOS-Bloom model is used to test hypotheses on key
processes involving DMSP and DMS. We show that particulate
DMSP can only be correctly reproduced if DMSP concentra-
tion per cell increases under nutrient stress. A fraction of phy-
toplankton must also be allowed to consume dissolved DMSP
in order to avoid DMSP4 accumulation at concentrations
larger than 80nM during the first bloom: heterotrophic bacte-
ria cannot be the only DMSPy consumers. The observed col-
lapse in DMS concentrations during the demise of the second
bloom cannot be explained unless the fraction of specialist
DMS-consuming bacteria increases over the experiment in a
delayed response to high DMS concentrations. On a timescale
of 2-3 weeks, nutrient enrichment can greatly increase DMS
emission to the atmosphere provided that the induced phyto-
plankton bloom is dominated by DMSP producers. Adding
nutrients on longer timescales is unlikely to increase DMS
emission further because the overwhelming majority of the
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DMS produced after 3 weeks would be rapidly consumed by
bacteria and thus would never reach the atmosphere.

The trends observed during the second bloom in the virus-
infected bags imply that infection increases DMS production
per unit of chlorophyll but also decreases the abundance of
phytoplankton and accelerates the growth of specialist DMS
consumers. The overall impact of viruses on DMS emission
depends on the balance between these three effects. If viral
infection occurs early and prevents the E. huxleyi bloom, the
overall effect is a damping of total DMS production and emis-
sion. If viral infection occurs late and only accelerates the
bloom demise, total DMS production is increased, which may
translate into higher DMS emission during a transient regime.
This transient regime cannot be sustained for more than a few
days because DMS consumers respond by increasing their
abundance even faster than during uninfected blooms.

Data availability statement

The code and data of DMOS-Bloom are freely available
on GitHub (https://github.com/Guillaume%20LeGland/DMOS-
Bloom) and Zenodo (https://doi.org/10.5281/zenodo.7944840)
under the MIT license. The DMOS-Bloom code was designed to
run on open-source GNU-Octave (tested on version 4.4.1) and
on MATLAB (tested on version R2010b). The execution has been
tested on Windows with a 2.5-GHz Intel i5-3210M processor,
on Linux Ubuntu with a 2.4-GHz Intel Xeon E5645 processor,
and on Linux Debian with a 2.6-GHz Intel Xeon E5-2640
processor. The main code modules are:

e DMOS_Bloom is the main script to launch DMOS-Bloom,
calling all functions.

e DMOS_Bloom_keys is the function where the different
options are declared.

e DMOS_Bloom_parameters is the function where the values
of the model parameters are assigned.

e DMOS_Bloom_ode45eqs is a function called at each time
step to solve the ordinary differential equations of the
DMOS-BLOOM model.

DMOS-Bloom also contains other functions to load data, plot
figures, and optimize model parameters. The DATA folder
contains two input files: BERGEN-DATA.csv and BERGEN-
DMS-CONSUMERS.csv. BERGEN-DATA.csv contains observa-
tions of phytoplankton and heterotrophic bacteria abundances
and of nitrate, particulate DMSP, dissolved DMSP and DMS con-
centrations. BERGEN-DMS-CONSUMERS.csv contains the rela-
tive abundances of the DMS-consuming taxa measured during
the experiment. Once all files are loaded, DMOS-Bloom is
launched simply by calling the DMOS-Bloom script.
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