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Abstract In the Sargasso Sea, maximum dimethyl-
sulfide (DMS) accumulation occurs in summer, con-
comitant with the minimum of chlorophyll and
2 months later than its precursor, dimethylsulfonio-
propionate (DMSP). This phenomenon is often
referred to as the DMS “summer paradox”. It has
been previously suggested that the main agent trig-
gering this pattern is increasing irradiance leading to
light stress-induced DMS release from phytoplankton
cells. We have developed a new model describing
DMS(P) dynamics in the water column and used it to
investigate how and to what extent processes other
than light induced DMS exudation from phytoplank-
ton, may contribute to the DMS summer paradox. To
do this, we have conceptually divided the DMS
“summer paradox” into two components: (1) the
temporal decoupling between chlorophyll and DMSP
and (2) the temporal decoupling between DMSP and
DMS. Our results suggest that it is possible to explain
the above cited patterns by means of two different
dynamics, respectively: (1) a succession of phyto-
plankton types in the surface water and (2) the
bacterially mediated DMSP(d) to DMS conversion,
seasonally varying as a function of nutrient limitation.
This work differs from previous modelling studies in
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that the presented model suggests that phytoplankton
light-stress induced processes may only partially
explain the summer paradox, not being able to explain
the decoupling between DMSP and DMS, which is
possibly the more challenging aspect of this phenom-
enon. Our study, therefore, provides an “alternative”
explanation to the summer paradox further underlin-
ing the major role that bacteria potentially play in
DMS production and fate.
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Introduction and background

Dimethylsulfide (DMS) is a volatile organic sulphur
compound which accounts for more than 50% of the
global natural sulphur flux to the atmosphere (Liss et al.
1997). The fate of DMS in the atmosphere is complex,
but can directly contribute to new aerosol particle
production and cloud condensation nuclei, potentially
moderating cloud albedo and climate (e.g. Charlson
et al. 1987). DMS is a product of bacterial- or
phytoplanktonic-mediated enzymatic cleavage of the
S-containing osmolyte, f-dimethylsulphoniopropionate
(DMSP), synthesised by a variety of phytoplankton
(Keller et al. 1989). However, in most cases, DMS
concentrations cannot be confidently predicted from
phytoplankton biomass, taxonomic composition or even
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DMSP concentrations. For example, a temporal decou-
pling between maximum concentrations of chlorophyll,
DMS and DMSP was observed in seasonal studies in
subtropical and temperate latitudes (Dacey et al. 1998;
Vila-Costa et al. 2008; Archer et al. 2009). Difficulty in
explaining this apparently widespread phenomenon has
led some authors to define it as the DMS “summer
paradox’ (Sim¢ and Pedrés-Alio 1999).

Recent modelling studies (Le Clainche et al. 2010;
Vallina et al. 2008; Toole et al. 2008) explained the
DMS summer accumulation observed at Hydrostation-
S (Dacey et al. 1998), close to the Bermuda Atlantic
Time-series Study station (BATS) in the Sargasso Sea,
by assuming a direct exudation of DMS by phyto-
plankton dictated by elevated ultraviolet irradiance
during summer months. This interpretation is based on
a putative antioxidant role for DMSP and its break-
down products that may be up-regulated by phyto-
plankton in high irradiance, low nutrient surface waters
and may result in the release of DMS directly from cells
(Sunda et al. 2002). However, the above cited models,
whilst properly simulating the average DMS concen-
tration, and/or the temporal decoupling between chlo-
rophyll and DMSP, do not explain the separation by
2 months of the monthly averaged, water-column
integrated, maximum concentrations of particulate
DMSP and DMS observed over the 3 year period at
Hydrostation-S. This suggests that other processes
could be involved in the evolution of this pattern (Simo
and Pedros Alio’ 1999; Vogt et al. 2010).

In this study, we developed a new model describing
DMS(P) dynamics in the water column to test how and
to what extent processes different from phytoplankton
light induced DMS exudation contribute to the evo-
lution of the summer paradox. In particular we test the
hypothesis that a phytoplankton type succession might
explain the decoupling between chlorophyll and
DMSP and that the bacteria mediated DMSPd to
DMS conversion might explain the decoupling
between DMSP and DMS.

The formulation of the DMS(P) dynamics is
embedded in the simplified version of the ERSEM
model (Blackford et al. 2004) described in Fig. la.
ERSEM was coupled with the General Ocean Turbu-
lence Model (GOTM, Burchard et al. 1999), a 1D
water column model which dynamically simulates the
evolution of temperature, density and vertical mixing
when forced with metrological data. The GOTM-
ERSEM coupled model was implemented at BATS
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(31°40' N, 64° 10’ W), resolving the first 250 m of the
water column. The model is forced with reanalysis
meteorological data (ECMWF) for the vicinity of the
BATS site and initialised with temperature, salinity
and nutrient concentrations observed in situ. At the
lower boundary of the water column a simple remin-
eralisation closure is applied exporting sinking detri-
tus that is re-injected into the water column as
dissolved nutrients and inorganic carbon at a fixed
rate of 0.5 day_1 (Fig. 1a).

Sulphur-containing compounds are modelled
through their molar carbon component (sulphur is
not explicitly modelled). However, DMSP, DMSPd
and DMS are converted into units of sulphur for
diagnostic purposes.

Simulations have been run for 5 years (1990-1994)
of which the last three (1992-94) were analysed,
compared with observations and discussed.
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Fig. 1 Modelled food web (a) and modelled DMS(P) biogeo-
chemical fluxes (b). P and P,y Phytoplankton functional
types, ZI and Z2 zooplankton functional types, B bacteria
functional type, DOM dissolved organic matter, POM particu-
late organic matter, DOC dissolved organic carbon. Dashed
arrows in panel b refer to the processes described in Eq. 4 and
are labelled accordingly
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The DMS-ERSEM model

The ERSEM model is extensively described in
Blackford et al. (2004) and we refer the reader to that
paper for a full description of the ERSEM structure
and underlying philosophy. We limit our description
to the DMS(P) formulation and to any parts of the
model which has been modified with respect to
Blackford et al. (2004). In Table 1, the parameters
relating to the DMS(P) formulations and those that
have been changed with respect to Blackford et al.

(2004) are reported. The modelled DMS(P) biogeo-
chemical fluxes are shown in Fig. 1b.

Plankton functional types

The model trophic structure is composed of two
phytoplankton, two zooplankton and one bacterial
functional type (Fig. 1a). Phytoplankton is conceptu-
ally divided in two types (P and Pgypp) differing from
each other primarily through their capacity to produce
DMSP. Type P is able to produce only a small

Table 1 Model parameters

Parameter Units Value Reference

P Max photosynthetic rate (r) day_1 33 This study

P Max Chl:C (¥max) mg Chl mg C™! 0.075 This study

P Min DMSP:C (DPyn) mol C g C™! 0.00167 This study

P Max DMSP:C (DP,,,) mol C g c! 0.00167 This study

P Affinity for NH} (mg C)~! day™! 0.05 This study

P Affinity for PO} (mg C)~" day™! 0.005 This study

Pamsp Max photosynthetic rate (r) dayf1 1.5 This study

Pamsp Max Chl:C (Unax) mg Chl mg C™! 0.03 This study

Pymsp Min DMSP:C (DPyy ) mol C g C™! 0.00167 This study

Pymsp Max DMSP:C (DPpyax) mol C g C™! 0.0167 This study

Pymsp Affinity for NH§ (mg C)~! day™! 0.01 This study

Pymsp Affinity for PO} (mg C)~! day™! 0.0025 This study

Pymsp DMS exudation rate (1) d! 0.1 This study
Irradiance threshold level (Ijax) W m~? 80 Vogt et al. (2010)
DMS:DMSPd carbon molar ratio (&) mol C mol C™! 0.4

Z1 lower threshold for feeding mg Cm~> 2.5 This study

Z2 lower threshold for feeding mg C m~> 2 This study

72 assimilation rate at 10°C d! 1.5 This study

P1 relative availability for Z1 adim 0.6 This study

P2 relative availability for Z1 adim 0 This study

P1 relative availability for Z2 adim 0 This study

P2 relative availability for Z2 adim 0.4 This study

B1 relative availability for Z1 adim 0.7 This study

B1 relative availability for Z2 adim 0 This study

Z1 relative availability for Z2 adim 0.5 This study

Z1 relative availability for Z1 adim 0.2 This study

72 relative availability for Z2 adim 0.2 This study

Bac. optimal P cellular quota (p°") mol P g C™! 0.0019 Polimene et al. (2006)
Bac. optimal N cellular quota (n°") mol N g C™! 0.017 Polimene et al. (2006)

P and Pgypg,, are treated as P3 and P4 in Blackford et al. (2004), respectively, apart from the parameters above specified. Z1 and Z2 are

treated as Z5 and Z4 in Blackford et al. (2004) respectively, apart from the above described parameters

# See Blackford et al. (2004) for the nutrient uptake formulation
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(constant) amount of DMSP while type Py, is able to
increase the DMSP cellular level in response to
increasing light, in accordance with the DMSP anti-
oxidant hypothesis proposed by Sunda et al. (2002). As
explained in the next paragraph, our formulation
implies that a high DMSP cellular quota enables a
better photosynthetic rate under high light regimes (i.e.
surface layer and/or summer period) providing also a
parameterisation of the DMSP cellular function as an
antioxidant/photoprotective compound. P and Py
also differ in their maximum photosynthetic rate (r),
maximum chlorophyll to carbon ratio (¥max) and
affinity for nutrients (see table 1). Zooplankton is
modelled by two functional types, Z1 and Z2. Z1 is
specialized to feed on P and bacteria, while Z2 feeds
on Py, and Z1.

In accordance with the standard ERSEM frame-
work, heterotrophic bacteria are described by means of
only one functional group.

DMSP and DMSPd production

The daily DMSP production is assumed to be formed
by two additive terms: the first is a fixed minimum
carbon quota (DP,) of the net primary production
(NPP) i.e. the minimum fraction of NPP converted to
DMSP. The second term, consistently with the anti-
oxidant hypothesis (Sunda et al. 2002), is an enhance-
ment function (>0) dependant on light-induced stress
and is constrained by the maximum theoretically
achievable DMSP cellular quota (DPy,,x). The equa-
tion for DMSP is therefore written as:

0DMSP
ot

= NPP - DPmin + (1 - E) : (DPmax - DP)
-P-v—R-DMSP (1)

where P is the phytoplankton biomass; v is the inverse
time scale of the process (1/day), DP is the dynamic
DMSP to carbon ratio and R is the sum of all the loss
processes (exudation, lysis and grazing). E represents
the light induced stress level and is given by the ratio
between the saturating parameter for photosynthesis
and the incoming amount of irradiance I:

E= min(l,II—r) (2)

with Ir being the photosynthesis saturation parameter
(Geider et al. 1997) modified in order to include the
DMSP photo-protective function:
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where r is the maximum photosynthetic rate, « is the
initial, chlorophyll specific, slope of the production/
irradiance curve and Ymaxis the maximum chlorophyll
to carbon ratio.

The gross primary production, formulated follow-
ing Geider et al. (1997), is scaled by E, consequently,
when [ is higher than Ir, a decrease of the photosyn-
thetic rate is predicted by the model.

DMSPd is considered to be a fraction (depending
on the DMSP cellular quota) of the dissolved organic
carbon (DOC) produced via nutrient stress-driven
exudation, cell lysis and grazing (Blackford et al.
2004).

DMS sources and sinks

DMS dynamics are described through the following
terms: phytoplankton exudation (P-exu) bacterial
DMSPd to DMS conversion (B-prod), bacterial con-
sumption (B-upt), free enzymes activity (enz) and
photolysis (photo) (Fig. 1b):

ODMS _ aDMS|” ™  oDMS[® ™!  aDMS|™
o ot ot ot
aDMS|® ™ 9DMS|™"*°
- - 4
at at )

Phytoplankton DMS production (P-exu)

DMS exudation in the model is described as being
dependent on the incoming irradiance and on nutrient
deficiency. Based on the evidence that nutrient
limitation may strongly enhance the release of DMS
(Sunda et al. 2007), a term describing the cellular
nutrient deficiency has been combined with the
formulation proposed by Vogt et al. (2010) which
assumes the process to be dependent only on light:

oDMS

I
ot = )\,exu -DMSP - 5 - max l:(] — Nlim)a —:|

Imax

(5)
where Aey, is the exudation rate, £ is the molar carbon
quota of DMSP exuded as DMS (i.e. DMS:DMSPd
given as carbon molar ratio), I,is the irradiance

threshold for exudation and Nj,is the ERSEM
nutrient limitation parameter described in Blackford
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et al. (2004). Nj;, varies from 0 and 1 with maximal
limitation for values close to zero.

Bacterial DMSPd and DMS consumption (B-upt)
and DMS production (B-prod)

The dynamics of the standard ERSEM bacteria
submodel have been updated with the formulation
proposed by Polimene et al. (2006) assuming active
exudation of semi-labile carbon and nutrient uptake/
remineralisation to equilibrate the internal stoichiom-
etry. Organic matter uptake and production is con-
ceptually described as in Polimene et al. (2000).
However, we decided to not include the processes
describing the release of bacteria capsular material
(Stoderegger and Herndl 1998) and the resulting
production of recalcitrant “semi-refractory” organic
carbon as these processes are not relevant to this work.
Both DMSPd and DMS are treated as a part of the
labile dissolved organic carbon pool (LDOC). How-
ever, different turnover rates have been consistently
observed for the two compounds, 0.6 to 1.5 day ™' and
0.1 to 0.2 day~' for DMSPd and DMS, respectively
(Malmstrom et al. 2004; Bailey et al. 2008). Conse-
quently, we assume a bacterial degradation time scale
of 1 day for DMSPd and 5 days for DMS. The uptake
of DMSPd and DMS is proportional to the relative
quota of these compounds within the dissolved organic
matter pool.

Bacterial-mediated DMS production from DMSPd
is assumed to be modulated by the bacterial nutritional
status (Kiene et al. 2000) in the following way:

oDMS
—— — DMSP,y - ¢

ot
- max [0, max (1 _ apb - qnb)} (6)

popt ’ nopt

where DMSP,,; is the DMSPd uptake, ¢ is the molar
carbon quota of DMSPd transformed into DMS, gpb
and gnb are the varying cellular phosphorus and
nitrogen (relative to carbon) and p°"* and n°" are the
“optimal” phosphorus and nitrogen to carbon ratios
(Polimene et al. 2006).

Free enzymes activity and photolysis

The contribution of free enzyme activity to DMSPd
cleavage generating DMS and DMS photo-oxidation
have been formulated as in Archer et al. (2004). DMS

generated by free enzymes is then described by a
constant DMSPd cleavage rate (assumed to be
0.01 day ") while a simplistic Michaelis—Menten
formulation based on irradiance is used to describe
DMS photo-oxidation.

Other DMS source and loss processes

Given the focused goals of this study all other
processes accounting for DMS production and/or loss
(sea-to-air flux, grazing and viral lysis of phytoplank-
ton), which are thought to be not directly involved in
the evolution of the DMS “summer paradox”, are not
considered in the current model implementation.

Results and discussion
General physical and biological conditions

Simulated temperature, phosphate and chlorophyll
yearly (1992-94) averaged values in the form of 2
dimensional (Hovmoller) diagrams are shown in
Fig. 2. The simulations reproduce the main general
features of the BATS ecosystem such as the seasonal
thermal stratification and the summer deep chloro-
phyll maximum layer between 80 and 100 m depth
(Steinberg et al. 2001). The largest vertical mixing is
simulated in March when temperature is homogeneous
from the surface down to 200 m depth, while, starting
from June, a strong thermal stratification is simulated
by the model.

Simulated phosphate is generally low in the surface
layer (<0.03 uM) increasing only in the deeper part of
the water column where (between 100 and 150 m) the
model depicts a steep nutricline. However, during the
winter thermal mixing, the model simulates a break-
down of the nutricline with relatively high amounts of
phosphate reaching the surface layer in spring. Con-
versely, minimal PO, values are simulated in summer
concomitant with the thermal stratification. This weak
PO, surface seasonality plays (as will be better
explained later) an important role in our modelling
interpretation of the DMS summer paradox. As both
model and observed PO, concentrations (Steinberg
et al. 2001) are very close to the detection limits
(~0.01 uM), it is difficult to make a meaningful
quantitative comparison between the two. We can
argue that upwelled nutrients are rapidly taken-up by
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Fig. 2 Average temporal evolution of simulated a temperature
(°C) b PO, (mmol m*3) and ¢ chlorophyll (mg m’3) profiles
(1992-1994). Contour intervals are 0.5 (°C), 0.002 (mmol m )
and 0.05 (mg m), respectively

phytoplankton and/or bacteria, resulting in PO, sur-
face concentrations close to or below the analytical
detection limit throughout the year. However, the PO,
surface seasonal dynamics simulated by the model,
can be realistically explained on the basis of the
observed seasonality of surface primary production
and chlorophyll (both with maxima in winter) and
from the fact that, in winter-spring, the mixed layer
depth is considerably deeper than the nutricline
(Steinberg et al. 2001), implying a significant nutrient
supply to the surface layer.

A comparison between, monthly averaged depth-
integrated (0—140 and 0—40 m), observed and simu-
lated primary and bacterial production is shown in
Fig. 3. Observed primary production estimated with
the '*C-methodology is compared with the modelled
gross (GPP), net (NPP) and particulate (pPP) primary
production. We define pPP as the organic carbon
produced by phytoplankton less the loss due to DOC
exudation which, in ERSEM (Baretta et al. 1995;
Blackford et al. 2004), is primarily a function of
nutrient limitation (which does not affect the CO,
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uptake directly). Consequently, the fact that pPP is the
only version of PP which qualitatively captures the
pattern of the observed seasonality (with maximum in
winter), suggests it may be driven by nutrient avail-
ability. However, pPP tends to underestimate the data
especially the maximum observed in March, while
both modelled NPP and GPP are closer to the observed
values. Simulated bacteria production is in reasonable
agreement with the observation in terms of both
amount and seasonal cycle for the 140 m integrated
values while the model tends to overestimate the 40 m
integrated values observed in winter. Overall these
results indicate that the simulated values of both
phytoplankton and bacteria production, although with
some discrepancies with respect to the observations,
are not unrealistic.

The average temporal evolution of the simulated
DMSP, DMSPd and DMS profiles are displayed in
Fig. 4. DMSP and DMS are in reasonable agreement
with the values reported in the literature for the
Sargasso Sea (Dacey et al. 1998; Vallina et al. 2008)
with DMSP and DMS maximal values of 15-20 and
4-6 nM, respectively, simulated in spring—summer in
the upper part of the water column, between O and
40 m. In contrast, simulated DMSPd, with maximal
values of 7-10 nM, is overestimated as observed
maximal values at BATS fall between 3 and 5 nM
(Vallina et al. 2008). The possible reasons for this
overestimation and its implication will be discussed
later.

The DMS “summer paradox”

A direct comparison between simulated monthly
mean, depth integrated chlorophyll, DMSP and DMS
and relative observations is offered in Fig. 5. Chloro-
phyll concentrations were measured in samples col-
lected monthly at BATS (31° 40’ N, 64° 10’ W) in the
Northern Sargasso Sea, (http://bats.bios.edu), while
DMSP, and DMS were measured biweekly in samples
from Hydrostation-S (31° 40’ N, 64° 10’ W) 50 km
NW of BATS (Dacey et al. 1998). As the highest DMS
concentrations are generally observed between 20 and
35 m (Dacey et al. 1998), the analysis focuses on the
top 40 m of the water column. The data depict the
DMS summer paradox showing the maximum of
chlorophyll in February, the maximum of DMSP in
May, and the maximum of DMS 2 months later, in
July. The model chlorophyll reproduces the general
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Fig. 3 Simulated and observed, monthly averaged, depth
integrated primary (a and ¢) and bacterial (b and d) production
(1992-1994). Panels a and b refer to 040 m integrated values
while ¢ and d refer to 0—140 m integrated values. In panels a and
¢ primary production measured with the '*C technique (squares)
is compared with the model gross (dashed line), net (dotted line)

trend in the observations, peaking in winter with
minimum values in summer, although with an over-
estimation of chlorophyll at the beginning of summer.

The general temporal evolution of DMSP and DMS
is captured by the model, albeit with maximal values
of DMS simulated in June instead of July. However,
although reduced from 1 to 2 month, the model still
simulates a time lag between DMSP and DMS
maxima, which from a modelling point of view, is
the most challenging aspect of the DMS summer
paradox.

Temporal decoupling between DMSP and DMS

The simulations shown until now have been our
reference simulation (REF), which considers both
phytoplankton and bacterial mediated processes as
sources of DMS. As our hypothesis is that bacteria
play the main role in the decoupling between DMSP
and DMS, it is crucial to assess the relative contribu-
tion of the bacterial DMS production to that from
phytoplankton exudation. In order to do this, a

J FMAMJJ ASOND

and particulate primary production (continuous line), see text
for details. In panels b and d observed (squares) and modelled
(dashed line) bacterial production are compared. Observations
are displayed with standard deviations. Units are mg
Cm2 day™!

sensitivity experiment has been carried out by
switching “on” and “off” the two processes. Here-
after we refer to simulation 1 (SIM1) when the
bacteria DMS production is considered as the only
DMS source and to simulation 2 (SIM2) when
phytoplankton exudation is assumed to be the only
DMS source. We also increased the temporal reso-
Iution of our analysis considering daily averaged
simulations and focussing on the May—August
period. Results relative to DMS are reported in
Fig. 6. DMSP is not reported because it does not vary
in SIM1 and SIM2 with respect to the reference
simulation peaking in all the cases at year day 149. In
SIM1, the model reproduces the maximum degree of
decoupling between DMSP maximum and DMS
maximum, with DMS peaking at day 192 (Fig. 6).
However, the rate of DMS increase varies, showing
an earlier relative maximum at day 149. As will be
better explained later, this is due to the relatively fast
changes in bacterial stoichiometry which affects
bacteria sulphur demand at temporal scales lower
than a month.
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In SIM2, the decoupling decrease from 40 to 2 days
as DMS peaks at day 151. The same temporal
decoupling of 2 days occurs in the reference simula-
tion. The decoupling does not change if alternative
formulations describing DMS exudation are consid-
ered: specifically, we also assumed phytoplankton
DMS production to be dependent on light only (Vogt
et al. 2010; Vallina et al. 2008) or only on nutrient
deficiency (Fig. 6). Based on these results, the model
suggests that bacterial DMS production (SIM1),
modelled according to the hypothesis proposed by
Kiene et al. (2000), is the only process which,
qualitatively, is able to reproduce a temporal decou-
pling between DMSP and DMS which is comparable
with observations. In fact, when SIM1 is displayed as
monthly averaged values (Fig. 7) the temporal lag
between simulated DMSP and DMS is 2 months
(DMSP peaks in May while DMS peaks in July) in
agreement with the observations (see Fig. 5).

The determination index (R?) between observed
(monthly averaged) DMS values and those for SIM1,
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Fig. 5 Monthly mean, depth integrated (0—40 m) simulated
(dashed line) and observed (squares) a Chlorophyll, b DMSP
and ¢ DMS temporal evolution (1992-1994). Observed mean
values are displayed with standard deviation

SIM2 and the reference simulation are shown in
Table 2. The determination index is a measure of the
co-variance of two datasets (in our case between
observed and simulated values), providing a qualita-
tive view of the agreement between observation and
simulations. R? is higher in SIM1, it decreases slightly
in the reference simulation and shows the lowest value
in SIM2. This implies that SIM1 depicts a DMS
temporal trend which better captures the “shape” of
the observations. The low slope (Fig. 8) for SIMI1
denotes that simulated DMS strongly underestimates
the observations. This underestimation tends to be less
dramatic in SIM2 and in the reference simulation. This
behaviour is also confirmed by the root mean square
error (RMSE) values also shown in Table 2. The
RMSE is an objective measurement of the distance (in
terms of amount) between data and simulations with
lower values indicating the closest distance (best fit).
The RMSE (here normalized to the mean of the
observations) is highest in SIM1 and decreases in
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Fig. 6 Simulated daily 180 _
mean, depth integrated -e- Rt sim-
(040 m) DMS in SIMI, || e ST )
SIM2 and the reference 160 1 — — —sme )
. . . - = sim2*
simulation. Figure refers to
the average period from 140
May to July (1992-1994).
On the X axis are displayed p
the year day numbers.  1or
SIM2" = as SIM2 but with IE RN DMS max SIM1
DMS exudation assumed to W 100 F R W T TS =, (day190) — 4
be dependent on nutrient o) o/ LSRN AN A -
stress only. SIM2"= as E o L0/ SERANN
SIM2 but with DMS e 80
phytoplankton exudation s
assumed to be dependent on O f
irradiance only y
40 b
20 F DMS max SIM2 and REF
DMSP max (day 152)
(day 149)
0 1
1th May (121) 31 July (212)
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Fig. 7 Simulated, monthly averaged, depth integrated
(040 m) DMSP (continuous line) and DMS (dashed line)
concentrations in SIM1 normalized to the respective maximal
values. (1992-1994)

SIM2 and in the reference simulation. Combining the
two statistical indices used (R2 and RMSE), it is clear
that the reference simulation, which accounts for both
the DMS production processes, is the modelling setup
which, on average, best reproduces the observations.
Furthermore, and most importantly for our purposes,
the model suggests that phytoplankton-mediated pro-
duction contributes mainly to DMS background levels
and is coupled to the substrate DMSP, while the
bacterial-mediated production is the process that

DMS production occurs in July, while the maximum
phytoplankton DMS production occurs in May, con-
comitant with the maximum in DMSP. The relative
contribution of phytoplankton-mediated DMS pro-
duction to the total DMS production tends to decrease
in late summer when bacteria are dominant (Fig. 11).

DMS bacterial production as described by Kiene
et al. (2000) has been considered in previous model-
ling studies describing DMS dynamics (Vallina et al.
2008; Bopp et al. 2008). However, in contrast to these
previous studies which describe bacteria using impli-
cit formulation (Bopp et al. 2008) or by implying fixed
cellular stoichiometry (Vallina et al. 2008), we
describe bacterial dynamics by modelling carbon,
nitrogen and phosphorus content of bacteria
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Fig. 8 Scatter plot between observed and simulated, monthly
averaged, depth integrated (0—40 m) DMS in SIM1, SIM2 and
the reference simulation. In figure are also displayed the
regression lines
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Fig. 9 Simulated, monthly averaged, depth integrated
(0—40 m) phytoplankton and bacteria mediated DMS produc-
tion (reference simulation)

independently. Following the formulation proposed
by Polimene et al. (2006) bacteria are assumed to
regulate their internal stoichiometry by actively
releasing semilabile DOC and/or by remineralising
or taking-up dissolved nutrients. Consequently, under
sub-optimal nutrient concentrations (nutrient limita-
tion) bacteria release surplus carbon, while, under
supra-optimal nutrient concentrations (carbon limita-
tion), they remineralise the nitrogen and phosphorous
in excess. In the same way, assuming sulphur demand
to be inversely proportional to nutrient limitation,
bacteria fully assimilate DMSPd under carbon limited
conditions whilst releasing part of it as DMS under
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Fig. 11 Simulated, monthly averaged, temporal evolution of
the depth integrated (0-40 m) biomass of the plankton
functional types described by the model (1992-1994)

nutrient limited conditions. In this latter case, the DMS
production yield from metabolised DMSP increases in
proportion to the severity of the limitation. This
“modelling interpretation” of the Kiene et al. (2000)
hypothesis is shown in Fig. 10. The model ratio
between gpb and p°® describes the bacterial nutri-
tional status: when its values are greater than 1,
bacteria are growing in a carbon limited context,
while, values lower than 1, imply a nutrient limited
condition. Starting from April-May the model simu-
lates an increase in nutrient limitation which, in turn,
increases the DMS bacterial production yield. Note
that the rise of the qpb to p°" ratio simulated in June
corresponds to the slight decrease in DMS concentra-
tion and DMS bacterial production yield simulated in
the same period. This also corresponds to a peak in
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zooplankton biomass (Fig. 11) which by producing
nutrient-rich organic matter through grazing, allows
bacteria to partially re-equilibrate their stoichiometry,
temporarily increasing bacterial sulphur demand. For
this reason, at a time scale of less than a month, the
bacterial DMS production yield (and DMS concen-
tration) does not increase monotonically. However, a
clear seasonal shift for bacteria from nutrient replete to
nutrient limited condition is depicted by the model and
we regard this as the key factor driving the DMS
summer paradox. Bacterial nutritional status mainly
depends on the nutrient content of the DOM pool
produced by phytoplankton which, in turn, is a
function of inorganic nutrient availability. Inorganic
nutrient supply to the surface layer is therefore
considered here to be the main physical forcing, along
with irradiance, which governs the DMS summer
paradox. In contrast to previous modelling studies
(Vallina et al. 2008; Toole et al. 2008; LeClanche et al.
2010), our results indicate that DMS(P) processes
related to irradiance (DMSP production and phyto-
plankton DMS exudation) may only partially explain
the DMS summer paradox, not being able to trigger
the temporal decoupling between DMSP and DMS.
It is important to note at this point that the model,
whilst underlining the importance of bacteria-medi-
ated DMS production, could strongly underestimate
the amplitude of the processes. In fact, whilst showing
a clear seasonal increase, the model simulates rela-
tively low (up to 5%, Fig. 10) values of bacterial DMS
production yield. This aspect, along with the strong
DMSPd overestimation (Fig. 4) suggests that DMSPd
uptake and the relative release of DMS could be much
faster than the time scales resolved in the model (from
1 day upwards) (Vila-Costa et al. 2006) and future
model developments should take this into account.

Temporal decoupling between chlorophyll and DMSP

Phytoplankton species succession has previously been
proposed as a contributing mechanism to the DMS
summer accumulation (Simé and Pedrés-Alié 1999;
Vallina et al. 2008), but has not been explicitly
considered in many of the previous modelling studies
(Lefévre et al. 2002, Vallina et al. 2008; Toole et al.
2008). Our formulation allows discrimination between
PFTs not only on the basis of the cellular content of
DMSP but also, and more importantly, on the basis of
the antioxidant capacity that DMSP potentially

provides to the phytoplankton (Sunda et al. 2002).
As a consequence, the incoming irradiance drives a
clear phytoplankton type succession in the upper water
column, with type P (with high chlorophyll and low
DMSP) dominant in winter spring and type Pgmgp
dominant in summer (Fig. 11). This process, there-
fore, may potentially account for the temporal decou-
pling between chlorophyll and DMSP. Type P is
responsible for the chlorophyll maximum in late
winter while Pgn, is responsible for the DMSP
maximum in late spring (May). It should be stressed
that the coarse, conceptual, phytoplankton classifica-
tion presented is suitable for the extremely focused
purposes of this study but is not meant to describe the
far more complex phytoplankton community compo-
sition observed at BATS (Steinberg et al. 2001) which
is outside the scope of this work.

The involvement of species succession in the
formation of the DMS summer paradox has also been
criticized by Toole and Siegel (2004) who stated that,
during the summer, the BATS phytoplankton com-
munity is dominated by non-DMSP producing species,
thus excluding the involvement of phytoplankton
community succession in the DMS summer paradox
evolution. It should be noted that the summer dom-
inance of DMSP-rich phytoplankton (Pypgp), simu-
lated by our model (Fig. 11), is limited to the surface
layers while the DMSP-poor phytoplankton (P) dom-
inate throughout the year if the euphotic zone
integrated values are considered (Fig. 12). This sug-
gests that the relative importance of high DMSP-
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Fig. 12 Simulated, monthly averaged (1992-1994), ratio
between the chlorophyll content of the two phytoplankton types
(P and Pgy,gp) described in the model. Simulated values were
integrated over the 0—40 and 0-140 m depth intervals
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producing phytoplanktonic species in the upper mixed
layer may have been obscured in analysis based on
water column integrated measurements or on data
sampled in the deep chlorophyll maximum layer
(Steinberg et al. 2001).

Additional modelling experiments and comparison
with data are required to further validate the robustness
of the proposed formulations beyond the specific
environment of the Sargasso Sea. The next step would
be, therefore, to implement the model in locations
characterized by different trophic and light regimes that
exhibit varied patterns and temporal scales of DMS and
DMSP dynamics. This will help to assess if and to what
extent the proposed mechanisms (phytoplankton types
succession and bacteria nutrient limitation) are of
relevance to modelling DMS(P) dynamics also at the
global scale.

Summary and conclusion

The presented model suggests that the dynamics
governing the DMS summer paradox are the result
of a wide ecosystem response to seasonally changing
environmental conditions. We have shown that it is
possible to theoretically explain the observed temporal
decoupling between maximal chlorophyll and DMSP
values assuming a phytoplankton functional type
succession in the upper water column (0—40 m), and
to simulate the DMS summer accumulation assuming
both phytoplankton and bacteria-mediated DMS pro-
duction. Of these two processes phytoplankton DMS
exudation strongly contributes to the amount of DMS
produced, being the main DMS source for most of the
year, while the bacterial-mediated DMS production is
the pivotal process triggering the temporal decoupling
between DMSP and DMS.
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