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Abstract: Satellite ocean color observations revealed that unusually deep convection events
in 2005, 2006, 2010 and 2013 led to an increased phytoplankton biomass during the spring
bloom: over a large area of the North-Western Mediterranean Sea (NWM). Here we
investigate the effects of these events on the seasonal phytoplankton community structure, we
quantify their influence on primary production, and we discuss the potential biogeochemical
impact. For this purpose, we compiled in situ phytoplankton pigment data from five ship
surveys performed in the NWM and from monthly cruises at a fixed station in the Ligurian
Sea. We derived primary production rates from a light-photosynthesis model applied to these
in situ'data. Our results confirm that the maximum phytoplankton biomass during the spring
bloom is larger in years associated with intense deep convection events (+ 51%). During these
enhanced spring blooms, the contribution of diatoms to total phytoplankton biomass increased
(+ 33 %), as well as the primary production rate (+ 115 %). The occurrence of a highly
productive bloom is also related to an increase in the phytoplankton bloom area (+ 155 %),
and in the relative contribution of diatoms to primary production (+ 63 %). Therefore,
assuming that deep convection in the NWM could be significantly weakened by future
climate changes, substantial decreases in the spring production of organic carbon and of its
export to deep waters can be expected.

1 Introduction

The size and taxonomic structure of phytoplankton communities regulate the functioning of
marine ecosystems and biogeochemical cycles (e.g. [Legendre and Le Fevre, 1991; Quere et
al., 2005; Hood et al., 2006]). For example, the photosynthetic efficiency of phytoplankton
communities is generally affected by their size structure [Bouman et al., 2005; Uitz et al.,
2008; Brewin et al., 2010; Edwards et al., 2015], with potential impact on the export of
particulate organic carbon (POC) to the deep oceans [Boyd and Newton, 1999]. Pico-
phytoplankton (< 2 pm) are generally associated with slow sinking rates and microbial loop
systems [Legendre and Le Fevre, 1991; Michaels et al., 1994], although they can contribute
significantly to the carbon export to depth through eddy-driven subduction processes [Omand
et-al., 2015] or following the increase of their sinking speed and rate of consumption by
zooplankton through aggregation mechanisms [Richardson and Jackson, 2007]. Conversely,
large phytoplankton, such as diatoms, typically produce large and rapidly-sinking materials.
Indeed, an increase in the contribution of micro-phytoplankton (mainly diatoms) to the total
phytoplankton biomass has been observed to correlate with the rate of POC exported to depth
[Guidi et al., 2009, 2015; Henson et al., 2012], with significant consequences on the amount
of POC potentially sequestered in the deep oceans, i.e., the so-called biological carbon pump.

The North-Western Mediterranean Sea (NWM) displays the characteristics of a typical
temperate oceanic region, with a pronounced spring phytoplankton bloom in shallow mixed
layers. For this reason, and despite its relatively limited surface area, the NWM is a key
region to study phytoplankton bloom dynamics [Mermex Group, 2011]. When the NWM
spring bloom initiates, the micro-phytoplankton biomass, mainly composed of diatoms,
rapidly increases and reaches an annual maximum generally in March [Marty et al., 2002;
Siokou-Frangou et al., 2010; Estrada and Vaqué, 2014]. Then, the development of a surface
nano-phytoplankton biomass maximum can be observed [Marty et al., 2002; Siokou-Frangou
et al., 2010; Estrada and Vaqué, 2014], which precedes the end of the spring bloom and the
establishment of a summer phytoplankton community dominated by nano- and pico-
phytoplankton [Marty et al., 2002; Siokou-Frangou et al., 2010; Estrada and Vaqué, 2014].
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The NWM is also one of the most productive regions of the Mediterranean Sea with annual
primary production values ranging between 86 and 232 gC m™ (estimates based on in situ
measurements [Marty and Chiavérini, 2002]). These values are significantly higher than in
the Eastern Mediterranean basin which is characterized by subtropical-like values (20.3-61.8
¢C m?, estimates based on in sifu measurements [Siokou-Frangou et al., 2010]). Estimates of
annual primary production in the NWM derived from bio-optical primary production models
applied to satellite ocean color data fall within the same range of values (78-204 gC m?,
Morel and Andreé, 1991; Antoine et al., 1995; Bosc et al., 2004; Olita et al., 2011a; Uitz et al.,
2012]).

Nano-phytoplankton contribute the largest part of the annual primary production in the
NWM, although micro-phytoplankton (mainly diatoms) significantly support spring
production [Marty and Chiavérini, 2002; Uitz et al., 2012]. The occurrence of diatoms,
although relatively limited in time, is critical for the export of POC to depth [Heussner et al.,
2006; Miquel et al., 2011; Stabholz et al., 2013; Ramondenc et al., 2016]. The amount of POC
exported at depth in the NWM is then particularly high compared to the rest of the
Mediterranean basin, which is mostly dominated by a microbial-loop activity [Siokou-
Frangou et al., 2010; Estrada and Vaqué, 2014].

Atmospheric conditions over the NWM during specific years induce particularly cold and
windy winters and, consequently, deep convection events [MEDOC Group, 1970; Millot,
1999; Houpert et al., submit]. It has also been observed that these extreme atmospheric
conditions and deep winter mixed layers are followed by elevated spring chlorophyll-a
concentrations ([Chl-a], proxy of the phytoplankton biomass) [San Feliu and Murioz, 1971;
Estrada, 1996; Marty et al., 2002; Marty and Chiavérini, 2010; Arin et al., 2013; Estrada et
al., 2014; Severin et al., 2014]. Spring diatom biomass and the subsequent diatom valve flux
at depth have also been found to be greater than average after the occurrence of deep winter
mixing events [Rigual-Herndndez et al., 2013]. Additional studies based on satellite data have
reported an increase in surface [Chl-a] after particularly cold and windy winters, and
suggested also that a high spring phytoplankton biomass may be related to the expansion of
the phytoplankton blooming area [Olita et al., 2011b; Volpe et al., 2012; Lavigne et al., 2013;
Mayot et al., 2016]. Regional 3D models applied to the NWM [Herrmann et al., 2013; Auger
et al., 2014; Ulses et al., 2016] have also demonstrated strong inter-annual variability in the
spring primary production related to the depth of winter mixed layers. Therefore, the
alternation of mild winters (shallow mixed layers) and colder winters (deep mixed layers)
presumably modulates spring phytoplankton biomass accumulation and production in the
NWM.

Previous results are, however, either sparse or intermittent (when derived from in situ data),
or limited to the surface layer of the ocean (satellite data), or of theoretical nature when
derived from model simulations. Thus the influence of the depth of the winter mixed layers on
the spring phytoplankton biomass and community structure still needs to be confirmed with in
situ-data relevant to the scale of the NWM sub-basin. In addition, the consequence of changes
in the spring phytoplankton biomass and community structure on the seasonal and annual
primary production yet remains to be investigated. This would provide valuable information
on the stock of organic carbon associated with each phytoplankton size class in the NWM,
which could in turn be potentially correlated with the amount of POC exported to depth in this
basin. These investigations are crucial for the possible impact of climate change on the
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biological carbon pump to be assessed in the NWM, where a shift towards warmer and drier
conditions has been predicted [/PCC, 2013; Mariotti et al., 2015].

To derive robust cause-effect relationships between the depths of winter mixed layers and the
spring phytoplankton dynamics (i.e. biomass and community structure) when using in situ
observations, a specific and dedicated effort in data analysis is required. Here, a spatial
division of the Mediterranean Sea into ecological units, referred to as trophic regimes, has
been used [Mayot et al., 2016]. These trophic regimes have been determined through a cluster
analysis of the seasonal cycles of satellite-derived surface [Chl-a]. According to the main
hypothesis, the similarity of the seasonal cycle of surface [Chl-a] should reflect similar
environmental forcing (physical and biogeochemical), although the criteria used to determine
the trophic regimes still need to be improved. The in situ observations performed at different
times in a given trophic regime were then pooled together, with the aim of reconstructing as
complete as possible annual time series of in situ observations for each trophic regime
observed in the NWM.

In the description by [Mayot et al., 2016], the NWM is mainly characterized by a trophic
regime with a seasonal cycle of [Chl-a] displaying a spring bloom, i.e. the “Bloom” trophic
regime [Mayot et al., 2016]. During years associated with extreme winter atmospheric
conditions and very deep winter mixed layers, the “Bloom” trophic regime is partially
replaced by another trophic regime, characterized by a similar seasonal cycle of [Chl-a] but
with an enhanced and delayed spring bloom. The latter is referred to as the “High Bloom”
trophic regime [Mayot et al., 2016].

These two trophic regimes are used here as a framework to examine the inter-annual
variability of primary production in the NWM. They represent two contrasting situations that
occur in the NWM: the “Bloom” trophic regime reflects the average situation, while the
“High Bloom” trophic regime depicts the occasional situation of an enhanced spring
phytoplankton bloom following very deep winter mixed layers. We investigate the differences
in the phytoplankton community structure, as well as in the seasonal and annual primary
production that exist between these two trophic regimes. Our threefold objective is: (1) to
investigate; using in situ observations, the effects of the different winter mixing conditions
associated with the “Bloom” and “High Bloom” trophic regimes on the seasonal
phytoplankton community composition (described on the basis of the size structure); (2) to
quantify, using a light-photosynthesis model, how changes in the phytoplankton community
structure, induced by changes in winter mixing conditions, influence the seasonal and annual
primary production rates; and (3) to discuss the potential biogeochemical impact of
intermittence between Bloom vs. High Bloom conditions in the context of future climate
change. The in situ observations comprise vertical distribution of phytoplankton pigments,
converted into vertical distribution of biomass associated with three phytoplankton size
classes [Uitz et al., 2006]. The light-photosynthesis model accounts for the size-structure of
the phytoplankton community [Morel, 1991; Uitz et al., 2008]. The analysis is conducted with
pigment data collected over the whole NWM at each season between July 2012 and July 2013
(the two trophic regimes were present during this period), and also with pigment data from a
multiannual open-ocean time-series in a sub-basin of the NWM (i.e. in the Ligurian Sea)
affected by the inter-annual presence of the two trophic regimes.
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2 Data and Methods

2.1 Studied area and sampling plan

The NWM presents a large scale cyclonic circulation (Figure 1), confined on the North-
western boundary by the Northern Current that flows southwards along the coasts, by the
permanent thermal Balearic Front at the South, and by the Western Corsica Current [Millot,
1999]. In winter, under the influence of atmospheric and hydrological forcing, the central
zone of the cyclonic circulation, located south of the Gulf of Lion, may be subject to deep
convection events that induce the formation of deep waters [MEDOC Group, 1970; Millot,
1999].

In the NWM an intensive sampling effort was carried out between July 2012 and July 2013,
with five ship surveys on board R/V Le Suroit and R/V Tethys Il (DEep Water Experiment,
DEWEX [Testor et al., submitted], coupled with the Mediterranean Ocean Observing System
for the Environment, MOOSE, http://www.moose-network.fr/, Table 1). The DEWEX ship
surveys were coupled with in situ observations from 13 Argo floats, four BGC-Argo floats
and 10 Bio-optical gliders (Table 1).

Here in situ observations collected monthly in the Ligurian Sea in the framework of the long-
term DYFAMED (Dynamics of Atmospheric Fluxes in the Mediterranean Sea) and
BOUSSOLE (Buoy for the acquisition of a Long-Term Optical Time Series) programs (site
located 43°22° N, 7°54’E, Table 1) have also been used.

2.2 Measured variables

We selected the deep (bathymetry > 1000 m) offshore stations of the five DEWEX ship
surveys (Figure 1), and performed by the autonomous platforms (i.e. Bio-optical gliders, and
Argo and BGC-Argo floats), for which conductivity-temperature-depth (CTD) and,
occasionally, chlorophyll-a fluorescence sensors were available (see Table 1). For the
monthly cruises at the DYFAMED/BOUSSOLE site, a CTD is systematically deployed in
conjunction with a chlorophyll-a fluorometer (except before 2004 at the DYFAMED
sampling site, in total 231 stations performed, Table 1). Quality control procedures on the
selected temperature, salinity and fluorescence profiles (when available) are detailed in Mayot
et al. [submitted]. The temperature and salinity profiles were used to determine the potential
density profile. The mixed layer depth (MLD) was then derived from the density profile, by
using the 0.01 kg m™ criterion with the density at 10 m as a reference [Mayot et al.,
submitted].

The vertical distribution of phytoplankton pigment concentrations was determined through
discrete water samples collected at 12 depths along the water column with Niskin bottles
mounted on the CTD rosette. The discrete water samples were then filtered (GF/F) and High-
Performance Liquid Chromatography (HPLC) analyses were performed to determine the
concentration of the different phytoplankton pigments present in these water samples. All
HPLC measurements used here were conducted at the Laboratoire d’Océanographie de
Villefranche (see [Ras et al., 2008] for details on the HPLC method). Sampling for
subsequent phytoplankton pigment analyses is systematically performed during the monthly
cruises at the DYFAMED/BOUSSOLE site and was also carried out during four DEWEX
cruises (between 10 and 17 stations per cruise, Table 1).
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2.3 Determination of the phytoplankton community structure

Chlorophyll-a, here refers to the sum of (monovinyl) chlorophyll-a, divinyl chlorophyll-a,
chlorophyllide-a and the allomeric and epimeric forms of chlorophyll-a, is ubiquitous to all
phytoplankton cells (note that prochlorophytes contain only the divinyl chlorophyll-a). The [Chl-
a] iswused here as a proxy of phytoplankton biomass. In contrast to chlorophyll-a, the
composition of accessory pigments varies among phytoplankton groups. Some of them are
specific biomarkers of certain phytoplankton taxa and may be used to estimate the structure of
phytoplankton communities. Here we followed the approach proposed by Claustre, [1994]
and further modified by Vidussi et al. [2001] and Uitz et al. [2006]. Briefly, seven diagnostic
pigments were selected as biomarkers of major phytoplankton taxa: fucoxanthin (Fuco),
peridinin (Perid), alloxanthin (Allo), 19’-butanoyloxyfucoxanthin (ButFuco), 19’-
hexanoyloxyfucoxanthin (HexFuco), zeaxanthin (Zea) and total chlorophyll-b (chlorophyll-b
+ divinyl chlorophyll-b, TChlb). These seven diagnostic pigments were then assigned to
either of the pico-, nano- or micro-phytoplankton size classes, depending on the typical cell
size -of the phytoplankton organisms within each taxon. The taxonomic and size
correspondence of each diagnostic pigment is presented in Table 2.

The diagnostic pigment-based approach can be further used to estimate the relative
contribution of the three size classes to the [Chl-a] associated with the total algal biomass,

fmicro, ﬁ1ano andfpico,

fmicro = (1.41[Fuco] + 1.41[Perid])/Y,DPW (1a)
foamo = (1.27[HexFuco] + 0.35[ButFuco] + 0.60[Allo])/DPW (1b)
fsico'= (1.01[TChlb] + 0.86[Zea])/S.DPW (Ic)

with })DPW the sum of the weighted concentrations of the seven diagnostic pigments :

Y>DPW = (1.41[Fuco] + 1.41[Perid] + 1.27[HexFuco] + 0.35[ButFuco] + 0.60[Allo] +
1.01[TChlb] + 0.86[Zea]) ©)

In equations (1) and (2), the coefficients represent an average ratio between the concentration
of each diagnostic pigment and [Chl-a], and were obtained from a multiple regression analysis
applied to a global pigment dataset [Uitz et al., 2006]. Then, equations (1a,b,c) were applied
at all'depths (z) of all vertical profiles of phytoplankton pigment concentrations performed
during the DEWEX cruises and at the DYFAMED/BOUSSOLE site in order to obtain
vertical profiles of [Chl-a] associated with the three phytoplankton size classes:

[Chl - a]micro (Z) = [Chl - a] (Z) X fmicro (Z) (33)
[Chl — a]nano (z) = [Chl — a](2) X frano(2) (3b)
[Chl—=a]pico(2) = [Chl —a](2) X fpico(2) (3¢)

The seasonal variation of the class-specific [Chl-a] (associated with the three phytoplankton
size classes pico-, nano- and micro-phytoplankton) were integrated from the surface down to
1.5 times the euphotic depth ([Chl-a]; s+zey), inasmuch a significant phytoplankton biomass
can often be observed below the euphotic depth [Morel and Berthon, 1989]. For this purpose,
the vertical profiles of the [Chl-a] (i.e. [Chl-a](z)) were used to determine the euphotic depth
[Morel and Berthon, 1989; Morel and Maritorena, 2001]. The seasonal variation of the total
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[Chl-a]; 5+ze, Was also obtained from fluorometers calibrated with HPLC data (the calibration
is fully presented in [Mayot et al., submitted]). But for the fluorometers measurements, the
euphotic depth was derived from ocean color images of surface [Chl-a] [Morel et al., 2007].

2.4 Coupling in situ observations with trophic regimes

The HPLC-derived pigment data available for this work are numerous yet still scarce at the
scale of the NWM. Therefore, they were pooled together to construct pertinent annual cycles
of [Chl-a];s+zey and other variables. The approach is based on a spatial division of the
Mediterranean Sea from satellite ocean color images of surface [Chl-a] [Mayot et al., 2016],
which. allows identifying two main trophic regimes in the NWM, called “Bloom” and “High
Bloom” (Figure 2).

For the DEWEX cruises and the autonomous platforms deployed between July 2012 and July
2013, each individual profile was classified as “Bloom” or “High Bloom” by matching its
location with that of the trophic regimes in the NWM for the year 2012/13 (Figure 1). All in
situ—observations related to a given trophic regime were pooled together and sorted in
chronological order, thus producing a time-series associated with each trophic regime.

Following the same logic, the in situ observations available at the DYFAMED/BOUSSOLE
site between 1998 and 2014 have to be also classified as “Bloom” or “High Bloom”. For this,
75 % of the surface of an area 36 km in diameter around the DYFAMED/BOUSSOLE site —
that is, 16 satellite pixels of 9 km? — must be classified as “Bloom” or “High Bloom”.
Therefore, the in situ observations available at the DYFAMED/BOUSSOLE site between
1998 and 2014 were labeled “High Bloom” for 1999/00, 2002/03, 2006/07, 2009/10, 2011/12
and 2012/13, “Bloom” for 1998/99, 2004/05, 2005/06 and 2007/08, and discarded when the
region was a mixed between them or not classified (i.e. white areas on Figure 2). Once the in
situ data had been classified, they were pooled together to reconstruct a climatological time-
series of in situ observations for each trophic regime at an 8-day resolution (data collected the
same 8-day week were pooled together, a mean value was calculated and the remaining gaps
in the time series were filled using linear interpolation).

The data processing resulted in a time-series of in sifu observations for each trophic regime
during the DEWEX study period (2012/13) and at the DYFAMED/BOUSSOLE site. The two
were also merged into a climatological time series for each trophic regime (“merged time-
series”), subsequently used to compute primary production.

2.5 Estimation of total and class-specific primary production

Phytoplankton primary production was estimated using a light-photosynthesis model applied
to the climatological merged time series of in situ [Chl-a] vertical profiles obtained by
merging the DYFAMED/BOUSSLE and DEWEX data sets. Equations (3a,b,c) provided the
fractional contribution of the three phytoplankton size classes (pico-, nano- and micro-
phytoplankton) to all in situ [Chl-a] profiles. Using these profiles, the Morel [1991] light-
photosynthesis model, combined with the Uitz et al. [2008] phytoplankton class-specific
photophysiological properties, provided an estimate of the primary production associated with
each of the three phytoplankton size classes (Pmicro, Pnano and Ppico) that were then summed up
to produce the total phytoplankton production (Py:). More details of the light-photosynthesis
model used here can be found in the supporting information [Platt et al., 1980; Lewis et al.,
1985; Morel, 1988; Uitz et al., 2008]. The required daily surface Photosynthetically Available
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Radiation (PAR) was retrieved from the GlobColour merged ocean color satellite product
(spatial resolution of 4 km, http://www.globcolour.info).

3 Results
3.1 “Seasonal cycle of phytoplankton chlorophyll and community structure, and of the
MLD

Over July 2012 to July 2013 (DEWEX cruises) the seasonal variation of [Chl-a]; sz,
measured with fluorometers is similar for the “Bloom” and “High Bloom” trophic regimes
(Figure 3a-b). Low values are observed in winter (December, January, February), followed by
a maximal annual value in spring (March, April, May), with intermediate values during
summer (June, July, August) and autumn (September, October, November). The spring
maximal value is higher in the “High Bloom” trophic regime (171 mg m™) than in the
“Bloom” trophic regime (90 mg m™). Available HPLC measurements of [Chl-a]; s«zeq (grey
points in Figure 3a-b) confirm the seasonal variations of the [Chl-a]; sz, measured with the
fluorometers.

Overall, and for both trophic regimes, the proportion of micro-phytoplankton is low in
autumn and summer, increases in winter, and reaches maximal values in spring (Figure 3c-d).
Pico-phytoplankton is present in high proportions in autumn, decreases in winter, and reaches
very low values in spring and summer. Finally, the proportion of nano-phytoplankton is very
high-in summer and low in autumn, winter and spring. The seasonal cycles associated with
the two trophic regimes are also illustrated in the ternary plot (Figure 4), with the proportion
of micro-phytoplankton increasing from low values in summer (< 25%) to a maximum in
spring (> 40%). For both trophic regimes, the proportions of nano- and pico-phytoplankton
are low in spring and high in summer (> 70 %) and autumn (> 40 %) respectively.

Different patterns can be distinguished between the two trophic regimes when comparing the
phytoplankton community structures in winter and spring (Figure 4). In the “Bloom” trophic
regime, the proportion of nano-phytoplankton in winter is higher (around 40 %) than that of
micro- and pico-phytoplankton (both around 30 %). For the “High Bloom” trophic regime,
the proportions of nano- and micro-phytoplankton vary similarly in winter (each around 40
%) while pico-phytoplankton are in lower proportions (around 25 %). In spring, the
proportion of nano-phytoplankton still is the highest in the “Bloom” trophic regime (values
mainly around 40-60 %) with the proportion of micro-phytoplankton that rarely exceeded 40
%. In the “High Bloom” trophic regime, micro-phytoplankton commonly exceeded 40 %
(most of the values around 50 %).

For both trophic regimes, the annual cycle of the MLD presents a summer/spring minimum
and a winter maximum (Figure 3e-f). However, the wintertime MLD is deeper in the “High
Bloom” trophic regime (two mean MLD maxima > 880 m) than in the “Bloom” trophic
regime (a mean MLD maximum ~475 m). The BGC-Argo floats and the bio-optical gliders
did not sample deeper than 1000 m, while the maximum depth of Argo floats is 2000 m and
the ship-based CTD casts were done throughout the water column. Therefore, 1000 m
represents the highest possible MLD value in the Figure 3e-f, although in this figure dark
points indicate the estimations higher than or equal to 2000 m (i.e. from Argo floats and ship-
based profiles). The number of very deep MLD estimations (MLD > 2000 m) during winter is
larger in the “High Bloom” trophic regime (16) than in the “Bloom” trophic regime (1).
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The climatological time-series of [Chl-a]; 5+, calculated at the DYFAMED/BOUSSOLE site
and for the two trophic regimes (Figure 5a-b) indicates a higher spring maximal value for the
“High Bloom” trophic regime (101 mg m™) than for the “Bloom” trophic regime (67 mg m,
Figure 5a-b). For the rest of the annual cycle, the observed values are relatively close for the
two trophic regimes, ranging between 55 mg m™ and 20 mg m™. As for the DEWEX cruises,
the strongest differences in the phytoplankton community structure between the two trophic
regimes can be observed in the springtime (Figure Sc-d, confirmed in the ternary plot of the
Figure 6). During this season, the proportion of micro-phytoplankton is significantly higher in
the “High Bloom” trophic regime (maximal value > 80 %), than for the “Bloom” trophic
regime (maximal value < 65 %). Furthermore, for the “High Bloom” trophic regime, the
spring proportion of nano-phytoplankton is lower (0-15 %) than for the “Bloom” trophic
regime (mainly 20-30 %). The spring proportion of the pico-phytoplankton is similar for the
two trophic regimes (10 %).

Climatological annual time series of MLD for the two trophic regimes were calculated from
all CTD casts performed at the DYFAMED/BOUSSOLE site (Figure Se-f). It must be
emphasized that the values associated to these MLD time series deduced are underestimated
since, (1) 400 m is the greatest depth of the CTD cast performed as part of the BOUSSOLE
project, and (2) cruise sampling are cancelled in the case of adverse weather conditions (i.e.,
likely to generate very deep MLD). Despite these limitations, the wintertime MLD is deeper
in the “High Bloom” trophic regime (a mean MLD maximum ~380 m) than in the “Bloom”
trophic regime (a mean MLD maximum ~140 m).

To calculate the primary production of the two trophic regimes, the [Chl-a] profiles associated
with the three phytoplankton size classes from the DEWEX cruises (Figure 3-4) and from the
DYFAMED/BOUSSOLE site (Figure 5-6) were merged to obtain an annual climatological
time-series of the biomass of each phytoplankton size class associated with the two studied
trophic regimes (Figure 7a-d). As expected, the annual cycles of [Chl-a]; s+ze, (Figure 7a-b)
are similar to the annual cycles already described (Figures 3a-b and 5a-b). At the beginning of
the spring bloom, and for the two trophic regimes, the biomass of all phytoplankton size
classes increases (Figure 7c-d). However the “Bloom” trophic regime displayed higher values
(around 20 mg m™ for the nano- and the micro-phytoplankton, and 15 mg m™ for the pico-
phytoplankton) than the “High Bloom” trophic regime (around 15 mg m™ for the nano- and
the micro-phytoplankton, and 8 mg m™ for the pico-phytoplankton). In March both trophic
regimes present a maximum of micro-phytoplankton biomass, followed in April by a nano-
phytoplankton biomass maximum. The micro-phytoplankton peak is, however, different in
timing and magnitude between the two trophic regimes, with later and higher values in the
“High Bloom” trophic regime (late March and 60 mg m™) than in the “Bloom” trophic regime
(mid-March and 40 mg m™). On the contrary, the nano-phytoplankton peaks are similar in
magnitude and timing between the two trophic regimes (mid-April and around 30 mg m'z).
Similarly, all MLD estimations obtained from the DEWEX cruises (Figure 3e-f) and from the
DYFAMED/BOUSSOLE site (Figure 5e-f) were merged to produce climatological time of
MLD associated with the two trophic regimes. As anticipated, the “High Bloom” trophic
regimes is associated with very deep MLD (a mean MLD maximum ~700 m, and numerous
values higher than 2000 m), while the wintertime MLD is shallower in the “Bloom” trophic
regime (a mean MLD maximum ~110 m).
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3.2 Seasonal cycle of total and class-specific primary production

The climatological annual cycle of total primary production calculated for the “Bloom” and
“High Bloom” trophic regimes (Figure 8a-b), with the DEWEX and DYFAMED/BOUSOLE
merged data sets as input, both present a minimum in winter and a maximum in spring. The
spring production period, i.e. when daily primary production exceeds 0.6 gC m™> in winter and
spring, is longer for the “Bloom” trophic regime (February to mid-May) than for the “High
Bloom” trophic regime (March to mid-May). In addition, the maximum value of daily
primary production in spring is lower for the “Bloom” trophic regime (1.1 gC m'z) than for
the “High Bloom” trophic regime (1.6 gC m?, + 45 %).

In both trophic regimes, the daily primary production (Figure 8c-d) is dominated by micro-
phytoplankton (Ppicro) in spring, and by nano-phytoplankton (Pyano) during the rest of the year.
The daily primary production associated with pico-phytoplankton (Ppic,) 1s generally low,
except in autumn (September to November) when Py, is higher than Ppc.. The spring peak
of Ppigo is higher for the “High Bloom” trophic regime (0.8 gC m™) than for the “Bloom”
trophic regime (0.4 gC m™). However, both trophic regimes display a similar spring peak of
Prano (0.55 gC m™, in mid-April).

The annually (July to July) integrated primary production rates are also similar for the two
trophic regimes: 180 gC m™ for the “Bloom” trophic regime and 191 gC m™ for the “High
Bloom” trophic regime (only 7 % difference, Figure 9a). A difference in the cumulated time
series of primary production can, however, be observed in spring (Figure 9a). The spring
period is mainly characterized by a higher cumulated Puicro in the “High Bloom” trophic
regime than in the “Bloom” trophic regime (cumulated “High Bloom” Ppicro 19 % larger than
“Bloom” Ppicro, Figure 9b), and by a higher cumulated Pyano and Py, in the “Bloom” trophic
regime compared to the “High Bloom” trophic regime (Figure 9c).

4 Discussion

An analysis of satellite ocean color images revealed the existence in the NWM of two trophic
regimes, referred to as “Bloom” and “High Bloom” (Figure 2, [Mayot et al., 2016]). The
magnitude of the spring bloom observed in both regimes, when expressed in terms of annual
maximum of [Chl-a], is generally larger in the “High Bloom” than in the “Bloom” trophic
regime [Mayot et al., 2016]. The “Bloom” trophic regime occurs almost systematically for
each of the 16 years considered in the present study, although its spatial extension presents a
strong inter-annual variability, whereas the “High Bloom” regime occurs during years with
deep convection events. During the DEWEX cruises (2012/13 period), the two trophic
regimes were both detected in the NWM, and the spatial extension of the “High Bloom”
trophic regime was one of the largest recorded over the 16-year period. The in situ data
collected during the DEWEX cruises in both trophic regimes confirmed a major difference in
the magnitude of the spring [Chl-a] peaks, in the wintertime MLD maximum, and pointed to a
difference in the structure of phytoplankton communities in spring (Figure 3). The time-series
of HPLC pigment data from the DYFAMED/BOUSSOLE site (Figure 5) displayed similar
patterns both in terms of magnitude of the spring [Chl-a] values, in the wintertime MLD and
of phytoplankton community structure. A climatological time-series of the two trophic
regimes was obtained by merging the DEWEX and DYFAMED/BOUSSOLE data sets
(Figure 7). We now use the merged dataset to discuss the role of the phytoplankton
community structure in (1) determining the spring production, (2) shaping the seasonal cycle
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of primary production, and (3) modulating the inter-annual variability of primary production
of the NWM.

The seasonality of the community structure for the two trophic regimes (Figure 7c-d), which
is clearly similar during most of the year, begins to diverge in spring, when the [Chl-a]
increases over the whole NWM basin. The early stage (i.e. in March) of this spring
enhancement of the phytoplankton biomass coincides with an increase in the micro-
phytoplankton fraction (Figure 7c-d). The [Fuco/(Fuco + Perid)] X 100 pigment ratio (in
%) shows that the spring peak of micro-phytoplankton observed in both trophic regimes is
mainly composed of diatoms (> 95 % in spring). The occurrence of diatoms during the initial
phase of the spring bloom of the NWM has already been reported in the past [Siokou-Frangou
et al., 2010; Estrada and Vaqué, 2014] and it is generally associated to high values of [Chl-a]
[Marty and Chiavérini, 2010; Estrada et al., 2014; Severin et al., 2014]. The present results
confirm these previous findings, additionally indicating that the “High Bloom” trophic regime
shows higher (+ 38 %) spring values of diatoms (58 mg m?, 96 % of the [Chl-a]micro = 60 mg
m‘z) than the “Bloom” trophic regime (36 mg m'z, 90 % of the [Chl-a]micro = 40 mg m'z). The
hypothesis here is that large biomass of diatoms are rather related to the occurrence of the
“High Bloom” trophic regime than that of the “Bloom” trophic regime. This hypothesis will
be revisited further on.

In a second stage of the spring bloom (i.e. in April), an increase in the nano-phytoplankton
fraction is recorded in both trophic regimes, with similar values of biomass for the two trophic
regimes (30 mg m? Figure 7c-d). The seasonality of nano-phytoplankton is therefore
nonspecific to or independent on the trophic regime (i.e. homogenous over the whole NWM
area). In view of the sporadic occurrence of the “High Bloom” trophic regime (i.e. occurs
during years with deep convection events) this suggests that the presence of nano-
phytoplankton in spring could be related to a low inter-annual variability. Independent data
from a sediment trap at 500 m in a mooring line deployed at 1000 m and situated in the Gulf
of Lion, have indeed confirmed this hypothesis. The coccolith fluxes (originated from
coccolithophores species, which belong to nanophytoplankton) at 500 m recorded between
1993 and 2006 by the sediment trap exhibited a stable annual pattern with maximum values
during the winter—spring bloom [Rigual-Hernandez et al., 2013].

Differences in community structure between the two trophic regimes have now been shown to
have a role on primary production. Our estimates of the annual primary production for the two
trophic regimes are within the range of previous estimations in the NWM area: 180 gC m™ for
the “Bloom” trophic regime and 191 gC m™ for the “High Bloom” trophic regime. This 6%
difference is within the uncertainty of the light-photosynthesis model [Morel, 1991; Uitz et
al., 2008], so that the two trophic regimes are assumed to have similar annual primary
production rates. This statement does not apply when the primary production is separately
analyzed for the three phytoplankton size classes (Pmicro, Prano and Ppico). Present results
indicate that the daily primary production in spring due to micro-phytoplankton (Puicro) 1S
larger in the “High Bloom” trophic regime (0.8 gC m™) than in the “Bloom” trophic regime
(0.4 gC m™). Therefore, although the annual primary production appears to be insensitive to
the trophic regime, the presence of the “High Bloom” trophic regime was observed to induce
a dominance of a micro-phytoplankton production (in particular diatoms) in spring.
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The spring bloom represents a critical input of organic matter for the planktonic ecosystem
[Legendre and Le Fevre, 1991] and for the sinking of POC to deep waters [Boyd and Newton,
1999].: Therefore, an increase in diatom production at this season is certainly critical for the
carbon budget of the region, as already shown at a global scale [Guidi et al., 2009, 2015;
Henson et al., 2012] and in the NWM [Rigual-Hernandez et al., 2013; Ramondenc et al.,
2016].

The amount of organic carbon annually produced for the “Bloom” and “High Bloom” trophic
regimes has been calculated by multiplying their climatological annual rates of primary
production (180 gC m™ for the “Bloom” trophic regime, and 191 gC m™ for the “High
Bloom” trophic regime) by the surface area they cover. On average, the annual stock of
organic carbon produced in the NWM is 18.9 TgC £+ 9 TgC (dashed line Figure 10a). Values
about 50 % above this average are however observed in 1998/99, 2004/05, 2005/06, 2009/10
and 2012/13 (on average, 29.5 TgC + 5 TgC), when the spatial extent of the “High Bloom”
regime was maximal. During the same years, the surface area of the blooming region (i.e. the
area covered by both trophic regimes, Figure 2) is also larger than that of the 16-year average
(+ 155 %). Moreover, the mean value of the amount of organic carbon produced in spring by
the micro-phytoplankton (between March and May, Figure 10c) is enhanced during these
highly productive years (4.4 TgC = 0.8 TgC, compared to the mean value of 2.7 TgC = 1.4
TgC, + 63 %).

Given these results, it can be expected that the proportion of micro-phytoplankton (mainly
diatoms) in the spring phytoplankton community and, consequently, the amount of POC
exported at depth in spring in the NWM, should increase when conditions inducing the “High
Bloom” regime appear. As the “High Bloom” regime is associated with particularly cold and
windy winters and very deep winter mixed layers [Mayot et al., 2016; Mayot et al., submitted]
(Figure 7e-f and 10b), a direct relationship could exist between the winter hydrodynamic-
atmospheric conditions of the NWM and the enhanced spring diatom production, which is
generally correlated with the POC exported at depth [Guidi et al., 2009, 2015; Henson et al.,
2012]. The presence of diatoms during the spring bloom in the NWM has already been
observed to increase during years characterized by particularly cold winters [Rigual-
Hernandez et al., 2013; Organelli et al., 2013]. The general hypothesis implies that, during
extremely cold winters, the mixed layer is deeper (MLD reaches the bottom, [Houpert et al.,
2016]), which induces an increase in the nutrient availability in the surface layer, thereby
favoring the growth of diatoms in the springtime. As the stoichiometric ratio between silicates
and nitrates can be positively affected by strong winter mixing (more silicate than nitrate,
[Severin et al., 2014]), cold and windy winters could be characterized by an increase in the
silicate availability in the surface layer, which, in turn, could also support the development of
a diatom bloom in spring. The occurrence of the “High Bloom” trophic regime, which is
associated with deep winter mixed layers and high biomass of diatoms in spring, could be
used as a proxy to identify a shift in the phytoplankton community structure in spring.

As aconsequence, an increased frequency of warm and dry conditions in the NWM region, as
currently predicted by coupled ocean-ecosystem models [/PCC, 2014, Mariotti et al., 2015],
may lead to a reduction in deep winter mixed layers [Adloff et al., 2015]. However, these
results from model projections appear strongly modulated by the Atlantic forcing at the
boundary conditions (the warming and the saltening applied to the Atlantic water in the
general circulation models), and less by the choice of the socio-economic scenario [Adloff et
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al., 2015]. Considering only the scenario A2 [IPCC, 2014], several model-based studies,
which used different ocean climate models (i.e. [Somot et al., 2006, Adloff et al., 2015]),
tended to report a decrease of the deep convection activity in the Gulf of Lion related to an
increase of the vertical stratification. In addition, results from annual simulations of a 3D
coupled physical-biogeochemical model performed under future climate conditions suggested
a potential biomass increase of smaller plankton size classes (bacteria, pico-phytoplankton
and nano-zooplankton) [Herrmann et al., 2014]. In turn, a potential diminution of the
wintertime and springtime organic carbon exported to the deep ocean can be expected.

During winter deep convection, as in the NWM, part of the organic carbon exported to the
deep prevails in a dissolved form (DOC, [Hansell et al., 2009; Carison et al., 2010; Santinelli
et al., 2010]) and was estimated to be up to 88 % in the NWM [Ramondenc et al., 2016].
Therefore a lower occurrence of intense deep convection events could induce a reduction of
the biological carbon pump via the diminution of the POC and DOC exported to depth.
However, a causal relationship between biological production and organic carbon flux to deep
waters is still a subject of debate (e.g. [Passow and Carlson, 2012]). Another way to sequester
carbon involving DOC is the microbial carbon pump, which corresponds to the production,
mainly by microbial organisms, of long-lived DOC (recalcitrant DOC with a life time longer
than 100 years) [Jiao et al., 2010; Legendre et al., 2015]. However, climate-driven changes in
the oceanic environment could enhance or reduce the production of long-lived recalcitrant
DOC [Legendre et al., 2015]. Therefore, an estimation of the overall potential effects of
climate changes on both the biological and the microbial carbon pumps, and finally on the
carbon sequestered, require more investigations and extensive modeling studies.

S Conclusion

The phytoplankton community structure has been analyzed in the NWM using phytoplankton
pigment data. Moreover, a spatial division of the NWM into trophic regimes (ecological
units), based on satellite-derived [Chl-a], has been applied to give a meaningful context to this
analysis. Two main trophic regimes can be detected in the NWM: the “Bloom” and the “High
Bloom” trophic regimes. The in situ data of phytoplankton pigments demonstrated temporal
and magnitude differences between the spring blooms of these two trophic regimes. In
addition, the enhanced spring bloom of the “High Bloom” trophic regime is related to an
increase in the diatom biomass maximum in spring. On the contrary, the spring biomass
maximum of nano-phytoplankton remains similar between the two trophic regimes, and
always occurs after the diatom spring peak. This suggests that the increase in the
phytoplankton biomass maximum during spring could be related to a larger diatom
contribution.

The primary production associated with the two trophic regimes has been quantified with a
phytoplankton-class-specific light-photosynthesis model. The maximum rate of daily primary
production occurs in spring. It is higher in the “High Bloom” trophic regime than in the
“Bloom” trophic regime (+ 0.5 gC m>, + 45 %). The values of annual primary production
associated with the two trophic regimes are however undistinguishable (only a difference of
11 gC m™ or 6 % difference). The daily primary production in spring associated with diatoms
is enhanced in the “High Bloom” trophic regime (+ 0.4 gC m™, + 100 %). This could have an
impact on the flux of POC exported to the deep.
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The “High Bloom” trophic regime in the NWM is associated to an increase in the stock of
organic material produced throughout the whole NWM sub-basin (+ 10.6 TgC, + 56 %), and
to an increase of the primary production by micro-phytoplankton (+ 1.7 TgC, + 63 %). This
trophic regime is associated to years of intense deep convection generated by colder-than-
average winters, suggesting that an increase of warm and dry conditions in the NWM, as
predicted by climate change scenarios, could affect the amount of organic carbon exported to
depth in spring.
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Table 1: Summary of the number of stations used for this study. Only offshore stations (bathymetry >
1000 m) performed in the two studied trophic regimes are considered. For the BGC-Argo floats and
the Bio-optical gliders, the number in parentheses corresponds to the number of chlorophyll-a
fluorescence profiles available.

Number of Number of

stations HPLC stations  Sampling period Reference/DOI
DEWEX Cruises
MOOSE-GE - 2012 63 Jul. to Aug. 2012 doi: 10.17600/12020030
DOWEX - 2012 36 13 Sep. 2012 doi: 10.17600/13450150
DEWEX - Leg 1 54 15 Feb. 2013 doi: 10.17600/13020010
DEWEX - Leg 2 67 17 Apr. 2013 doi: 10.17600/13020030
MOOSE-GE - 2013 40 10 Jun. to Jul. 2013 doi: 10.17600/13450110
Total 260 55
Argo floats 789 Jul. to Jul. 2013 [Poulain et al., 2007]
[D’Ortenzio et al., 2012; Le
BGC-Argo floats 305 (240) Jul. to Jul. 2013 Traon et al., 2012; Barnard
and Mitchell, 2013]
Bio-optical gliders 2338 (254) Sep. to Jul. 2013 LV Zev;leig):qestkaftzc(l)li’o?oo8’
Total 3432
DYFAMED/BOUSSOLE site
DYFAMED project 57 57 1998 to 2007 [gp;gzﬁiz/?%fg]
BOUSSOLE project 174 174 2001 to 2014 [Antoine et al., 2006, 2008]
Total 231 231
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Table 2: Diagnostic pigments used with their taxonomic correspondence, from [Vidussi et al., 2001]

Phytoplankton

Pigments Abbreviations Taxonomic Significance size class
Fucoxanthin Fuco diatoms micro- (> 20 pm)
Peridinin Perid dinoflagellates K
Alloxanthin Allo cryptophytes
19’-butanoyloxyfucoxanthin ButFuco chromophytes and nanoflagellates nano- (2-20 pm)
19°-hexanoyloxyfucoxanthin HexFuco chromophytes and nanoflagellates
Zeaxanthin Zea cyanobacteria and prochlorophytes ico- (<2 um)
Total Chlorophyll-b TChlb green flagellates and prochlorophytes P K
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Figure 1. Map of the NWM showing the location of cruise stations and of the
DYFAMED/BOUSSOLE site. Colored areas indicate the spatial location of the two studied trophic
regimes in 2012/13 (the “Bloom” and “High Bloom” trophic regimes, from [Mayot et al., 2016]). The
mean currents are represented by arrows with continuous lines (WCC: Western Corsican Current, NC:
Northern Current) and the North Balearic Front (NBF) by an arrow with a dashed line.

Figure 2. Spatial extent of the “Bloom” (blue) and “High Bloom” (orange) trophic regimes in the
NWM and for the years indicated (from [Mayot et al., 2016]). The year is here defined between July to
July (e.g. for 1998/99: July 1998 to July 1999). The star in the Ligurian Sea indicates the location of
the DYFAMED/BOUSSOLE site.

Figure 3. Annual cycle of total and class-specific [Chl-a]; s«zey, and of the MLD, for the two studied
trophic regimes: “Bloom” (a, ¢ and ¢) and “High Bloom” (b, d and f) between July 2012 and July 2013
(DEWEX cruises). The total [Chl-a]; s«ze, 1s the sum of each (c-d) class-specific [Chl-a]; s«ze,: [Chl-
@] micro> [Chl-a]nano and [Chl-a]yic, (for the micro-, nano- and pico-phytoplankton respectively). The total
[Chl-a]; s+ze, Was also obtained from fluorometers measurements (black lines). (c-d) The mean class-
specific [Chl-a]; s+z., (With the standard deviation) is calculated for each DEWEX cruises (Table 1).
(e-f) The MLD estimations higher or equal to 2000 m are indicated by black dots.

Figure 4. Ternary plots of the seasonal variations between 0 m and 1.5 X Z.,, of the fraction of [Chl-a]
associated with the three phytoplankton size classes: micro- (fiicro), Nano- (fuae) and pico-
phytoplankton (fyic,), for the two studied trophic regimes: “Bloom” (a) and “High Bloom” (b), between
July 2012 and July 2013 (DEWEX cruises). Each color represents a season.

Figure 5. Climatological annual cycle of total and class-specific [Chl-a]; s«zey, and of the MLD, for the
two_studied trophic regimes: “Bloom” (a, ¢ and e) and “High Bloom” (b, d and f) at the
DYFAMED/BOUSSOLE site. The total [Chl-a] s«z., is the sum of each (c-d) class-specific [Chl-
a]is+ze: [Chl-a]micro, [Chl-alnane and [Chl-a]ye, (for the micro-, nano- and pico-phytoplankton
respectively). (e-f) For the BOUSSOLE project (black points), the maximum possible MLD value is
400 m (the greatest depth of the CTD cast).

Figure 6. Ternary plots of the climatological seasonal variations between 0 m and 1.5 X Z,,, of the
fraction of the [Chl-a] associated with the three phytoplankton size classes: micro- (fmicro), NaN0- (fano)
and pico-phytoplankton (fyi.), for the two studied trophic regimes: “Bloom” (a) and “High Bloom”
(b), at the DYFAMED/BOUSSOLE site. Each color represents a season.

Figure 7. Climatological annual cycle of total and class-specific [Chl-a] s«zey, and of the MLD, for the
two studied trophic regimes: “Bloom” (a, ¢ and e) and “High Bloom” (b, d and f). The total [Chl-
a]; s+zeu 1S the sum of each (c-d) class-specific [Chl-a]; s«zeu: [Chl-a]micro, [Chl-a]nano and [Chl-a]pico (for
the micro-, nano- and pico-phytoplankton respectively). (e-f) For the BOUSSOLE project (black
points), the maximum possible MLD value is 400 m (the greatest depth of the CTD cast).

Figure 8. Climatological annual cycle of total and class-specific daily primary production for the two
studied trophic regimes, obtained from the light-photosynthesis model. (a-b) The total primary
production is the sum of (c-d) each class-specific primary production: Ppjcro, Prano and Ppic, (for the
micro-, nano- and pico-phytoplankton respectively). These results are displayed separately for the
“Bloom” (a and ¢) and “High Bloom” (b and d) trophic regimes.

Figure 9. Climatological annual cycle of cumulative total and class-specific primary production for
the two studied trophic regimes obtained from the light-photosynthesis model. Each class-specific
primary production: (b) Puicro, (¢) Prano and (d) Ppico (for the micro-, nano- and pico-phytoplankton
respectively), is expressed in percentage of (a) the total primary production (Pyy).

Figure 10. Estimation of (a) annual and (c) spring primary production at basin-scale for the NWM,
and of the winter MLD (b). (a) The basin scale estimate of annual primary production (Pxww) is the
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sum of both Pgioem and Puigh picom (i-€. the annual primary production associated with the two trophic
regimes). The average value of Pywy is 18.9 TgC (black dashed line). (b) Inter-annual boxplot of the
winter MLD with all estimations available (in grey) in the two trophic regimes. (c) The spring primary
production (between March and May) for micro- (Picro), Nano- (Ppano) and pico-phytoplankton (Ppico).
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