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Summary

Open-ocean convection is a fundamental process for

thermohaline circulation and biogeochemical cycles

that causes spectacular mixing of the water column.

Here, we tested how much the depth-stratified pro-

karyotic communities were influenced by such an

event, and also by the following re-stratification. The

deep convection event (0–1500 m) that occurred in

winter 2010–2011 in the NW Mediterranean Sea

resulted in a homogenization of the prokaryotic com-

munities over the entire convective cell, resulting in

the predominance of typical surface Bacteria, such

as Oceanospirillale and Flavobacteriales. Statistical

analysis together with numerical simulation of verti-

cal homogenization evidenced that physical

turbulence only was not enough to explain the new

distribution of the communities, but acted in synergy

with other parameters such as exported particulate

and dissolved organic matters. The convection also

stimulated prokaryotic abundance (121%) and heter-

otrophic production (143%) over the 0–1500 m

convective cell, and resulted in a decline of cell-

specific extracellular enzymatic activities (267%),

thus suggesting an intensification of the labile

organic matter turnover during the event. The rapid

re-stratification of the prokaryotic diversity and activ-

ities in the intermediate layer 5 days after the intense

mixing indicated a marked resilience of the commun-

ities, apart from the residual deep mixed water patch.

Introduction

Deep open-ocean convection is an essential process for

the thermohaline circulation of the global ocean (Marshall

and Schott, 1999). In the NW Mediterranean (NWM), this

process is responsible for the formation and circulation of

the Western Mediterranean Deep Water (WMDW) over the

entire western basin (Millot, 1999). Open-ocean convection

is an annual event in the Gulf of Lion, triggered by the pro-

duction of dense surface waters in winter through

atmospheric forcing where the ‘convection chimney’ can

reach over 100 km in diameter (Send and Marshall, 1995).

During the mixing phase, kilometer scale dense water

plumes can sink down to large depth with downward cur-

rents exceeding 10 cm s21 (Schott and Leaman, 1991).

This sinking flow is balanced by upward motions of deep

waters enriched in nutrients, which sustain the spring phy-

toplanktonic bloom occurring in NWM (Severin et al.,

2014). Particulate and dissolved organic carbon (POC and

DOC) exported to deep waters have the potential to

enhance deep-sea biological activities (Tamburini et al.,

2013a; Martini et al., 2014). Open-ocean convection indi-

rectly contributes to the carbon sequestration by

stimulating the biological carbon pump, but also by

enhancing the export of POC (�10 mg C m22 d21;

Stabholz et al., 2013), and DOC (�3000 mg C m22 d21;
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Santinelli et al., 2010). The quantity and the quality of the

exported organic matter may have important consequen-

ces for the diversity and activity of heterotrophic

prokaryotes (Bacteria and Archaea).

In oligotrophic regions such as the Mediterranean Sea,

the functioning and productivity of the pelagic ecosystem

largely depends on the activity of heterotrophic prokar-

yotes, which are responsible for the balance between

exported and mineralized carbon (Pulido-Villena et al.,

2012). In the euphotic zone, prokaryotes are abundant,

reaching abundances of around 106 cells ml21 and con-

sume 20–50% of the daily primary production (Ducklow,

1999). Below the deep chlorophyll maximum, prokaryotic

abundance and heterotrophic production decreases expo-

nentially with depth (Tanaka and Rassoulzadegan, 2004).

In previous studies, a stable vertical zonation of bacterial

community structure was observed at several offshore sta-

tions and at different seasons in the Mediterranean Sea,

with a clear stratification in three layers: above the deep

chlorophyll maximum (DCM), in the DCM and deeper

(Ghiglione et al., 2007; 2008; 2009; Rodr�ıguez-Blanco

et al., 2009). Archaeal communities also appeared to be

highly stratified between the surface and meso- and bathy-

pelagic waters in the Mediterranean Sea (De Corte et al.,

2009; Tamburini et al., 2009; Winter et al., 2009).

Few studies have had the opportunity to evaluate the

response of the prokaryotic community to intense mixing of

the water column caused by open-ocean convection. In the

Southern Adriatic Sea, an increase of prokaryote abun-

dance and activity was observed in the deep water masses

following open-ocean deep convection and dense shelf

water cascading episodes (Azzaro et al., 2012). Similar

increases were found during intermediate convection events

(�300 m) in the Sargasso Sea and in the Adriatic Sea, but

contradictory results were found on their impact on prokary-

otic diversity (Morris et al., 2005, Najdek et al., 2014).

The purpose of this study was to test the impact of deep

mixing on the dynamic of stratified prokaryotic commun-

ities. We investigated a deep convection event (0–1500 m)

and tested whether the physical turbulence alone or com-

bined with other biogeochemical parameters could explain

the structure of the prokaryotic communities during the

convection event. We further examine how such an event

impacted prokaryotic abundance, heterotrophic production

and extracellular enzymatic activities. In addition, we inves-

tigated the resilience of the prokaryote diversity and

activities in the surface, intermediate and deep layers 5

days after the cessation of the convective vertical currents.

Results

Hydrography

Three hydrological conditions have been studied according

to the temperature and salinity properties of the water col-

umn at the sampled stations (Fig. 1). At station ANTARES

(ANT; Fig. 1B), 3 major water masses were observed: the

Atlantic Waters (AW) between 0 and 250 m depth, dis-

persed in potential temperature (13.1–13.48C) and salinity

(38.1–38.4); the warmer (13.38C) and saltier (38.5)

Levantine Intermediate Waters (LIW) from 250 to 600 m;

and the coldest (12.98C), saltiest (38.4) and densest

(potential density anomaly> 29.1 kg m23) WMDW situated

from 600 m to the bottom (2500 m). The presence of the

three typical NW Mediterranean water masses at ANT

illustrated that this station situated outside of the convec-

tion area was well stratified and not impacted by the

convective mixing, as described in Severin and colleagues

(2014). ANT is then used as a reference station for the fur-

ther analyses and discussions. The convective mixing was

clearly observed at the SC station (SCC) (Fig. 1C) with a

homogeneous cold (12.98C), salty (38.4), and dense

(>29.1 kg m23) water mass in the upper 1500 m of the

water column, indicative of a deep convective mixed layer.

The colder (12.98C) and saltier (38.5) underneath layer

was mostly composed of recent deep waters formed dur-

ing an episode of bottom-reaching convection that

occurred at the same location one month before our sam-

pling (Severin et al., 2014). The same station sampled 5

days after the convection episode (SCS) was character-

ized by the reappearance of a re-stratified water column

organized in three water masses (Fig. 1D): AW (12.88C,

38.3) in the upper tens of meters of the water column, LIW

(13.28C, 38.5) between 100 and 500 m deep, and newly-

formed WMDW (12.98C, 38.4) composed of the WMDW

around 2000 m formed by the convection episode of Feb-

ruary (noted nWMDWfeb), and the WMDW around 1000 m

formed by the convection of March (noted nWMDWmar).

Prokaryotic community structures

Bacterial community structures mostly followed the distri-

bution of the corresponding water masses (Fig. 2). At the

stratified stations (ANT and SCS), communities of each

water mass clustered together and independently of the

station except the community in SCS at 10 and 50 m which

clustered with the convection community (SCC) while they

were sampled in the AW (Fig. 1D). Significant dissimilar-

ities were found between the surface (AW) and the deep

layers (LIW and WMDW) (ANOSIM R 5 0.80, P< 0.01)

and between LIW and WMDW, (ANOSIM R 5 0.99,

P< 0.01). During the convection event (SCC), the bacterial

community structure was homogeneous throughout the

0–1500 m mixed water layer, and differed for the deepest

sample SCC2000m located below the mixing zone. SCC

community structure influenced by the convection was sig-

nificantly different to the ANT community in the AW

(ANOSIM R 5 0.91, P<0.05), but was closer to AW

assemblage than LIW and WMDW assemblages.
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Alphaproteobacteria dominated the bacterial diversity of

all the samples (27–49% of all the sequenced bacterial

operational taxonomic units; OTUs) (Fig. 3), in which the

SAR11 composed the majority of the OTUs of the Alphap-

roteobacteria class (87% of the Alphaproteobacteria, and

24–43% of total bacterial OTUs). At the stratified stations

(ANT and SCS), SAR11, Flavobacteriales, Oceanospiril-

lales and Synechoccocales represented the most

abundant OTUs in the AW with 34–44%, 9–24%, 12–19%,

and 3–16% of total bacterial OTUs, respectively, even if

SCS10m and SCS50m are closer to the convection com-

munity than the AW according to the unweighted-pair

group method with arithmetic averages (UPGMA) (Fig. 2).

In the LIW and WMDW, the contribution of these taxo-

nomic classes decreased drastically, with the notable

absence of Synechoccocales. SAR11 remained predomi-

nant in the LIW and WMDW with 32–42% and 32–36%, of

the total bacterial community respectively. Some OTUs

were undetected at the surface layers but were identified in

the deeper water mass (WMDW), such as SAR406

(10–18% and 9–16% in the LIW and WMDW, respec-

tively), Sva0853 from Deltaproteobacteria (2–6%, 3–7% in

the LIW and WMDW, respectively), and SAR202 (2–3%,

5–8% in the LIW and WMDW, respectively).

Overall, convective communities were dominated by

taxa found in surface stratified waters. For example,

SAR11 (from 25 to 33% of total bacterial OTUs), Oceano-

spirillales (from 16 to 29% of total bacterial OTUs) and

Flavobacteriales (from 19 to 22% of the total bacterial

community) dominated the convective community and

were mainly found in surface waters under the stratified

regime. OTUs overwhelmingly found in deep stratified

waters were also found but in lower abundance in convec-

tive waters, such as SAR406 (4–6% of total bacterial

OTUs) and SAR202 (from 0.5 to 1% of total bacterial

OTUs). The bacterial diversity at SCC2000m and

Fig. 1. (A) Map of sample location during the CASCADE cruise leg 1 (1–23 March 2011). Potential Temperature (8C) - salinity diagrams (T-S)
at stations (B) ANT, (C) SCC (with a zoom on top-left), and (D) SCS (with a zoom of the WMDW on top-left where the nWMDWmar are
observed around 1000 m and the nWMDWfeb around 2000 m). The lines and the annotated values in the diagrams represent the potential
density anomalies with their values. The sampling depths are indicated as well as the corresponding water masses (AW for Atlantic water, LIW
for Levantine Intermediate Water and WMDW for Western Mediterranean Deep Water).
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SCS2000m was slightly different compared with the corre-

sponding WMDW diversity at ANT2000m with higher

abundance of Flavobacteriales (184%), Oceanospirillales

(170%) and Acidimicrobiales (175%) to the expense of

SAR406 (218%), Sva0853 (250%); SAR202 (260%) and

Thiohalorhabdales (244%).

In the stratified stations (ANT and SCS), we found a

higher bacterial richness and evenness (Supporting Infor-

mation Table S1) in the deep WMDW (Chao1 5 142 6 21,

Pielou 5 0.74 6 0.02) than in the surface AW (Chao1 5

107 6 12, Pielou 5 0.62 6 0.01). As for the WMDW, LIW

had an elevated richness and evenness (Chao1 5 138 6

28, Pielou 5 0.73 6 0.03) than in the AW. Values of

the convective bacterial diversity indexes (SCC) were

between AW and LIW indexes (Chao1 5 134 6 21,

Pielou 5 0.66 6 0.01).

Environmental drivers of the prokaryotic

community structures

To investigate the influence of pure physical water mixing

on the bacterial community structures, we constrained the

OTU table obtained at the reference station ANT by apply-

ing a modified SYMPHONIE model. This model simulates

the transport of particles in the water column during the 5

days of the convection event simulated by the MERCATOR

global model for the ocean circulation. The numerical sim-

ulation showed that physical mixing alone was not

sufficient to explain the changes in bacterial community

structure observed during the convective event in SCC

samples. Indeed, the numerically simulated convective

bacterial community structures (M) did not result in a

grouping within a ‘convective’ cluster as it happened for

SCC samples, but rather stayed similar to the natural

assemblages at the stratified reference station ANT organ-

ized in 3 clusters according to the three waters masses

AW, LIW and WMDW (Fig. 2). In the same way, the numer-

ical simulation resulted in similar proportion of taxa in each

water masses compared with the stratified stations ANT

and SCS (Fig. 3). The numerically simulated M commun-

ities in the AW water mass were dominated by SAR11

(39%), Flavobacteriales (14%), Oceanospirillales (12%)

and Synechoccocales (11%). Like the natural bacterial

communities in ANT and SCS, Flavobacteriales, Oceano-

spirillales and Synechoccocales decreased in the

numerically simulated communities M in the LIW and

WMDW, while the deep OTUs (SAR 406, Sva0853 and

SAR202) increased.

We further explored the environmental drivers of the

bacterial community structures at the reference station

(ANT), as well as during (SCC) and after (SCS) the con-

vective event (Fig. 4). Prior to the direct statistical

multivariate canonical correspondence analysis (CCA)

analyses, Spearman’s rank pairwise correlation tests were

calculated between environmental variables at each sta-

tion. As the presence of correlated variables in the same

CCA would lead to superimposed arrows, only one variable

was selected and the covariables were removed from the

analysis (i.e. ‘partialled out’) to get a clearer picture

(Ter Braak et al., 2002). The use of one variable instead of

several covariables would not significantly change the

explained variance of the species-environment relationship

of the CCA (Ter Braak et al., 2002). A summary of the cor-

related variables and the corresponding selected variable

for the CCA analyses is presented in the supplementary

information (Supporting Information Table S2). For the

ANT station, strong correlation was found between nitrate

(NO31NO2), phosphate (PO4), silicate (Si(OH)4), salinity

and density (R> 0.90, P< 0.01, n 5 7). Nitrate was then

selected for the CCA analysis at ANT, and used as repre-

sentative variable for PO4, Si(OH)4, salinity and density

(Supporting Information Table S2). For the CCA at the

SCC station, the chlorophyll a (Chla) was selected and

used as representative variable for POP and phaeopig-

ments a (Phaeo a) (q> 0.90, P< 0.01, n57). The same

approach was used for station SCS (q> 0.90, P< 0.01,

Fig. 2. Unweighted-pair group method with arithmetic mean
(UPGMA) dendrograms based on Bray-Curtis similarities of 16S
rRNA gene bacterial reads from ANT (stratified reference station),
SCC (convective station) and SCS (restratified station) sampled at
different depths and for the numerical models M Results of
ANOSIM tests (R) are indicated at the main nodes. Samples
clustering in the same water masses (AW, LIW and WMDW) are
indicated by rectangles.
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n57), which resulted in the use of NO31NO2 for the CCA

analysis and used as representative variable for PO4,

Chla, POP and density, and DOP as representative vari-

able for Si(OH)4. For each hydrological regime (ANT, SCC,

SCS), four parameters were then selected which explain

more than 80% of the changes in the community structure.

The first and second canonical axes explained, respec-

tively, more than 50% and 10% of the variance of the

species-environment relationship at each station (Support-

ing Information Table S3). Others axes accounted each for

less than 10% of the variance were not further considered

here. At the ANT station the first canonical axis was highly

Fig. 3. Bacteria taxonomic distribution (Phylum_Class_Order) for OTUs that occurred more than 34 times (> 1% of randomly re-sampled 3372
sequences reads at a clustering distance of 0.03) in the original OTU table and in the numerical models (M10m to M2000m). The remaining
sequences are grouped in « other ». Taxonomy not assigned, NA. Samples from the same water masses (AW, LIW and WMDW) are indicated
by rectangles.
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positively correlated with temperature, DOP, and DOC for

bacteria, and negatively correlated with NO31NO2 (and

PO4, Si(OH)4 and density by correlation) (Fig. 4A). The

concomitant effect of these parameters explained 89% of

the changes in community structure of Bacteria (ratio

between the total inertia and the sum of all eigenvalues;

Supporting Information Table S3). This implies that the sur-

face bacterial population (10–150 m) is driven by relatively

elevated temperature, DOC and POC concentrations,

compared with the deeper populations (350–2000 m)

driven by high nutrient concentrations in dense waters. At

the SCC station, the first canonical axis was positively cor-

related with density, and negatively correlated with PON

and POC. DOC contributed to a lesser extent to the first

axis of bacterial community (Fig. 4B). The bacterial popula-

tion from 10 to 1000 m is then drive by higher DOM and

POM than the population at 2000 m living in dense water.

All these parameters explained 88% of the changes in

community structure of Bacteria (Supporting Information

Table S3). At the SCS station, the first canonical axis was

highly positively correlated with DOP, DON and POC. The

second canonical axis was positively correlated with DON,

and negatively with temperature (Fig. 4C). We then return

to a more classical repartition with the organic matter

that drive the 10–50 m bacterial population, and the

100–1000 m population driven by the relatively high tem-

perature of the LIW (compared with AW and WMDW).

Eighty-two percent of the variance was explained by these

parameters in the community structure of Bacteria.

Prokaryotic abundances and activities

In the stratified reference station ANT, prokaryotic abun-

dance found in the AW (8.0 3 105 cells ml21 at 10 m)

decreased rapidly with depth and stabilized at 5.03 104 cells

ml21 around 1000 m and below (Fig. 5A). In the convective

mixing station (SCC), the prokaryotic abundance was homo-

geneous between 10 and 1500 m at 2.0 3 105 cells ml21

(SD5 0.41 104, n 5 7). Integrated values between 10 and

1500 m were slightly higher at SCC (2.60 3 108 cells m22)

than at ANT (2.05 3 108 cells m22). In the restratified station

(SCS), the prokaryotic abundance throughout the water col-

umn was similar to that of the reference station ANT.

Overall, prokaryotic heterotrophic production (PHP) fol-

lowed the same trend as prokaryotic abundance at the

three sampled stations (Fig. 5B). PHP were normalized by

the prokaryotic abundance in order to evaluate the cell

specific response to the environmental modifications. Ele-

vated production rates were measured in stratified surface

waters (4 3 1025 and 8 3 1025 ngC l21 h21 cell21 at ANT

and SCS, respectively), and progressively decreased to

vanish below 500 m depth. PHP was low (�1 3 1025 ng C

l21 h21 cell21) in the convective cell (10–1500 m) but the

10–1500 m integrated production rate was significantly

higher in the SCC station (1.32 3 1022 ngC m22 h21

cell21) than in the ANT station (7.98 3 1023 ngC m22 h21

cell21; P value<0.05, n 5 3).

At ANT and SCC, PHP were measured in triplicate at in

situ pressure at 2000 and at 1500 m depth respectively.

The pressure effect (Pe), defined as the ratio between

PHP obtained under in situ pressure and that obtained

under decompressed conditions, was calculated to indicate

piezophily (adaptation to high pressure) for Pe> 1 and

Fig. 4. Canonical correspondence analysis (CCAs) of bacterial
community structure at each sampled station: ANT the stratified
reference station (A), SCC the convective station (B), SCS the
restratified station (C). Arrows point in the direction of increasing
values of each variable. The length of the arrows represents degree
of correlation with the 2 first axes. NO31NO2: nitrate 1 nitrite. DOC:
dissolved organic carbon. DOP: dissolved organic phosphorus.
DON: dissolved organic nitrogen. POC: particulate organic carbon.
PON: particulate organic nitrogen.
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piezosensitivity for Pe< 1. The Pe values obtained at

2000 m depth at ANT were significantly higher than 1

(Pe 5 4.7; P value< 0.05, n53) while those obtained at

1500 m depths at SCC were equal to 1.

Cell specific aminopeptidase (LL), glucosidase (b-Glc)

and lipase (Lip) activities were also influenced by the con-

vection event (Fig. 5C–E). At the ANT station, activities

were low in the surface (30, 0.8 and 70 fmol l21 h21 cell21

for LL, b-Glc and Lip, respectively), and progressively

increases to a maximum activity around 2000 m depth

(600, 5 and 400 fmol l21 h21 cell21 for LL, b-Glc and Lip

respectively). At the convective station (SCC), activities

were quite homogeneous all over the water column and

decreased of 67% between 10 and 1000 m compared with

ANT. After restratification (SCS station), activities

remained low in the surface (0–100 m) and deep layers

(below 1000 m), but increased between 100 and 1000 m

(maximum values of 3400, 3, 100 and 80 fmol l21 h21

cell21 for LL, b-Glc, Lip and Pho respectively).

Discussion

Effect of open-ocean convection on the vertical

prokaryotic community structures

In the stratified reference station ANT situated outside of

the convection area, bacterial community was clearly

stratified according to the different layers AW, LIW and

WMDW. Such vertical stratification seems to be a general

Fig. 5. Vertical changes of (A) prokaryotic abundance, (B) prokaryotic heterotrophic production (PHP) and extracellular (C) aminopeptidase
(LL), (D) glucosidase (Glc), and (E) lipase (Lip) activities. Stations ANT (the stratified reference station) in small dashed lines (�), SCC (the
convective station) in full line (�), and SCS (the restratified station) in large dashed lines (D). For PHP and extracellular activities, the error
bars are the standard deviations.
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trend in the Mediterranean Sea (Pulido-Villena et al., 2012)

and in other oceans (Sunagawa et al., 2015). We also

observed an increase in richness (Chao1 of 110 in AW,

100 LIW and> 150 in WMDW) and eveness (Pielou of

0.62 in AW, 0.74 in LIW and 0.73 in WMDW) in deeper

layers, as previously described (Pommier et al., 2010,

Ghiglione et al., 2012). Slight modifications were found in

the repartition of prokaryotic taxa with depth, as compared

with other studies. In particular, contrary to our study, the

deep pelagic habitat of the Mediterranean was previously

characterized by higher abundance of Rhizobiales (from

Alphaproteobacteria class), Oceanospirillales (Gammapro-

teobacteria), Desulfuromonadales (Deltaproteobacteria),

Actinobacteridae (Actinobacteria), Dehalococcoidetes

(Chloroflexi), and Planctomycetacia (Planctomycetes)

(Mart�ın-Cuadrado et al., 2007). Despite the elevated relative

abundance of Oceanospirillales in the deep waters of our

study, we found other dominant groups belonging to SAR11

(Alphaproteobacteria), Sva0853 (Deltaproteobacteria),

SAR202 (Chloroflexi), and SAR406 in the LIW and WMDW.

The deep convection process resulted in a drastic mixing

of the bacterial community structure all over the 0–1500 m

convective cell. Previous studies demonstrated that vertical

convective currents were able to rapidly export particles

from the surface to the deep oceans, with a total mass flux

estimated to 90 mg m22 d21 at 1000 m depth (Stabholz

et al., 2013). Accordingly, OTUs found in surface waters of

the stratified reference station were diluted in the convective

cell, as depicted by the typical euphotic Oceanospirillales

and Flavobacteriales that dominated in the entire convective

cell (Fig. 3). But the convection process is more complex

than a unique export of surface waters to the deep, with

upwards currents inside the convective cell that balance out

the downward flow (Send and Marshall, 1995). We

observed that some typical deep Bacteria (SAR406,

SAR202) were carried from the deep to the surface of the

convection cell, but in weaker relative abundances com-

pared than the surface taxa exported all over the convective

cell. These deep taxa could be transported with the upward

currents induced by deep convection event.

In addition, we observed a rapid re-stratification of the

upper 500 m within a few days after the convection event

(Fig. 1C). The bacterial community assemblage came

back to a stratified distribution between 350 and 500 m,

with a similar diversity than the LIW of the reference ANT

station (Figs. 2 and 3). This phenomenon could be related

to the horizontal advection of the LIW over the convection

region (Severin et al., 2014). During the re-stratification,

the convective vertical currents became null, thus the hori-

zontal advection dominated the surface flow. The LIW

brought with them the stratified bacterial community, pre-

venting the Bacteria in the convective chimney to re-

colonization their surface habitat. Above 350 m and below

500 m, the bacterial assemblage differs from the usual AW

and WMDW communities observed in the stratified refer-

ence station (ANT) and remains close to the convective

community (Fig. 2). The LIW advection abruptly isolated

the AW and trapped a volume of dense mixed water

between 500 and 1500 m (named nWMDWMar; Fig. 1D).

The nWMDWMar contained typical surface and deep taxa,

an assemblage similar to the convective bacterial commu-

nity (Figs. 2 and 3). Then the bacterial community formed

during the convection survived at least 5 days at 1000 m

(SCS1000m) after the convection event. This surface dom-

inant community is susceptible to horizontally spread with

the nWMDWMar in the entire northwestern basin around

the depth of �1000 m during the post-convection propaga-

tion phase (Testor and Gascard, 2006). The deeper

community at SCS2000m also differed from the other

deep communities (Fig 2). This assemblage was present

in denser waters formed during a previous bottom-

reaching convection event that took place in late January–

early February 2011 (named nWMDWFeb) (Severin et al.,

2014). The observed bacterial assemblage had already

been mixed but significantly diverge from the convective

community formed in March 2011 and seems to evolve dif-

ferently than the usual deep community observed in the

stratified reference station (ANT, Figs. 2 and 3).

Environmental drivers of prokaryotic community
structure

A numerical model was used to simulate the effect of pure

physical mixing on the bacterial community distribution

along the water column during the convective event. The

model was initialized with the OTU table of the stratified

communities at the reference station ANT, away from the

convection event. The model assumed that Bacteria can

be considered as particles with a negligible sinking velocity,

and we simulated their Lagrangien transport with a modifi-

cation of the SYMPHONIE model (Marsaleix et al., 2009).

The bacterial communities remained stratified after the

numerical simulation of the convective event (Fig. 2), with

similar taxonomic compositions as found at ANT station in

the AW, LIW and WMDW (Fig. 3). The numerical simula-

tion thus indicated that the pure mixing of the water column

was not sufficient to create and maintain the mixed bacte-

rial community observed naturally in the convective cell

(SCC). Other factors than the pure hydrological dynamic of

the water column were responsible for the resulting compo-

sition of the convective prokaryotic communities.

To test this hypothesis, we then used the explanatory

power of direct multivariate gradient analysis in order to eval-

uate the driving forces exerted by environmental parameters

on bacterial community distribution before, during and after

the convective event (Fig. 4). Under stratified conditions (at

the reference station ANT and at the re-stratified SCS sta-

tion), we observed consistent results with previous
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observations under similar conditions in the NW Mediterra-

nean Sea (Ghiglione et al., 2008). While the elevated

concentrations of nutrient in the WMDW compared with the

LIW and AW drove the deep WMDW communities, the inter-

mediate depth communities were driven by the more

elevated temperature of the LIW than found in the WMDW

and in the AW (Fig. 1 B and C). The surface AW commun-

ities were strongly correlated with the elevated DOC and

POC surface concentrations accumulated through phyto-

plankton activities prior to and after the convective mixing.

After the convective event, the resilience of the bacterial

communities associated with the advection of the LIW was

favoured by the rapid return to pre-convective physico-

chemical characteristics. To our knowledge, this is the first

evidence of resilience of bacterial communities after such a

spectacular event and its relation to the rapid return of

physico-chemical characteristics back to pre-convective

conditions.

During the turbulent mixing, the community structure in

the convective cell was highly correlated with POC concen-

tration. In a previous paper, we showed that the convective

event observed in this study resulted in a homogenization of

the phytoplankton in the convective cell resulted in a homog-

enization of fresh and highly labile POC (Severin et al.,

2014). Previous studies showed also an export of massive

amount of POM by the convective mixing (Heimb€urger et al.,

2013; Gogou et al., 2014). The emergence of a ‘convective

community’ relatively homogeneous on the 0–1000m depth

and characterized by a large majority of OTUs usually living

in the euphotic zone (Fig. 3) could then be favoured by an

homogenization of labile POC. Under stratified conditions,

bacterial communities living in surface waters are generally

not limited by organic carbon which peaks in the euphotic

zone (Van Wambeke et al., 2009). The homogenization of

labile POC during the convective event may have influenced

the selection of bacterial communities normally living in the

euphotic zone to form the ‘convective community’ relatively

homogeneous on the 0–1000 m depth and particularly active

(see section below). Even if we did not evaluated changes in

particle-attached bacterial communities but only in the free-

living fraction (<3 lm), previous studies showed that both

free-living and particle attached fraction are very connected,

with very few particle-specialists and a majority of generalists

which colonize and detach rapidly to particles (Ghiglione

et al., 2009; Ortega-Retuerta et al., 2013). Further studies

taking into account both particle-attached and free-living

fractions may be needed to support our conclusions.

Impact of a deep convection event on the prokaryotic
activities

Previous studies in the Sargasso Sea observed an export

of labile organic matter in the mesopelagic zone during

convective events associated with elevated oxygen

utilization rates, thus suggesting carbon remineralization

processes (Hansell and Carlson, 2001; Morris et al., 2005;

Goldberg et al., 2009). Here we showed that the convective

mixing leads to a stimulation of the PHP with a doubling of

the integrated value between 10 and 1500 m despite the

strong vertical currents of 610 cm s21 prevailing in the con-

vective cell (Durrieu de Madron et al., 2013). Even if

prokaryotes were exported to unusual pressure in a short

period of time, the mixed convective communities possibly

took advantages of the labile organic matter exported down

to 1500 m. The PHP measured at in situ pressure confirm

the presence of active piezosensitive prokaryotes at

1500 m depth in the convective cell coming from surface

layers. The surface taxa exported down to 1500 m were

then still active at unusual pressure. In comparison, the ele-

vated pressure effect ratio (Pe), which is in a similar range

to that previously described for the NW Mediterranean Sea

(Tamburini et al., 2013b), evidences the presence of piezo-

philic prokaryotes adapted to high pressure in the deep

layer of the reference stratified station ANT. In addition, we

observed inside the convective cell a decrease of the cell-

specific extracellular enzymatic activities in the deep layers,

which had an opposite trend to the PHP (Fig. 5). This sug-

gests that the exported organic matter was labile, and may

be in the form of monomeric molecules, directly assimilable

by prokaryotes, stimulating the secondary production. Addi-

tionally to the transfer of surface bacterial taxa down to

1500 m favoured by the export of POM, the composition of

this labile DOM exported from the surface seems to mainly

favour the development of the typical euphotic Oceanospir-

illales and Flavobacteriales. A study in the Adriatic Sea

also observed an export of labile DOM, but with a poly-

meric composition because of an increase of ectoenzyme

activities (Azzaro et al., 2012). We did not observe any

increase of the ectoenzyme activities in our study. Such

contradictory results may be explained by the input of fresh

labile organic matter associated with the phytoplankton

development observed prior to the convection of March

2011 in our study (Severin et al., 2014), a phenomena not

observed in Azzaro and colleagues (2012).

The influence of the convective event was relatively

short since activities returned to usual rates 5 days after

the convective mixing, suggesting the depletion of the

labile exported DOC. The cessation of the convective verti-

cal currents allowed the advected LIW to cover the area

and re-established the stratified bacterial communities

between 0 and 500m (Fig. 2). But the remaining mixed

bacterial community around 1000 m should then rapidly

disappear instead of spreading with the nWMDWmar.

Conclusion

Physical oceanographic processes and biogeochemical

forcing were necessary to explain the effect of the intense

4386 T. Severin et al.

VC 2016 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,
Environmental Microbiology, 18, 4378–4390



mixing event on stratified prokaryotic diversity and activ-

ities. Despite the importance of convective events on the

oceanic circulation and on the regulation of the global bio-

geochemical cycles, such study is scarce in the literature

and reflects the challenge of sampling such event. The

strong influence of a convective event on microbial com-

munities, which may be extended to other local physical

oceanographic processes such as cascading, upwelling

and gyres, reflects the challenges in our ability to under-

stand the role of the prokaryotes in the biogeochemical

cycles at a global scale.

Experimental procedures

Sampling sites and procedure

Seawater was collected in the Gulf of Lion with a SBE 32 Car-
ousel of 12 l Niskin bottles equipped with a Seabird 911Plus

conductivity-temperature-depth (CTD) profiler deployed from

the RV L’Atalante at depths between surface and 2000 m (i.e.

10, 50, 100, 350, 500, 1000 and 2000 m) (Fig. 1). The

ANTARES station (ANT) sampled on the 2nd of March 2011
was used as a reference away from the convection area. Situ-

ated in the centre of the convection area (Severin et al., 2014),

the SC station was sampled during the convection event on the

4th of March 2011 (SCC) and at the end of the convection
event on the 9th of March 2011 (SCS). Biogeochemical param-

eters including nutrients, as well as chlorophyll and primary

production were measured as previously described (Severin

et al., 2014). DOC was analysed by high temperature catalytic
oxidation (HTCO), and dissolved organic nitrogen and phos-

phorus (DON and DOP, respectively), were analyzed by

persulfate wet-oxidation, according to Pujo-Pay and colleagues

(2011). POC was analyzed on a CHN Perkin Elmer 2400, while
particulate organic nitrogen and phosphorus (PON and POP,

respectively), were analysed according to the wet oxidation

method, according to Pujo-Pay and colleagues (2011).

Prokaryotic abundance and activities

Prokaryotic abundances were determined by SYBR Green I

staining and using a FACSCalibur flow cytometer (Becton

Dickinson, San Jose, CA), as previously described (M�evel
et al., 2008).

PHP was measured by 3H-leucine incorporation into pro-

teins using the filtration method (Kirchman, 1993). 3H-leucine

(specific activity 155 Ci.mmol21; Perkin Elmer) was added at

final concentration of 20 nM and incubated in the dark for 4 h
in triplicate samples from surface waters (0–150 m). For sam-

ples from meso- and bathypelagic (>150 m) waters, the final
3H-leucine concentration added was of 10 nM and triplicate

samples were incubated for 8h in the dark (calibration curves
for 3H-leucine concentrations and incorporation rates depend-

ing on depths were previously done). For some deep samples

(>1000 m depth), PHP was measured at in situ pressure

according to Tamburini and colleagues (2002) with the high-

pressure methodology described in Tamburini and colleagues
(2003) and Boutrif and colleagues (2011). To calculate the

PHP, we used the empirical conversion factor of 1.55 ng C.

pmol21 of incorporated leucine (Simon and Azam, 1989).

Extracellular enzymatic activities for aminopeptidase,

b-glucosidase and lipase were measured using a VICTOR3

spectrofluorometer (Perkin Elmer) after incubations of 4 h

(samples from 0 to 150 m) and 8 h (samples deeper than

150 m) at in situ temperature with L-leucine-7amido-4-methyl

coumarin (LL, 5 mM final), MUF-b-D-glucoside (b-Glc, 0.25

mM final) or MUF-palmitate (Lip, 0.25 mM final), according to

Hoppe (1983). These saturated concentrations for LL, b-Glc

and Lip and optimized time incubations were determined prior

to the extracellular enzymatic activities measurement.

DNA extraction and pyrosequencing

DNA extraction was performed by using the AllPrep mini kit

(Qiagen) on 0.2 mm filters (Whatman polycarbonate) after fil-

tration of 2 l of pre-filtered (3 mm) seawater, as previously

described (Ghiglione et al., 1999). The V6-V8 hypervariable

regions of bacterial and archaeal 16S rRNA genes were

amplified using universal primers 926F (50-AAACTYAAAK-

GAATTGRCGG-30) and 1392R (50-ACGGGCGGTGTGTRC-

30). Tag-encoded FLX amplicons were sequenced using the

Roche 454 FLX (Research and Testing Laboratory, Lubbock,

TX), producing 300 bp reads.

Sequences were first denoised using AmpliconNoise pipe-

line, chimera removed with Perseus, then processed and

analyzed using the QIIME pipeline, as previously described

(Sauret et al., 2014). The cleaned sequences were clustered

using OTUs at the distance of 0.03, assigned using a modified

Greengenes database. In the original Greengenes database,

the SAR11 order is mixed with the Rickettsiales order. To sep-

arate these two groups, the database was modified by

extracting the representative sequences identified at a>97%

similarity level as Rickettsiales, then aligning these sequences

with published full-length 16S rRNA gene sequences defined

as SAR11 using MUSCLE, and finally building a tree in QIIME

using the FastTree method. We then modified the taxonomy of

the representative Rickettsiales Greengenes sequences

according to their clustering with SAR11 reference sequences.

After being assigned with this modified database, our sequen-

ces were filtered from mitrochondria and chloroplast OTUs

(0.1% and 2.9% of total reads respectively). To enable

comparison between samples, sequences were randomly re-

sampled from the filtered OTU files to the sample with the few-

est sequences for Bacteria (3372) and Archaea (167), by

using Mersenne twister PRNG (QIIME 1.8.0). All further analy-

ses were performed on the randomly re-sampled OTU tables.

Because of the small number of Archaea reads, only Bacte-

ria were treated in this study. Further analyses and

information on Archaea communities in relation with this study

are in the supplementary information (Supporting Information

Tables S1 and S3, Figs. S1–S3).

Diversity estimations, similarity between bacterial
communities and statistical analysis

Non-parametric species richness estimator Chao1 and ACE

were calculated using SPADE software (Chao and Shen, 2003).

Rarefaction curves were generated using PAST (PAleontologi-

cal STatistics v3.01). Simpson, Shannon and Pielou diversity

indexes were calculated using PRIMER 6 (PRIMER-E, UK).
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Similarity matrices of Bray-Curtis were calculated for each

OTU table (Bacteria and Archaea) to compare prokaryotic com-

munity structures and were used to build dendrograms by the

UPGMA. A similarity profile test (SIMPROF, PRIMER 6) was

performed on a null hypothesis that a specific sub-cluster can

be recreated by permuting the entry species and samples. The

significant branch (SIMPROF, P<0.05) was used as a prereq-

uisite for defining bacterial clusters. One-way analysis of

similarity (ANOSIM, PRIMER 6) was performed on the same

distance matrix to test the null hypothesis that there was no dif-

ference between bacterial communities of different clusters.

Numerical simulation of vertical homogenization

of the prokaryotic communities

A model was realized to evaluate the relative contribution of

the convective physical mixing on the observed changes in

bacterial community structures along the water column. The

model was initialized with the stratified bacterial community of

the reference station ANT and simulated the convection event

of March 2011 at the central station SC. Our simulation used

the SYMPHONIE model forced by the real time MERCATOR

global model. Based on the real weather observed in Febru-

ary–March 2011, we simulated the convection event

encountered during our sampling, including the downward and

upward currents coexisting in the convective cell. Here, we

hypothesized that Bacteria behave like particles without a sed-

imentation rate, nor interaction with the biogeochemistry

(organic matter assimilation, carbon remineralization or growth

rate were not taken into account), thus simulating a pure

impact of water mixing only. The Lagrangien transport of the

Bacteria (considered here as particles) was simulated by the

numerical ocean model SYMPHONIE for deep convection in

the Mediterranean Sea (Marsaleix et al., 2009), modified

according to Guizien and colleagues (2006) but neglecting the

cell motility due to the individual swim. The vertical transport

of the Bacteria was directly deduced from the kinetic energy of

the vertical currents with a random component in order to sim-

ulate the variability of the transport. The hydrology was

simulated at the SC station from the 28 February (stratified

period prior the convection event) to the 4 March 2011 (end of

the convection event) with the products PSY2V4R4 of the

ocean model MERCATOR (Drillet et al., 2005) and the data

from the European Centre for Medium-Range Weather Fore-

casts (ECMWF). The resulting model was initialized with the

OTU table of the stratified reference station ANT, including the

7 sampling depths. It generated a new OTU table amended

with the numerically simulated samples named M10m, M60m,

M150m, M350m, M500m, M1000m and M2000m. The result-

ing simulated convective communities were included in the

similarity analysis together with the in situ assemblages of sta-

tions ANT, SCC and SCS (see above).

Direct multivariate analysis

To investigate the relationships between prokaryotic community

structures and environmental parameters, we used canonical

correspondence analysis (CCA) multivariate analysis using

the software package CANOCO 4.5, as previously described

(Berdjeb et al., 2011). Environmental parameters were previously

transformed according to their pairwise distributions. Spearman

rank pairwise correlations between the transformed environmen-

tal variables were used to determine their significance.
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Table S1. Number of OTUs and Chao1, Pielou, Shannon

and Simpson diversity indexes at 0.03 level of clustering for

re-sampled Bacteria (3372 reads) and Archaea (162 reads)

OTU table at stations ANT (the stratified reference station),

SCC (the convective station) and SCS (the stratified station)
sampled at different depths.
Table S2. Covariables and representative variable selected
for the CCAs analyses at each station: ANT (the stratified
reference station), SCC (the convective station), SCS (the

restratified station).
Table S3. Summary of results from the canonical corre-
spondence analyses (CCAs) of the Bacteria and Archaea
community structures at stations ANT (the stratified refer-
ence station), SCC (the convective station) and SCS (the

restratified station) when constrained by the environmental
variables described in Fig. 4 for Bacteria and Fig. S3 for
Archaea.
Fig. S1. Unweighted-pair group method with arithmetic

mean (UPGMA) dendrograms based on Bray-Curtis similar-
ities of 16S rRNA gene reads of Archaea from ANT (the
stratified reference station), SCC (the convective station)
and SCS (the restratified station) sampled at different
depths. Results of ANOSIM tests (R) are indicated at the

main nodes and indicate that at the stratified stations (ANT
and SCS) Archaea community of each water mass (AW,
LIW and WMDW, indicated by rectangles) clustered
together and independently of the station like Bacteria com-
munities (Fig. 2), highlighting a strong resilience of the

archeal communities in stratified conditions. Archaeal com-
munity was also homogeneous throughout the 0–1500 m
mixed water layer (SCC10m to SCC1000m) like the bacte-
rial community during the convection, and differed for the
deepest sample SCC2000m located below the mixing zone.

Fig. S2. Archaeal taxonomic distribution (Phylum_Class_Or-
der_Family) for OTUs that occurred more than 2 times
(>1% of randomly re-sampled 167 sequences reads at a
clustering distance of 0.03) in the OTU table. The remaining

sequences are grouped in «other». Taxonomy not assigned,
NA. Samples from the same water masses (AW, LIW and
WMDW) are indicated by rectangles. At the stratified sta-
tions (ANT and SCS), Marine group II Euryarchaeota domi-
nated at �60% the surface AW, and Marine group I

Thaumarchaeota dominated the LIW (88%) and WMDW
(83%). The convective community (SCC) was dominated by
both Marine group I (50%) and II (50%), a mix of surface
and deep OTUs like for Bacteria community structure.
Fig. S3. Canonical correspondence analysis (CCAs) of arch-

aeal community structure at each sampled station: ANT (A;
stratified reference station), SCC (B; convection station),
SCS (C; restratified station). Arrows point in the direction of
increasing values of each variable. The length of the arrows
represents degree of correlation with the 2 first axes.

NO31NO2: nitrate 1 nitrite. DOP: dissolved organic phospho-
rus. DON: dissolved organic nitrogen. PON: particulate
organic nitrogen. Chla: chlorophyll a. Like for Bacteria com-
munities (Fig. 4), in stratified (ANT) and restratified (SCS)

stations, communities from LIW and WMDW (> 350 and
100 m for ANT and SCS, respectively), are driven by nutri-
ent, while the surface communities in AW is driven by
organic matter and higher temperature than the deep one.
During the convection (SCC), the Archaea community from

10 to 1000 m is driven by organic matter, chlorophyll a and
more elevated temperature than at 2000 m.
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