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Abstract
Recent ﬁndings on the distribution of methylated mercury (MeHgT) in waters have highlighted the importance of organic
carbon remineralization on the production of these compounds in the open ocean. Here, we present the ﬁrst time-series (20
monthly samplings between July 2007 and May 2009) of high-resolution vertical proﬁles (10–12 depths in a 2350 m water column) of MeHgT distributions in an open ocean environment, the Ligurian Sea (North-western Mediterranean Sea). Concentrations varied within the sub-picomolar range (general mean: 0.30 ± 0.17 pmol L1, n = 214) with the lowest values at the
surface, increasing with depth up to the oxygen minimum zone, and decreasing slowly at greater depth. Concentrations in
the surface waters never exceeded 0.15 pmol L1, while the highest concentrations (up to 0.82 pmol L1) were associated
to the hypoxycline during the autumn bloom. A detailed vertical MeHgT proﬁle reveals a “double-peak” pattern, coincidental
with the two microbial layers described by Tanaka and Rassoulzadegan (2002), the so-called “microbial food web” in the
euphotic zone (<100 m) and the “microbial loop” in the aphotic zone (>100 m). Temporal variations in the MeHgT abundance and distribution in the water column were linked to seasonality. The highest MeHgT concentrations were found in
the oxygen minimum zone during the period of stratiﬁcation, and coincide with the greatest abundance of nano- and picophytoplankton (cyanobacteria, nanoﬂagellates, etc.) in the euphotic layer. None of our deep MeHgT measurements
(100 m above the sea bottom) revealed a signiﬁcant sedimentary source of MeHgT. We explored the correlation between
MeHgT concentrations and the apparent oxygen utilization, a proxy of organic matter remineralization, over the study period.
Results of this study strengthen the hypothesis that net mercury methylation in the open ocean occurs in the water column, is
linked to organic matter regeneration, and is promoted by the presence of small-sized nano- and picophytoplankton, that
dominate under oligotrophic conditions.
Ó 2010 Elsevier Ltd. All rights reserved.
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Among stable alkyl Hg species in the environment,
monomethyl mercury (MMHg) and dimethyl mercury
(DMHg) were identiﬁed in open ocean waters in the early
1990s (Mason and Fitzgerald, 1990). MMHg elicits special
concern due to its toxicity and its biomagniﬁcation in mar-
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ine food chains (e.g., Morel et al., 1998), but its biogeochemical cycle in the ocean is still poorly documented
(e.g., Fitzgerald et al., 2007). While it is well established that
atmospheric deposition is the primary source of inorganic
Hg to the open ocean, the source(s) of methylated Hg species (MeHgT = MMHg + DMHg) in pelagic environments
have been debated for a long time (see review by Fitzgerald
et al., 2007). The authors note that neither freshwater inputs (from river or wet atmospheric deposition) nor hydrothermal vent ﬂuids are important sources, but, in addition
to sources internal to the water column, diﬀusion from deep
sediments and advection or “bioadvection” of MeHgT from
near-shore regions may be potential sources. The occurrence of a methylated Hg maximum in the low oxygen zone
of the water column of the open ocean was pointed out 20
years ago (Mason and Fitzgerald, 1990), and hypothesized
to result from in situ microbial methylation of inorganic
divalent mercury (HgII). Mason and Fitzgerald (1993) suggested that DMHg might be a source of MMHg in the
water column, but no clear evidence for this hypothesis
has been presented. Recent ﬁndings (Cossa et al., 2009;
Sunderland et al., 2009), based on high-resolution MeHgT
proﬁles, support the hypothesis that internal sources are
dominant over advective transport. Positive relationships
between MeHgT concentrations and apparent oxygen utilization (AOU), and organic carbon remineralization rate
(OCRR) have been reported in the open waters of the
Mediterranean and the North Paciﬁc (Cossa et al., 2009;
Sunderland et al., 2009).
Given that the link between Hg methylation and organic
matter (OM) recycling in the open ocean has been demonstrated, it is reasonable to address the question of its seasonality in response to changes in the type of primary
production (PP) and associated regeneration processes. In
this paper, we address this question by monitoring the
MeHgT concentrations within a 2350 m water column during 20 months, at an oceanic reference station in the Ligu-

rian Sea, situated in the North-western Mediterranean. We
show that net Hg methylation in the hypoxic layer of the
water column is promoted during oligotrophic periods
when PP is dominated by nano- and picophytoplankton.
2. SITE
The DYFAMED site (Dynamics of Atmospheric Fluxes in
the Mediterranean Sea) is located in the central zone of
the Ligurian basin (43°250 N, 7°520 E) in the North-western
Mediterranean Sea (Fig. 1). This site is commonly used as
a reference site for atmospheric inputs to an oligotrophic
open ocean water column (e.g., DYFAMED and MEDFLUX
programs; see special issues Deep-Sea Research II 49 (11),
2002 and 56 (18), 2009, respectively. The oﬀshore central
zone of the Ligurian Sea is separated from the coast by
the Ligurian current (Fig. 1), across which there is a sharp
horizontal density gradient (Sournia et al., 1990; Lévy
et al., 1998; Niewiadomska et al., 2008). As a result, the
coastal inﬂuences of the DYFAMED site should be negligible
most of the year, since there are no major rivers ﬂowing into
the basin (Copin-Montégut, 1988). Owing to these features
and its accessibility (50 km oﬀshore from Nice), the site
was chosen for time-series observations, has been monitored
monthly since January 1991, and has been extensively studied for almost three decades (Marty, 2002; Lee et al., 2009,
and references therein). The DYFAMED site is regarded as a
one-dimensional station where simple hydrological mechanisms prevail and where the ecosystem is well understood
(Avril, 2002). Above all, the Ligurian basin is subject to pronounced seasonal variations in hydrology and biology
(Marty et al., 2002), with a long stratiﬁed period (May–
November) during which nutrients are depleted in the mixed
layer (ML). During this stratiﬁed period, atmospheric deposition becomes the major source of trace metals, nutrients,
and organic substances to the ML (Migon and Sandroni,
1999; Migon et al., 2002). The vertical stratiﬁcation is dis-

Fig. 1. DYFAMED site in the Ligurian Sea, North-western Mediterranean sheltered from lateral inputs by the persistent Ligurian current.

Small-sized phytoplankton promotes MeHg production

rupted by strong winds and low atmospheric temperatures
in winter (December–March), lowering the sea surface temperature to 13 °C (Marty et al., 2002) and forming dense
water. Generally, during dense water formation in February, the mixed layer depth (MLD) reaches its maximum
depth of 100–200 m (Marty et al., 2002). Recently, the
MLD reached greater depths: 400, 700 and >2000 m in
2004, 2005 and 2006, respectively (Chiavérini and Marty,
2009). Dense water formation leads to the oxygenation of
deep layers, with part of this oxygen being consumed by
the remineralization of OM produced and settling from
the euphoric zone. Oligotrophic conditions dominate during
the long, stratiﬁed period (May–November), when PP values are low, in the range of 0.1–0.3 g Cm2 d1. Mesotrophy
can occur during spring bloom, when PP may reach values
up to 1.8 g Cm2 d1 (Lévy et al., 1998; Marty and Chiavérini, 2002). Seasonal dynamics of phytoplankton abundance
were characterized using HPLC pigment measurements
(Marty et al., 2002). The
R 0–200 m integrated total chlorophyll-a concentration ( TChl-a) is highly variable throughout the year and reaches its highest values during the spring
bloom (up to 230 mg m2) and, conversely, its lowest values
(12 mg m2) during the oligotrophic period (May–November). Diatoms usually dominate the phytoplankton assemblage during the spring bloom, whereas haptophytes are
the most abundant group during the rest of the year (Marty
et al., 2002). In fact, throughout the year, the phytoplankton
biomass is successively composed of mineral-secreting
organisms (diatoms) during spring blooms and by mineral-free phytoplankton (dinoﬂagellates, nanoﬂagellates,
bacterioplankton, etc.) thereafter. The contribution of
small-sized phytoplankton, including cyanobacteria, increases at the beginning of summer stratiﬁcation. As phytoplankton species succeed one another, starting with
nutrient-demanding microphytoplankton, such as diatoms,
and followed by the smaller, less energy consuming nanoand picophytoplankton, as the nutricline deepens and a
deep chlorophyll maximum (DCM) develops at approximately 50 m depth (Marty et al., 2008).
The total bacterial biomass and production in the euphotic layer in this region is signiﬁcantly correlated with the phytoplankton biomass (Mevel et al., 2008). Particle attached
bacteria are carried down with settling particles and have
been associated to high rates of microbial production at
depth at the DYFAMED site (Tholosan et al., 1999). Tanaka
and Rassoulzadegan (2002), studied the vertical partitioning
of microbial trophic structures at the DYFAMED site and
found that the consortium of strict heterotrophic microbes
becomes more dominant with depth, consistent with the earlier described two-layer microbial ecosystem concept (Rassoulzadegan, 1993). The ﬁrst layer comprises a “microbial
food web” in the euphotic zone (0–100 m), where bacteria
use phytoplankton-derived dissolved organic carbon
(DOC) as the primary carbon source. A second layer is situated in the aphotic zone (100–2350 m), usually described as
the microbial loop, where particulate organic carbon
(POC) delivers DOC as the bacterial carbon source. Dissolved organic carbon accumulates in the ML during summer stratiﬁcation and is then exported to deeper layers
(Copin-Montégut and Avril, 1993; Avril, 2002), fueling the
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microbial loop. The particle ﬂux was estimated using a mooring line ﬁtted with sediment traps set at 200 and 1000 m (Miquel et al., 1994; Migon et al., 2002; Miquel et al., 2009) and
underwater video proﬁling (Stemmann et al., 2002) since
1988 and 1992, respectively. Sinking OM is usually constituted of a mixture of phytoplankton detritus, large aggregates formed in the euphotic zone, and zooplankton fecal
pellets (Marty et al., 1994). It undergoes remineralization
via chemical (e.g., redox-reactions) and bacterial (carried
down on particles and free-living deep bacteria) degradation.
The high temperatures (12.9 °C) at depth are responsible
for elevated bacterial activity in the Mediterranean, and the
relatively homeothermic water column allows to study
microbial processes, which are highly sensitive to temperature variations (Tamburini et al., 2003).
3. MATERIAL AND METHODS
3.1. Sampling
Monthly vertical proﬁles of MeHgT and ancillary
parameters were measured over a 20-month period at the
DYFAMED station (Fig. 1) between June 2007 and May
2009, except in December 2008 and February 2009, due
to compromising weather conditions. On each cruise
aboard the RV Téthys II, water was generally sampled at
depths of 3, 10, Chl-a maximum, 50, 100, 200, 400, 600,
1000, 1500, 2000 and 2200 m. Hydrographic parameters
were obtained using a CTD proﬁler (Sea-bird SBE 911plus)
with additional sensors (dissolved oxygen and an Aquatracka MKIII Chelsea ﬂuorometer). Water samples were taken using trace-metal clean 5-L Teﬂon coated external
lever action Niskin bottles (General Oceanics 1010X)
mounted on a carousel water sampler (Sea-bird SBE32),
which was coated with a metal-free epoxy-based paint, to
allow trace-clean sampling. Niskin bottles were ﬁlled with
nitric acid (0.15% v/v, Suprapur HNO3 Merck) for 24 h
and rinsed with deionized water (Milli-Q, Millipore) in a
clean room (class 100) prior to sampling. Unﬁltered samples were collected along the entire water column, while ﬁltered sub-samples were obtained only from the ﬁrst 50 m
below the surface. Filtrations were performed onboard
through ﬁlter cartridges (Sartobran 300, 0.2 lm) in line with
the Niskin bottles under high-purity nitrogen pressure (1–
1.2 bar) and through ﬁlter cartridges. Sub-samples for
MeHgT measurements were immediately withdrawn into
acid-cleaned Teﬂon (FEP) bottles following trace-metal
clean sample handling protocols (Gill and Fitzgerald,
1985). Sub-samples for MeHgT were acidiﬁed with HCl
(0.4% v/v, Suprapur, Merck). All Teﬂon bottles were hermetically sealed, double-wrapped in polyethylene bags,
and kept at +4 °C in the dark to prevent photo-degradation. Special attention was devoted to minimize contamination; all sample handling was done under a laminar ﬂow
hood using trace-metal clean techniques, as described elsewhere (Cossa et al., 2004). Water samples for nutrient
determination were collected in polypropylene tubes and
acidiﬁed with HCl (0.5%, v/v), whereas phytoplankton were
collected onto glass-micro ﬁber ﬁlters (GF/F, Whatman)
for pigment determination (Ras et al., 2008).
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3.2. Analyses
Monomethyl mercury is stable in acidiﬁed seawater for
at least 250 days, whereas DMHg rapidly decomposes under similar conditions (Parker and Bloom, 2005). The quantitative conversion of DMHg into MMHg in acidiﬁed
seawater has been recently conﬁrmed (Black et al., 2009).
Thus, under our acidic sample storage conditions, the measured MMHg accounts for both methylated species
(MeHgT = MMHg + DMHg). Total methylated Hg was
measured on ﬁltered and unﬁltered samples as volatile
methyl Hg hydride, by purge and cryo-trapping gas chromatography, and detected as elemental Hg vapor by atomic
ﬂuorescence spectrometry (Tekran, Model 2500). The analytical protocol was designed by Stoichev et al. (2004) and
detailed by Cossa et al. (2009). The hydrides are formed
within a glass reactor and the column used is a glass tube
ﬁlled with Chromosorb W/AW-DMCS impregnated with
15% OV-3. The analytical reproducibility was approximately 15%, whereas the detection limit was 0.04 pmol L1.
Accuracy was checked using the certiﬁed reference material
(CRM) ERM-AE670 (CH3 202HgCl in 2% ethanol/water,
IRMM, European Commission). Dissolved oxygen was
measured in situ by a SBE-43 sensor mounted on the
CTD probe. Each proﬁle was recalibrated with data obtained from discrete samples, titrated following the standard Winkler method. Soluble reactive phosphate (SRP)
concentrations were determined by an auto-analyzer using
the standard molybdate blue method, according to the protocol developed by Aminot and Kérouel (2007).
Pigment determination was performed using high performance liquid chromatography (HPLC) techniques described in Ras et al. (2008). A method proposed by
Claustre (1994) and further improved by Vidussi et al.
(2001) and Uitz et al. (2006) was used to estimate the contribution of three pigment-based size classes to the total
phytoplankton biomass: micro- (>20 lm), nano- (2–
20 lm), and picophytoplankton (<2 lm). Total chlorophyll-a is the sum of chlorophyll-a + divinyl-chlorophyll-a
concentrations. The position of the MLD was estimated
using the density gradient limit of 0.05 kg m3 between
the surface (10 m) and the base of the ML (Lévy et al.,
1998). The apparent oxygen utilization was calculated as
the diﬀerence between the measured and saturated dissolved oxygen concentrations for a given temperature and
salinity, according to the equation of Benson and Krause
(1984).
4. RESULTS AND DISCUSSION
4.1. Hydrological and biological seasonal patterns
The salinity and temperature distributions follow the
typical pattern found at the site during the seasonal cycle
(Marty et al., 2002). Nevertheless, we noticed a slight increase in both parameters in the Western Mediterranean
Deep Water (WMDW), as previously reported by Béthoux
et al. (1990). Salinity values ranged from 38.02 to 38.62,
with vertical proﬁles reaching lowest values in the ML,
maximum values between 200 and 600 m (Levantine inter-

mediate water—LIW), and moderate values below 600 m
(WMDW). Temperature ranged from 12.89 to 24.65 °C,
with highest values in the shallow ML (10 m) at the end
of summer. Vertical temperature proﬁles converge below
1000 m to approximately 12.9 °C, while the overlying
LIW is slightly warmer at approximately 13.4 °C. Potential
density and MLD seasonal patterns during the sampling
period are shown in Fig. 2a. The water column remained
well stratiﬁed most of the time, and only slight winter mixing occurred. In contrast to the usual MLDs of 100–200 m
(Marty et al., 2002) or more (>2000 m in 2006; Chiavérini
and Marty, 2009) during winter mixing in this region, the
MLDs never exceeded 70 m (Fig. 2a).
Biological parameters varied widely over the sampling
period. Total chlorophyll-a (TChl-a) distributions revealed
spring and autumn phytoplankton blooms within the upper
50 m (Fig. 3a). Total integrated chlorophyll-a concentrations, calculated within the upper 200 m, ranged from 20
to 156 mg m2, similar to those usually found (12–
230 mg m2) at this site (Marty
et al., 2002). These authors
R
described an increase of TChl-a from 1991 to 1999. The
observed temporal increase
in concentration seems to perR
sist, with a mean TChl-a concentration in 2007–2009
20% higher than
around 60 mg m2, i.e., approximately
R
ten years ago. Exceptionally high TChl-a concentrations
(62 mg m2) were measured in October 2007, whereas,
according to Marty et al. (2002), who conducted a time-series starting in 1991, concentrations of 10–30 mg m2 were
generally observed during this season of the year. This
might be attributed to either a nutrient-enriched atmospheric event (Bartoli et al., 2005), or a slight deepening
of the ML (Fig. 2a) following a wind event (Andersen
and Prieur, 2000), or both, introducing nutrients in the
ML and generating a so-called autumn bloom. The isolation of the ML from the underlying water mass, combined
with the very low PP, leads to an accumulation of atmospherically derived matter (Migon et al., 2002) and DOC
(Avril, 2002) during the stratiﬁed period (May–November).
Hence, one would expect a high downward export of elements, including Hg, after the accumulation during the
summer stratiﬁcation period. In addition to TChl-a, a
proxy of total phytoplanktonic biomass, the pigment-based
size class method provides information about the phytoplankton size spectrum (Fig. 3b–d). Microphytoplankton
(essentially diatoms) were associated with the spring bloom
period, whereas nano- and picophytoplankton (mostly cyanobacteria, chrysophytes and prymnesiophyte nanoﬂagellates) abundance peaked during the oligotrophic stratiﬁed
period and autumn blooms (Fig. 3a–d).
Typical of this area (Copin-Montégut and Begovic,
2002), dissolved oxygen concentrations ranged from 168
to 302 lmol L1, with the lowest concentrations in the
LIW, converging towards 200 lmol L1 below 1250 m.
This distribution is consistent with the bacterial count
and bacterial production proﬁles, which classically decrease
with depth but show a peak between 300 and 400 m where
AOU is maximal at this site (Tamburini et al., 2002). The
AOU proﬁles are given in Electronic Annexes 1 and 2.
Fig. 2b presents the vertical SRP distribution of the entire water column for the whole sampling period. The SRP
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Fig. 2. (a) Potential temperature and (b) soluble reactive phosphate vertical distributions in the 2350-m deep water column during the
sampling period of July 2007–May 2009.

proﬁles were typical of the distribution usually observed at
the DYFAMED site (Marty et al., 2002), with the highest concentrations between 500 and 1000 m, especially between
March and July 2008 (Fig. 2b), and the lowest concentrations in the surface layer. Deepening of the ML in February
2008 and 2009 (41 and 69 m, respectively; Fig. 2a) lead to a
partial homogenization after which slightly higher SRP
concentrations were present in the ML (March 2008 and
2009; Fig. 2b).
In summary, our sampling period from mid-2007 to
mid-2009 displayed (i) a highly stratiﬁed water column with
slight dense water convection in winter, (ii) phytoplankton
blooms in spring and late summer-early autumn (especially
autumn 2007) and (iii) a peak abundance of nano- and picophytoplankton in this latter season, favoring subsequent
OM regeneration in both microbial food web and loop.

4.2. MeHgT concentration levels
Since no signiﬁcant diﬀerences in MeHgT concentration
were observed between the ﬁltered and unﬁltered samples,
only data obtained with unﬁltered seawater are presented.
Summary statistics of MeHgT concentrations are given in
Table 1 whereas the whole proﬁles can be found in Electronic Annex 1. The most striking feature was the wider
range of concentrations obtained during this time-series
(from the detection limit to 0.82 pmol L1) than reported
from earlier single cruise measurements in various sub-basins of the Western Mediterranean (Kotnik et al., 2007;
Cossa et al., 2009). Nevertheless, when compared to the
mean MeHgT value obtained at a nearby station occupied
during a previous cruise, west of Corsica (Sta. 2 from Cossa
et al. (2009), depth 2600 m), the discrepancy is minor
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Fig. 3. (a) Total chlorophyll-a, (b) microphytoplankton, (c) nanophytoplankton and picophytoplankton vertical distributions in the upper
200 m during the sampling period of July 2007–May 2009.

Table 1
Summary statistics of MeHgT concentrations (pmol L1) in various depth layers of the water column sampled monthly from July 2007 to May
2009 at the DYFAMED site.
Depth (m)
0–10
10–100
100–1500
1500–2200
0–2200

Zone
Surface
Microbial food web
Microbial loop
Bottom zone
Total

Arithmetic mean
0.07
0.22
0.42
0.29
0.30

Standard deviation
0.03
0.11
0.14
0.12
0.17

Median
0.07
0.20
0.42
0.28
0.29

Geometric mean
0.07
0.17
0.39
0.27
0.24

N
29
60
94
30
214

Minimum
*

60.04
0.05
0.09
0.10
0.04*

Maximum
0.15
0.48
0.82
0.52
0.82

Zones are deﬁned according to Tanaka and Rassoulzadegan (2002).
*
Detection limit.

(0.24 ± 0.15 pmol L1 at Sta. 2 compared to 0.30 ± 0.17
pmol L1 at DYFAMED). The present time-series (214 analyses over a 20-month sampling period) allowed us to assess
various seasonal scenarios, including those most favorable
to Hg methylation. The wide range of MeHgT concentrations reported in this study reﬂects both spatial (depth)
and temporal variabilities.
4.3. MeHgT vertical distributions
All vertical MeHgT proﬁles exhibited roughly the same
pattern: the lowest concentrations are observed in the surface layer (0–10 m), occasionally a sub-surface peak ap-

pears in the productive euphotic zone (20–80 m) whereas
high concentrations are found in the aphotic zone, including a well deﬁned maximum in the regeneration zone
(200–1000 m), and a slight decrease down to the bottom
layer (Fig. 4a and Electronic Annex 1). The large standard
deviations of the MeHgT means reported for each sampling
depth in Fig. 4a testify of the large amplitude of seasonal
variations. Vertical proﬁles with low surface concentrations
and a broad peak at depth have already been observed in
the Mediterranean (Cossa et al., 1994, 1997; Horvat et al.,
2003; Cossa and Coquery, 2005; Kotnik et al., 2007). This
pattern reﬂects a steady state between methylation and
demethylation in the water column. The low MeHgT con-
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centrations generally encountered in marine surface waters
of the Mediterranean Sea might be, according to Horvat
et al. (2003), a result of its eﬃcient photochemical and
microbial decomposition, whereas the maximum at depth
would be, according to Mason and Fitzgerald (1990), the
result of in situ Hg methylation mediated by bacterial activity. Demethylation of MeHgT, as waters age, seems responsible for the MeHgT distribution in the deep waters (Cossa
et al., 2009; Sunderland et al., 2009). Speciﬁc to our observations is the occurrence of occasional more or less distinct
peaks within the euphotic zone, namely in July and December 2007, January, February, July and September 2008, as
well as March and May 2009 (Electronic Annex 2). Even
in the absence of a distinct peak, an increase of MeHg in
the euphotic zone is observed in September and October
2007, and August and October 2008. Because of its position
in the water column, one might think that this structure is
related to the presence of phytoplankton but no statistically
signiﬁcant relationship was found between MeHgT and
ﬂuorescence. Instead, heterotrophic microbial activity associated with phytoplankton (the microbial food web) could
be implied. Furthermore, the MeHgT peak in the euphotic

a
0.0
1

MeHg T (pmol L-1)
0.2
0.4
0.6
Surface

Microbial food web

Microbial loop
Aphotic layer

Depth (m)

100

zone could be interpreted as evidence of Hg methylation
in Mediterranean surface waters, as previously asserted by
Monperrus et al. (2007) based on data obtained from stable
Hg isotope incubation experiments. This interpretation is
supported by the absence of signiﬁcant diﬀerences between
MeHgT concentrations in the ﬁltered and unﬁltered samples
collected from the euphotic zone, implying that most of the
MeHgT is present in the dissolved (<0.45 lm) phase, an
indication of local methylmercury production. The double-peak feature observed for the ﬁrst time in the water column evokes the two microbial layer system described by
Tanaka and Rassoulzadegan (2002). The ﬁrst layer is situated in the aphotic zone (>100 m), usually described as
the microbial loop, where POC delivers DOC as the bacterial carbon source. The second comprises, according to the
same authors, a “microbial food web” in the euphotic zone
(<100 m), where bacteria use phytoplankton-derived DOC
as the principal carbon source. These observations and
interpretations are consistent with results of incubation
experiments in which trace additions of stable Hg isotopes
revealed that oxic surface Mediterranean waters may serve
as a site of Hg methylation (Monperrus et al., 2007). Since

Euphotic layer

10

5555

1000
Bottom zone
Sea bed 2350m

10000

b

Fig. 4. (a) Mean vertical MeHgT proﬁle derived (b) MeHgT vertical distributions in the 2350-m deep water column during the sampling period
of July 2007–May 2009.
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sediments are also believed to be a MeHgT source to Mediterranean oﬀshore waters (Ogrinc et al., 2007), we closely
examined the deeper part of our proﬁles. None of our deep
MeHgT measurements (100 m above the sea bottom)
show a signiﬁcant increase in concentration near the bottom, in contrast to previous observations in the Mediterranean (Kotnik et al., 2007). In fact, we observed lower values
in the bottom layer (1500–2200 m; 0.29 ± 0.12 pmol L1,
Table 1) than in the intermediate layers (100–1500 m;
0.42 ± 0.14 pmol L1, Table 1). Consequently, signiﬁcant
sedimentary sources of MeHgT to the water column at
the DYFAMED site can be ruled out.
4.4. MeHgT and organic carbon remineralization
All vertical MeHgT proﬁles (Fig. 4b) exhibited nutrientlike distributions within the ﬁrst 600 m. Total methylated
Hg and SRP concentrations are signiﬁcantly correlated
(MeHgT = 0.89 SRP + 0.077, R2 = 0.45, n = 126, p < 0.01)
at the DYFAMED site. Cossa et al. (2009) found a comparable
correlation for a station (Sta. 2 in the Alegro-Provencal
basin; MeHgT = 1.00 SRP + 0.037, R2 = 0.96, n = 6,
p < 0.01) close to the DYFAMED site, underlining the robustness of this relationship. This pattern, also observed in other
regions of the Mediterranean Sea (Cossa et al., 2009) and the
Northern Paciﬁc (Sunderland et al., 2009), indicates that
MeHgT formation is linked to the organic carbon remineralization process. In order to test the role of POC remineralization, on the production of MeHgT, we explored the
relationship between MeHgT and the AOU within the ﬁrst
600 m (monthly AOU proﬁles are given in Electronic Annex
1). Nineteen of the 20 correlation coeﬃcients for each of the
monthly relationships are signiﬁcant (p < 0.05) whereas 14
are highly signiﬁcant (p < 0.01), and regression coeﬃcients
range from 0.0020 to 0.0133 pmolMeHg:lmolOxy (Electronic
Annex 3). This range encompasses values obtained by Cossa
et al. (2009) for the Algero-Provencal, Tyrrhenian and Ionian
basins (0.0021–0.0044 with a mean value of 0.0039 pmolMeHg:lmolOxy). Interestingly, the linear regression coeﬃcient
we obtain between MeHgT (pmol L1) and AOU (lmol L1)
(MeHgT = 0.0040 AOU + 0.014, R2 = 0.53; n = 137, p <
0.01) is similar to that calculated by Cossa et al. (2009) at
Sta. 2, located West of Corsica, a station located close to
the DYFAMED site (MeHgT = 0.0044 AOU + 0.0645,
R2 = 0.95; n = 10, p < 0.01). The slopes of the monthly relationships within the ﬁrst 600 m varied with more than 3-fold
(Electronic Annex 3), indicating a highly variable “Hg net
methylation eﬃciency” with the seasons. This seasonal variation may result from changes in photochemical and microbial decomposition of MeHgT in surface water and microbial
methylation and demethylation rates at depth. In the absence
of quantitative estimates of irradiance, HgII, and methyl radical availability, we focus on the phytoplankton, the origin of
OM which is exported and fuels the microbial activity at
depth.
4.5. MeHgT and phytoplankton seasonality
Temporal variations in MeHgT abundance and distribution in the water column are clearly linked to seasonal con-

ditions. High MeHgT concentrations occurred in late
summer/autumn 2007, with a maximum in October, early
summer 2008, and at the end of the sampling period in
May 2009. These periods correspond to speciﬁc episodes
of primary producer development in the water. They do
not correspond to the most productive periods, shown by
the TChl-a distribution (Fig. 3a), but coincide with the episodes of highest abundance of nano- and picophytoplankton, including cyanobacteria and nanoﬂagellates (Fig. 3c
and d). Nano- and picophytoplankton may favor Hg methylation because they accumulate more eﬃciently particlereactive trace metals, especially Hg, because of their greater
surface/volume ratio compared to microphytoplankton
(Fisher, 1985) and, thus, they provide more substratum
for methylation at depth. It has been shown by Mevel
et al. (2008) that the total bacterial biomass and production
in the euphotic layer near the DYFAMED station is signiﬁcantly correlated with the phytoplanktonic biomass. Furthermore, it is well established that small phytoplankton
(nano- and picophytoplankton) have a lower sinking velocity, and, thus, a longer residence time in the water column
(Cuny et al., 2002; Guidi et al., 2009; Wakeham et al.,
2009). According to these authors, small phytoplankton
are grazed by small microzooplankton, whose fecal pellets
also sink more slowly than those produced by larger zooplankton. Moreover, the authors state that the longer residence time favors the microbial degradation of sinking OM
in the water column. Hence, OM generated mostly during
the autumn blooms promotes microbial degradation and
transformation (Tamburini et al., 2003). These ﬁndings
are consistent with the hypo put forth by Karl et al.
(1988) that large sinking particles are, in general, poor habitat for bacterial growth and, therefore, unlikely sites for active remineralization of OM. The microbial population
associated to picophytoplankton may constitute a better
environment for microbial decomposition of settling particles and, possibly, bacterial Hg methylation. On the other
hand, our AOU data do not attest to an increase in the heterotrophic activity during and/or after the autumn bloom,
leading us to hypothesize that the major factor controlling
the seasonal variation of the net microbiological methylation of Hg in the water column is rather the Hg bioavailability, promoted by Hg enrichment in the small-sized
phytoplankton (Fisher, 1985) rather than the intensity of
the heterotrophic activity.
Conversely, the lowest MeHgT concentrations were
measured in winter (December–March) (Fig. 4b), upon
dense water formation and homogenization of the water
column (Fig. 2a), hampering biological activity (Fig. 3a).
We believe that subsequent spring blooms did not lead to
high MeHgT concentrations for two reasons. Firstly, high
ﬂuxes of large diatom detritus, with high sinking velocity,
generated relatively small ectoaminopeptidase activity
(EAA; a proxy for bacterial activity) in spring (during the
mesotrophic conditions) whereas, in autumn (during oligotrophic conditions), a smaller ﬂux of “older” OM generates
higher EAA (Tamburini et al., 2003). In other words, in
oxic oceanic waters, a spring diatom bloom leads to a high
ﬂux of rapidly sinking, organically “fresh” aggregates and
zooplankton fecal matter, whereas oligotrophy is character-
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ized by a higher proportion of slowly sinking, un-aggregated picophytoplankton cells that are more readily degraded by bacteria within the water column (Guidi et al.,
2009; Wakeham et al., 2009), promoting Hg methylation.
Secondly, such “fresh” OM of the spring bloom should
be less enriched in Hg than “older” Om settling through
the water column in the autumn after a long stratiﬁcation
period. Alternatively, seasonal changes in MeHgT could reﬂect changes in microbial community composition on sinking particles, driven by changes in phytoplankton
community, with a shift to microbes with higher Hg methylation potentials in the autumn. Nevertheless, this scenario
is less likely since, according to Tanaka and Rassoulzadegan (2002): “All microbial heterotrophs were always distributed down to 2000 m” at DYFAMED site.
5. SUMMARY AND CONCLUSIONS
The time-series of deep water MeHgT proﬁles generated
in the Ligurian Sea (North-western Mediterranean), an
analogue of an open ocean environment, show systematic
vertical patterns with lowest MeHgT concentrations in the
surface layer, a small sub-surface peak in the productive
euphotic zone, the highest concentrations in the aphotic
zone, and a slight decrease down to the bottom layer
(Fig. 4a). The amplitude of the MeHgT peaks varied seasonally with the highest concentration observed during
the autumn bloom, when phytoplankton communities were
dominated by nano- and picophytoplankton species. The
vertical pattern does not show any evidence of external
sources and is thought to reﬂect a methylation–demethylation steady state in the water column. It also reﬂects the
existence of two distinct methylation zones associated with
two diﬀerent heterotrophic active layers, namely the
“microbial food web” and the “microbial loop” in the
euphotic and aphotic zone respectively, as deﬁned by Tanaka and Rassoulzadegan’s typology (2002). Essentially, the
vertical distributions of MeHgT and phytoplankton suggest
that oligotrophic conditions, dominated by nano- and picophytoplankton and enhancing microbial loop activity in
autumn, favor Hg methylation at depth. In contrast, the
MeHgT distributions in surface and bottom waters are consistent with the current paradigms (Sunderland et al., 2009)
that photochemical and biological demethylation maintain
low concentration in surface and in deep waters,
respectively.
Since this work provides additional evidence of the
strong relationship between Hg methylation processes and
the organic carbon cycle in the ocean, we allow ourselves
to speculate on the possible eﬀects of anthropogenic and climatic changes on the MeHgT formation in the open Mediterranean Sea, independently of inorganic Hg deposition
scenarios. In the Mediterranean basins it is generally accepted that oligotrophy could increase as temperatures increase and lengthen the stratiﬁcation period, promoting
the proliferation nano- and picophytoplankton (Marty
et al., 2002). Bartoli et al. (2005) hypothesized that anthropogenic nitrate and phosphate inputs to the Mediterranean
may also increase in the future, while silicate inputs remain
relatively constant. This would promote a preferential pro-
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liferation of the nano- and picophytoplankton, at the expense of siliceous microphytopankton, e.g., diatoms
(Béthoux et al., 2002; Marty et al., 2002; Béthoux and Migon, 2009), conditions conducive to enhanced Hg methylation. In addition, higher water temperatures (>12.9 °C) will
lead to higher bacterial activity (Tanaka and Rassoulzadegan, 2004) and, in turn, to high Hg methylation rates in the
water column, as suggested earlier by Bacci (1989) for sediments. Recent data, which show further increase of
WMDW temperatures (Chiavérini and Marty, 2009), also
suggest that Hg methylation in the water of the Mediterranean Sea may increase in the future. Indeed, the warming
trend of WMDW, described by Béthoux et al. (1990) (i.e.,
0.04 °C per 10 years for the period of 1959–1989), is conﬁrmed by recent observations (Marty and Chiavérini,
2010).
Finally, from an ecological point of view, our ﬁnding
that net Hg methylation in the open ocean is promoted
by the presence of nano- and picophytoplankton, that dominate under oligotrophic conditions, is consistent with the
hyperbioaccumulation of methyl mercury in the Mediterranean top predatory animals discovered more than 25 years
ago (see review by Aston and Fowler, 1985). It can be reasonably speculated that high methylmercury biomagniﬁcation in oligotrophic Mediterranean food webs is favored
by higher methylmercury incorporation by the microbial
food web (Kainz and Mazumder, 2005), and higher bioampliﬁcation due to the longer food web (Cabana and Rasmussen, 1994), compared to ecosystems based on
microphytoplankton.
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Rhône-Méditerranée-Corse”. We would like to thank the captain
and crew of the R/V TETHYS II, Céline Bachelier, Gaël Durrieu,
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Goutx M., Masqué P., Miquel J. C., Peterson M., Tamburini C.
and Wakeham S. (2009) MedFlux: investigations of particle
ﬂux in the twilight zone. Deep Sea Res. II 56, 1363–1368.
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