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ABSTRACT: Methylmercury (MeHg) determinations in hake,
its food-chain, and the surrounding waters and sediments
allowed us to show that the higher length or age normalized

mercury concentrations of Northwestern Mediterranean (Gulf

of Lions: GoL) muscle hakes compared to its Northeastern
Atlantic (Bay of Biscay: BoB) counterpart are due to both biotic
and abiotic differences between their ecosystems. Bioenergetic
modeling reveals that the slower growth rate of Mediterranean
hake favors the MeHg bioaccumulation in the fish muscle and
explains most of the difference between GOL and BoB hake
populations. In addition, the waters of the Mediterranean hake
habitat favor a higher MeHg exposition, due to the upper
position of the thermohalocline, where MeHg is formed.
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Furthermore, we show that, within the Mediterranean hake population, a major increase in the biomagnification power (the slope
of the relationships between logMeHg and 6"N), from 0.36 up to 1.12, occurs when individuals enter adulthood, resulting from
the combined effects of lowering growth rate and change in feeding habits. Finally, 5'*N normalized Hg concentrations indicate
that the highest Hg concentrations are for hake from the shelf edge and the lowest are for hake from the Rhone prodelta area,
suggesting a lower Hg bioavailability in inshore environments, consistent with MeHg distributions in water, sediment, and preys.

Bl INTRODUCTION

The high concentrations of mercury in marine top fish
predators is a long-standing concern, which results from the
biomagnification of the methylmercury molecule (MeHg)
through trophic webs.' > Methylmercury is easily taken up
by algae, with a huge bioconcentration factor (>10%),*"¢ and
efficiently absorbed via the digestive tracts of predators.” Most
of the MeHg in fish tissue is covalently bound to protein
sulfhydryl groups,®” and shows a very slow elimination rate.'’
Consequently, in a given fish species, MeHg concentrations
tend to increase with age with a speed that depends on their
growth rate. This ends with MeHg representing virtually the
total amount of mercury in the muscle tissue of the greatest
predators."”'* The biochemical integration of MeHg in
dynamic tissue results in “growth dilution”, as demonstrated
for planktonm and fish."* In summary, the bioavailability of
methylmercury for plankton, primary productivity, the structure
of the food chain, the growth rate, and the age of the predators
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need to be taken into account to understand the MeHg
concentration distribution and dynamic in predator fishes from
various marine environments.

For decades, numerous studies have pointed out higher total
mercury (HgT) concentrations in Mediterranean marine
organisms than in the same species living in the adjacent
North Atlantic'*™*® or in the Black Sea.'* These discrepancies
in organism Hg concentration in different environments were
particularly noticeable for top predators, such as tuna or

21 22 . .
2% Aston and Fowler™ reviewed the main

mammals. >’
hypotheses to explain these observations. They mentioned
the lack of qualified data for inorganic and organic mercury in

waters and various components of the ecosystem, and
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Figure 1. Sampling sites in Gulf of Lions (GoL) and Bay of Biscay (BoB). (a) GoL and BoB shelves areas; trawling areas are within the Great mud
bank for BoB (a) and within the five dot-lined polygons (b) for GoL (sectors 1 and 2 are located in the Rhdne prodelta area); black dots indicate the
sediment sites (b) and star points indicate the areas of the water column sampling stations (a and b).

ecological factors inherent to the Mediterranean Sea (growth
conditions, food webs, etc.), which may control the
biomagnification processes in this particular environment. In
the last ten years new data on mercury speciation in the
atmosphere, water, and sediments have permitted a better
understanding of the mercury cycle in the Mediterranean
basins,”*~>” but no definitive answer has really been given to
the issue of the particularly high Hg biomagnification in
Mediterranean fish. Recently, low biological production at the
base of the trophic web in the Mediterranean (generating a low
dilution effect) was argued as a reason for the higher Hg levels
found in the muscle of red mullet from the Gulf of Lions
compared to those from the Black Sea,'’ since the
methylmercury level in the water (a good proxy for Hg
avalability for plankton) has not been proved to be different
between these two environments.

The present paper intends to address the characteristics and
specificities of the mercury biomagnification in the European
hake from the Gulf of Lions (GoL) in the Northwestern
Mediterranean, and comparing these with results obtained from
the Bay of Biscay (BoB) in the Northeastern Atlantic. Four
specific questions will be addressed: what is the mercury
bioavailability in the studied environments?; what are the effects
of trophic position and growth rate of the hake upon its
capacity to biomagnify mercury?; Finally, what are the main
factors governing the local variations of the mercury
biomagnification in the hake subpopulations studied? The
first question will be discussed using Hgr and MeHg
distributions in surface sediment and in the water column.
Questions two and three will be discussed based on the hake
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growth parameters (total length and age), and its food web
structure and trophic position, using the stable isotope ratios of
carbon (6 C) and nitrogen (5 "N). Answering the last
question will combine the utilization of proxies for trophic
position and Hg bioavailability.

B THE EUROPEAN HAKE

The European hake (Merluccius merluccius Linnaeus, 1758) is
broadly distributed from the coast to the continental slope of
both GoL and BoB. It is the most important commercial fish
species in the demersal fishery landings in the Mediterranean
and the North Atlantic.”® In the GoL its habitat extends from
30 m on the continental shelf down to 800 m on the shelf
edge,”” and it varies with age and maturity.**~>* Young
individuals are spread all along the continental shelf, while older
ones live along the shelf break and at the head of the canyons.
Small juvenile hake settle between 120 and 200 m depth on the
continental shelf break. As they grow, hake undertake foraging
migration in shallower waters and spread on the whole shelf
from 30 to 200 m depth for at least two years. Adults
progressively move in deeper waters and larger individuals are
found in canyons on the shelf slope (200—800 m).>"*

The feeding habits of the hake have been described for both
the Atlantic and the Mediterranean coasts.**™>® Juveniles eat
mainly suprabenthic crustaceans and small benthic fish. In the
GoL it becomes more piscivorous when it reaches 15—20 cm,>®
with prey-size varying positively with the size of the hake. In the
GoL, adult hake diet is mainly composed of sardine and blue
whiting (>50%).>”*® The most important prey of hake in the
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BoB is the horse mackerel (45%), then juvenile hake (19%),
and blue whiting (<15%).* In Atlantic waters hake cannibalism
is common and juvenile hake may represent up to 80% of the
diet of larger hake.*

The growth rates of the different populations were subject to
intense debate until direct measurements were made, based on
conventional tagging.41 Growth parameter estimations appear
to be slightly lower in the GoL than in the BoB, with females
growing faster than males in both environments.*

B MATERIAL AND METHODS

Sampling. Hakes and prey samples were collected in five
sectors of the GoL and within the Great mud bank of the BoB
(Figure 1). They were caught during bottom-trawl and gill nets
between 50 and 450 m depth. A total of 440 hakes with a total
length (L) of from 7 to 70 cm and 59 prey pools were sampled
for Hgy and MeHg analyses. Hakes were pretreated in the
laboratory for total body weight (WW), total length (TL), and
macroscopic sex determination. Seventy two (72) hakes from
BoB were also collected by similar fish nets. The main
characteristics of GoL and BoB are given as Supporting
Information (SI 1). Water and sediment samples in GoL and
BoB were also collected for chemical analysis; their locations
are given in the caption of Figure 1. Details for sampling,
pretreatment, and analytical procedures are given as Supporting
Information (SI 2).

Chemical Analyses. Hg; determination in biota was
carried out on an aliquot section of the dried muscle by
atomic absorption spectrophotometry using an automatic
mercury analyzer (AMA-254, Altec) after dry digestion.*> The
accuracy and the reproducibility of the method were established
using certified fish muscle reference material (DORM-1,
National Research Council of Canada). The certified values
(0.80 + 0.07 mg kg™', dry weight) were reproduced (measured:
0.85 + 0.01 mg kg™', dw.) within the confidence limits.
Repeatability varied from 2 to 7% depending on the
concentration of the sample. The detection limit was 0.007
mg kg™ (dw.). Monomethylmercury (MeHg) in biota was
determined after propylation by isotopic dilution with GC-ICP-
MS (Thermo, X Series Quadrupole ICP-MS). Detailed
procedure is given in Supporting Information (SI 2). The
certified values of the CRM IAEA-436 (3.67 + 0.42 mg kg™,
d.w.) were reproduced (measured: 3.63 + 0.23 mg kg™") within
the confidence limits. Repeatability varied ca. 10%, depending
on the concentration of the sample. The detection limit was
0.002 mg kg™' (dw.).

The trophic structure of the hake food web was established
using stable carbon (6"°C) and nitrogen (6°N) isotope
ratios.*> In hake and other fish species, analyses were made
on dorsal white muscle. For other biota, measures were
performed on the whole organism. Detailed procedure is given
in Supporting Information (SI 2).

Bioenergetic Modeling. The bioaccumulation model for
hake described by Bodiguel et al.** was used to check the
potential effect of hake growth on Hg bioaccumulation in the
fish. An assimilation efliciency standard for Hg of 0.8 was
chosen following Trudel and Rasmussen,?” and we considered
that a hake preys on sizes smaller than half of its length.** The
elimination rate (E) of MeHg was calculated using the
following equation:*’ LnE= 0.066T — (02LaW) — 5.83
where E is the elimination rate of MeHg (1 g d7'), T is the
water temperature (°C), and W is the weight of the fish (g). A
more detailed description of the DEB model and the coupling
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with bioaccumulation model, based on reference 46, is given in
Supporting Information (SI 3). The age of each individual was
calculated using the equation age vs TL.** Probability
calculziagtions for R significance were performed using Vassar-
Stats.

B RESULTS

Methylated Mercury in the Water and Sediment. In
the water column at the shelf edge, the vertical distributions of
MeHg exhibited increasing concentrations with depth, peaking
in the pinocline regions, between 150 and 400 m and around
800 m for GoL and BoB, respectively (Figure 2). Furthermore,
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Figure 2. Methylated mercury (MeHg) in the water column of the
shelf edge of Gulf of Lions (GoL) and Bay of Biscay (BoB). GoL
stations 221 and 230 were located on the slope at longitudes of 4°
32.29" E and 4° 27.96' E, and latitudes of 42° 41.88’ N and 42° 34.71’
N, respectively. The BoB station was located at the edge of European
shelf near La Chapelle bank (7° 15.40’ W; 47° 25.00' N).

1000

mean MeHg concentrations in the intermediate waters were
lower than those in the surface waters (Table 1). In surface
waters the MeHg concentrations were lower in the GoL shelf
than in the open Mediterranean (Table 1). Hg; concentrations
in surface shelf sediments varied from 0.02 to 0.36 ug g~* and
from 0.05 to 0.40 ug g~' (d:w.) for GoL and BoB, respectively.
In the GoL sediment, MeHg represents less than 1% of the Hgy
(Table 1). No MeHg determination is available for BoB shelf
sediments. More details on Hg distributions in sediments are
given in Supporting Information (SI 4).

Allometry and the Trophic Position of Hake. The total
length (TL) of hake captured ranged from 5.5 to 81 cm and
from 12 to S1 cm for GoL and BoB, respectively. The WW (g)
versus TL (cm) relationships were WW = 0.0039TL>!¢ (R* =

dx.doi.org/10.1021/es204269w | Environ. Sci. Technol. 2012, 46, 4885—4893



Environmental Science & Technology

Table 1. Summary Statistics of Total (HgT) and Methylmercury (MeHg) in Water (Dissolved), Sediment, and Biota (Dry
Weight) of the Gulf of Lions (GoL) and Bay of Biscay (BoB)“

location

GoL (shelf)

GoL (open sea)”

BoB (shelf edge)

GoL (shelf edge)

GoL (open sea)®

BoB (shelf edge)

GoL (shelf and canyons)
BoB (shelf)?

surface waters (0—50 m) (pg L")

intermediate waters (50—400 m) (pg L")

surface sediments (ug g')

zooplankton (ug g™') GoL
BoB
demersal shrimp (ug g™") GoL
BoB
dermersal fish (ug g™*) GoL
BoB
pelagic fish (ug g7*) GoL
BoB

HgT MeHg MeHg/Hgy (%)

292 + 163 (87) 457 + 2.6 (87) Ls
203 + 48 (35) 69 + 0.7 (33) 34
304 + 97 (2) <10 (2) <32
336 + 59 (8) 54 + 16 (9) 16
287 + 238 (9) 33+ 43 (9) 12
298 + 127 (10) 12% + 48 (10) 4
0.064 + 0.037 (31) 0.00032 + 0.00010 (31) 0.6
range: 0.05—0.40 - -
0.099 + 0.023 (58) 0.0123 + 0.014 (33) 12
0.012 + 0.002 (2) 0.0039 + 0.0013 (2) 33
026 + 0.12 (4) 0.17 + 0.09 (3) 65
0.090 + 0.020 (25) 0.060 + 0.009 (25) 67
0.875 + 0.780 (12) 0.627 + 0.512 (7) 72
0.130 + 0.051 (6) 0.120 + 0.047 (6) 92
0.163 + 0.085 (34) 0.124 + 0.071 (32) 76
0.084 + 0.066 (13) 0.056 + 0.044 (13) 67

“Mean = standard deviation, number of determinations in brackets. Detailed data are given in Supporting Information, Table Sl To compare fishes
of similar size the Hg concentrations have been modeled using allometric equations given in Supporting Information, SI 6. YValue calculated with
concentrations lower than the detection limit (DL) taken as equal to half of the DL. “Open Mediterranean Sea data are from the same water layer
from Tyrrhenian, Ionian, and Algero-Provencal basins (Refs 24 and 27).
ospar.org/) and RNO network (http://envlit.ifremer.fr/surveillance). Hake’s dietary preferences are given in Supporting Information (Table S3).

9Data are from OSPAR convention monitoring program (http //www.

0.99) and WW = 0.0042TL*"* (R* = 0.93) for GoL and BoB,
respectively. The sex ratios (male/total) of mature captured
animals were 31% and 49% for GoL and BoB, respectively. For
GoL hake 6N values varied from 7.5%o for the smallest hake
to 11.9%o for the largest ones, whereas it ranged from 11%o to
15%o in the smallest and the largest individuals in BoB. For all
sizes, the 5'°N values observed were higher for hakes captured
in BoB than in GoL (Supporting Information, Figure S1).
Figure S2 illustrates the 5'°N and §"°C distributions in both the
GoL and the BoB food web components for the European
hake. An increase in 6"°N and §"°C from seston to hakes was
observed in both environments.

Total and Methylmercury Distribution in Hake
Muscle. Hg; concentrations in hake muscle against total
length are shown in Figure 3a, and summarized statistics are
given in Table 2. The most striking feature was the Hgp
increase in muscle tissue with increasing fish size, a common
observation in predatory fish for almost forty years."*
Concentrations of Hgy from the smallest to the largest hake
followed an exponential function in GoL (Hgy = 0.067¢*%™,
R*=0.98, p < 0.001), as well as in BoB (Hgy = 0.169e*%™, R?
= 0.30, p < 0.14).>° A closer observation of the GoL data set
revealed a change of slope in the relationship for individuals
larger than 40 cm. Such a change was lacking for BoB hake,
most likely because of the lack of large-sized fishes (Table 2).
Normalized for common TL and age interval Hg; mean
concentrations are significantly higher (p < 0.001) in GoL than
in BoB hakes (Table 3). MeHg represented 65—99% and 61—
91% of Hgr of in fish muscle tissue of GoL and BoB,
respectively, consistent with previous results for the same
species from other parts of the Mediterranean sea (Table 2). A
significant difference was observed between males and females
from the GoL, with slightly higher concentrations in males
(Figure 3c).

Total and MeHg Distribution in Hake Food Web.
Summary statistics are given for HgT and MeHg in the biota
from both GoL and BoB (Table 1). The most striking results
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are (i) that the proportion of Hg as MeHg increased from
zooplankton to fish, and (ii) that both MeHg and HgT
concentrations were higher in biota from the GoL compared to
corresponding groups collected in BoB. The Hg; concen-
trations at the first two levels of the food chain in the GoL
varied by 1 order of magnitude from 0.014 to 0.10 mg kg™’
(d.w.), with MeHg representing 1% of Hg in seston and up to
25% in zooplankton (Figure 4 and Supporting Information,
Table S1). This range is similar to what has been observed in
other geographical regions (Supporting Information, Table S2).
For higher trophic level prey MeHg varied from 0.04 to 1.29
mg kg™ (d-w.) and MeHg/Hg; ratios varied from SO to 98%,
for pelagic and demersal fish. Within the same genus the higher
Hg; and MeHg were associated with larger individuals.
Considering the hake and its food chain as a whole, the
logMeHg vs §"°N relationships in GoL (slope = 0.38, R* = 0.89,
p < 0.001) and BoB were both significant (slope = 0.29, R* =
091, p < 0.001) (Figure 4). Considering only the food chain,
the relationships between logMeHg and "N were still
statistically significant (GoL: slope = 0.35, R* = 0.86, p <
0.001; BoB: slope = 0.22; R* = 0.83, p < 0.04) (Figure 4).

B DISCUSSION

Bioavailability of Mercury in the GoL and BoB Waters.
Because MeHg is the Hg species efficiently retained in aquatic
organisms, and its blologlcal formation results from the activity
of m1croorgan1sms, MeHg concentration in the surrounding
environment can be considered to be a good proxy for Hg
bioavailability for aquatic trophic webs. The MeHg maximum
found in the shelf water column of both GoL and BOB is
located at the depth of the thermohalocline, where density
gradient is maximum and allows particle accumulation
(including organic matter flocs and associated bacteria); the
MeHg minimum is located at surface waters (including shelf
surface waters) (Table 1, Figure 2). This distribution pattern
suggests a net mercury methylation at the thermohalocline at
the edge of the continental shelf and a demethylation at the

dx.doi.org/10.1021/es204269w | Environ. Sci. Technol. 2012, 46, 4885—4893
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Figure 3. Relationships between total mercury concentration in
muscle (Hgr) and total length (TL) of hakes from Gulf of Lions
(GoL) and Bay of Biscay (BoB). (a) Sex undetermined; (b) and (c)
for male and female. With Hgy (mg kg™) = 24.2 X 107 * TL(cm)>%
(R* = 0.80, p < 0.001) for male and Hgy (mg kg™") = 1.41 X 1076 *
TL(cm)*” for female (R? = 0.78, p < 0.001) from GoL; nonsignificant
relationships for BoB hakes.

surface. This interpretation is entirely consistent with the
oceanic MeHg cyclinég model proposed for the open
Mediterranean waters” > and other parts of the world
Ocean,> > which comprises microbiological mercury methyl-
ation in the organic matter regeneration zone and photo-
demethylation at surface. Thus, the exposition of marine
organisms to bioavailable mercury in GoL and BoB should be
minimal in surface waters and on the shelf, while maximal in
deeper waters at the shelf edge. A striking difference between
vertical MeHg distributions in the waters (Figure 2) is the
steeper MeHg gradient from surface to depth in the GoL when

Table 3. Total Mercury (Hg;) Concentrations in Muscle
Tissue of M. merluccius (Mean + Standard Deviation, Range,
and Number of Determinations) for Total Length and Age
Normalized Individuals®

GoL BoB
TL normalized (25—3S cm) 0.70 + 0.51 0.28 + 0.11
0.28—-2.71 (44) 0.11-0.54 (37)
age normalized (1—2 year) 0.52 + 0.24 0.30 + 0.11

0.27—1.36 (52) 0.11-0.61 (63)
“The ages were calculated based on the age vs TL (ref 42).

compared to the BoB. This is due to the difference in water
column stratification, since the thermohalocline in the GoL is
nearer to the surface, due to the presence around 300 m of the
high salinity Levantine Intermediate Water,*® whereas BoB is
effected by a deeper thermocline, around 600 m.*” Thus, the
organic matter regeneration zone, where MeHg is formed, is
closer to the surface in the GoL than in the BoB. In their
foraging areas hakes from the GoL would consequently be
more exposed to MeHg than hakes from the BoB. Authors>*®
had already noted that the mercury level in the tissues of
predatory pelagic fish and their prey increased with the median
depth of occurrence in the water column.

In addition to the water column, MeHg in a coastal marine
environment may also originate in the methylation of inorganic
mercury in mildly reduced sediments, via microbial sulfate
reduction.®” Recently, Hollweg et al.%* have suggested that shelf
and upper slope sediments are a major source of
methylmercury in the coastal ocean. Because juvenile hakes
eat mainly suprabenthic crustaceans and small benthic fish,*®
the MeHg sediment source for Hg biouptake has also to be
considered. Notably, suprabenthic animals are more than 5-fold
MeHg depleted compared to pelagic preys (Supporting
Information, Table S1). Indeed, the proportion of Hg as
MeHg was ~5% within suprabenthos, while it varied between
50 and 94% with pelagic preys. Moreover, our data and data
from literature tend to suggest that the shelf edge and deep
sediments may be a more significant source of MeHg than
continental shelf sediment (Supporting Information SI 4; refs
26 and 60). In brief, the Hg bioavailability, explored by the
MeHg proxy, appears to be higher (i) in the waters of the hake
habitat in GoL than in BoB, and (ii) on the shelf-edge than on
the inner continental shelf of the GoL.

Effect of Trophic Position. Nitrogen stable isotope ratio
(6"N) is a food-web descriptor for predatory fish that can be
used as a continuous, integrative measure of trophic position,
thus permitting the exploration of the length of the food chain
as a governing factor for contaminant biomagnification.’" The
trophic structure of the European hake food web from GoL and

Table 2. Total Mercury (Hg;) Concentrations in Muscle Tissue of M. merluccius (Mean + Standard Deviation, Range, and

Number of Determinations)®

GoL (this work)

BoB (this work)

Adriatic Sea (ref 73) Tonian Sea (ref 72) Tyrrhenian Sea (ref 70)

Hg; (mg kg™, dw.) 167 £ 2.03 0.30 + 0.13 0.90 + 0.60 0.45 + 040
0.11-14.31 (n = 442) 0.04—0.66 (n = 71) 0.20-2.40 (n = 19) <dl-1.50 (n = 14) 0.4—16.0 (n = 108)

MeHg/Hg; (%) 65—100" 61-91° 60—100 73—100

mass range (g, w.w.) 10—2605 13-860 5-260 10—475 -

total length range (cm) 670 12-51 11-62

“Values are expressed in dry wet (d.w.) basis (the relationship [Hgrl4,, = S X [Hgr]\... Was used for possible conversion). bMeHg measurements
have been performed on selected 39 and 47 sub-samples from the Gulf of Lions (GoL) and the Bay of Biscay (BoB), respectively.
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BoB has been explored through stable carbon and nitrogen
isotope analyses in both the BoB and the GoL (Supporting
Information, Figure S2). The shift in "N does not indicate
higher trophic positions for hakes from the BoB than for those
from the GoL, but differences in isotopic chemistry and/or
metabolism and feeding sources (Supporting Information, SI
4). Consequently, in the rest of the discussion we will not take
into account §'°N absolute values as a proxy for the trophic
level, but discuss the result only in terms of the slope of the
logMeHg vs SBN relationship, the so-called biomagnification
power (BP).”7%* A BP of 0.35 calculated for the GoL hake
food web (Figure 4) is relatively high compared to other
marine environments, where they vary usually between 0.16
and 0.28,°*** and suggests a very efficient MeHg transfer in the
GoL ecosystems, which could indicate relatively low growth
rates for various elements of the GoL food chains.

The BPs for hakes are 0.33 and 0.35 for GoL and BoB,
respectively (Table 4). However, if we consider only hake
adults, then BP is much higher for hake from the GoL (1.12)
compared to those from the BoB (0.22) (Table 4, Figure 4).
This difference may partially be a bias due to the lack of large

Table 4. Bioamplification Power (BP = Slope of the
Relationship between §'°N and Logarithm of Hg or MeHg)
in Muscle of Hakes from GoL and BoB, and Other Fish”

BP (R%) reference
Merluccius merluccius (GoL) all individuals ~ 0.33 (0.71*)  this work
Merluccius merluccius (GoL) adults only 1.12 (0.92) this work
Merluccius merluccius (BoB) all individuals ~ 0.35 (0.97) this work
Merluccius merluccius (BoB) adults only 0.22 (0.98) this work
Mullus surmuletus (GoL) all individuals ~ 0.23 (0.22) 19
Mullus b. barbatus (GoL) all individuals ~ 0.26 (0.25) 19
Mullus b. ponticus (Black Sea)  all individuals ~ 0.02 (0.33) 19
Gadus morhua (Arctic) all individuals ~ 0.09 (0.22) 67

“All relationships are statistically significant with p < 0.001, except (*)
where p < 0.02.
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specimens of high trophic positions in our BoB hake set (Table
2). However, according to the growth model by Mellon-Duval
et al,** the largest hakes collected in this study are 6 years old
for the GoL and only 3 years old for the BoB. This increase of
BP for GoL hake entering adulthood occurs when a change in
feeding habits occurs, when they switch from crustaceans and
benthic fish to pelagic fish at 15—20 cm TL,”® which are 5—10
times MeHg enriched compared to crustacean and supra-
benthic organisms (Supporting Information, Table 1, Table S1,
Figure 4). In short, ontogenetic diet and trophic status are
governing factors for the MeHg biomagnification in GoL and
BoB hakes, but it does not mean that other processes such as
growth rate®®® and geographical factors®” can not affect the
equation parameters, namely the slope and the intercept of the
MeHg vs the 5"°N model.

Effect of Dilution by Hake Growth. Von Bertalanfy
models, established with recaptured male and female tagged
hakes from the GoL, present growth parameters testifying to
the significantly faster growth of females compared to males,
with maximal lengths (Loo) of 101 and 73 cm and growth rates
(k) of 0236 and 0239 yr™', respectively.*” In our GoL
specimen set, the largest TLs reach 55 and 70 cm for the male
and the female, respectively (Figure 3), corresponding to
animals 5—6 years old. Combining the two sexes, a higher
growth rate of BoB hake compared to those from the GoL is
also established,**®® with k of 0.25 and 0.18 yr~’, respectively.
Thus, the largest hake in our BoB samples set, with a TL of 51
cm, corresponds to half the age (3 years) of the largest from the
GoL. Plotting Hg; concentrations against age permits the
accessing of changes in the bioaccumulation rate during the life
of the hake (Figure S). It clearly appears that the lowest
concentrations were encountered in young hakes from the BoB
(Figure S). The most striking change in Hgp concentrations
occurs in 2-year-old specimens, which corresponds to fish
entering adulthood, 29—38 cm TL, in the Mediterranean,®* and
33—44 cm TL for the Eastern Atlantic.% Interestingly, this
change was already noted for hakes of the same size from the
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Figure 5. Relationships between total mercury concentration in
muscle (Hgr) and age for male and female hakes from Gulf of Lions
(GoL) and Bay of Biscay (BoB).

Adriatic and interpreted as a result from reduction of fish
growth rate.”’ In addition, the slightly higher concentrations in
males compared to females from the GoL (Figure 3c), may be
related to the higher growth rate of the female,* consistent
with similar observations made for Tyhrrenian Sea hakes.”® No
such difference was noted for the BoB hakes (Figure 3b), since
the lengths of most fish sampled were limited to individuals
smaller than 40 cm, a range for which the growth rate difference
between male and female is negligible.41

The bioenergetic modeling developed for contaminant
bioaccumulation in hake from the BoB and the GoL*® was
applied to our Hg data set to test the effect of the growth
difference between BoB and GoL hakes on the amplitude of Hg
bioaccumulation in the muscle tissue of the fish, with all other
modeling parameters (assimilation and elimination rate of Hg
and Hg concentration in food as well) being constant. The
results of the tests indicate that the difference in growth rate
between the GoL and the BoB induces a muscle Hg
bioaccumulation GoL/BoB ratio ranging from 1 to 2 for
juveniles and the fastest growing individuals (25—3S5 cm),
respectively (Supporting Information, Figure S2). This is
enough to account for a large part of the GoL/BoB ratio
(1.7-2.5) measured on size/age normalized hake mercury
concentrations (Table 3).

Geographical Tendency. Table 5 gives the equations of
the logHgy vs §"°N relationships in muscle tissue depending on
the capture location of hake along the GoL shelf and margins. If
the slope indicates the BP (see above), the interception of the

Table 5. Parameters of the logHg; vs §'°N Equations in
Hake Muscle Tissue Depending on the Capture Location
along the GoL Shelf and Margins (BP = Bioaccumulation
Power)

geographical intercept at
sector (Figure slope 6N = 10 Hg; (mg
1b %

) (BP) kg™, dw.) R* (n) probability
1 017 —0.28 041 (54) <0.001
2 0.19 -025 0.54 (36) <0.001
3 0.03 (13) 0.29
4 0.18 —041 0.74 (27) <0.001
s 0.40 +0.19 0.55(128) <0001

equation, or Hg concentrations normalized for a common 5"°N
value, may be used as a proxy for exploring the geographical
tendency of the contamination level or Hg impregnation of the
environment.®” Generally, individuals live at least a few months
in the different habitats occupied during their ontogenetic
migration. This time is sufficiently long for them to incorporate
the isotopic signal of their food in each habitat and
region>**>** and most likely also really reflect their exposure
to contaminants from these regions. From the results in Table
S, it appears that the lowest Hgr normalized concentrations
(for 6N = 10 %o) occur for the hake captured near the region
of the pro-delta of the Rhéne River (sectors 1 and 2) (Figure
1b). At the shelf edge (sector S), Hg; normalized
concentrations were maximum. In other sectors, Hgr
normalized concentrations were in between or insignificant
(Table S). If the Rhone plume brings substantial inorganic Hg,
mainly associated with particles,”* to the GoL shelf; our results
suggest that the bioavailable Hg for hake (i.e., MeHg) is more
abundant and may be from a different source in offshore
ecosystems (connected with open waters and sediments from
the shelf edge) than in an inshore environment such as the
Rhone pro-delta area. These results get close to those obtained
with whales from the Arctic Ocean, where estuarine belugas had
lowest Hg levels compared to those from the Beaufort open
sea.”! The hypothesis of differences in Hg bioavailability
between habitats is supported by our finding of higher MeHg
concentrations in offshore than in inshore water (Tables 1).
Interestingly, studying the Hg bioaccumulation in fish from the
Gulf of Mexico, using a stable isotope distribution of N, C and
Hg**”> conclude that coastal and migratory foodwebs are
largely disconnected and have different MeHg sources. Such a
disconnection is more than likely in the Northwestern
Mediterranean coastal ecosystems, with food webs based on
terrestrial or marine ;Jarticulate organic carbon.*® We suggest,
with other authors,6 72 that MeHg is either advected from
coastal environments and demethylated before entering the
foodweb, or that MeHg was sourced and methylated in the
open ocean.
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