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Abstract

A number of studies have found high levels of mercury (Hg) in deep-sea organisms
throughout the world’s oceans, but the underlying causes are not clear as there is no
consensus on the origin and cycling of Hg in the ocean. Recent findings suggested that
Hg accumulation may increase with increasing forage depth and pointed to the deep-
water column as the origin of most Hg in marine biota, especially its organic
methylmercury (MeHg) form. In the present study, we determined total mercury (THQ)
levels in 12 deep-sea fish species and a decapod crustacean and investigated their
relationship with the species’ nitrogen stable isotope ratio (5°N) as an indicator of their
trophic level, average weight and habitat depth. THg levels ranged from 0.27 to 4.42
pg/g w.w. and exceeded in all, except one species, the recommended 0.5 pg/g w.w.
guideline value. While THg levels exhibited a strong relationship with 5°N values and
to a lesser extent with weight, the habitat depth, characterized as the species’ depth of
maximum abundance (DMA), had also a significant effect on Hg accumulation. The
fish species with a shallower depth range exhibited lower THg values than predicted by
their trophic level (5"°N) and body mass, while measured THg values were higher than
predicted in deeper-dwelling fish. Overall, the present results point out a potential risk
for human health from the consumption of deep-sea fish. In particular, for both, the red
shrimp A. antennatus, which is one of the most valuable fishing resources of the
Mediterranean, as well as the commercially exploited fish M. moro, THg levels
considerably exceeded the recommended 0.5 pg/g w.w. limit and should be consumed

with caution.

Keywords: mercury bioaccumulation, trophic level, habitat depth, deep-sea fish, red
shrimp Aristeus antennatus, Mediterranean
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1. Introduction

Mercury (Hg) is a trace element of natural and anthropogenic origin that can be found
throughout the atmosphere, biosphere and geosphere. In aquatic environments, mercury
is readily transformed by chemical and biological (i.e. bacterially mediated) pathways
into organomercury compounds such as methylmercury (MeHg), greatly affecting its
solubility, volatility, bioavailability and toxicity (Diez, 2009). Methylmercury, the most
toxic mercury species, is known to have numerous adverse effects, including
neurotoxicity, genotoxicity and endocrine disruption on a wide range of vertebrates,
including fish (Scheuhammer et al., 2007; Depew et al., 2012), as well as invertebrate
species (Carrasco et al., 2008; Azevedo-Pereira and Soares, 2010; Faria et al., 2010).

The origin and cycling of MeHg in the marine environment is still not fully understood.
Some studies have suggested that MeHg could originate from deep-sea sediments
(Kraepiel et al., 2003; Ogrinc et al., 2007), while a recent study conducted in open
Mediterranean waters concluded that most of the MeHg found in the water column had
been generated in situ by planktonic organisms (Cossa et al., 2009). After entering the
aquatic food web, MeHg tends to bind to sulfhydryl groups of proteins and
biomagnifies in higher trophic level organisms (Mason et al., 2006). The presence of
mercury in commercially important seafood, especially in large predatory pelagic fish is
of major concern with regard to human consumption. Increasing anthropogenic
emissions and growing public awareness of the potential health impacts of mercury
have lead to the establishment of advisories and consumption limits for the general
population and particularly for sensitive subgroups (e.g. pregnant women and young
children). The concentration limit for total Hg (THg) in fish for human consumption
was set at 1 mg/kg w.w. for predatory fish and 0.5 mg/kg w.w. for non-predatory
species (FAO/WHO, 1991; EC, 2001). In general, more attention has been devoted to
fish such as tuna, shark, king mackerel, swordfish and tilefish due their high position in
the trophic chain; however, less attention has been paid to deep-sea fish and especially

deep-sea crustaceans (e.g. shrimp).

Deep-sea species are thought to accumulate higher levels of heavy metals than more
shallow-water species, possibly as a result of their higher longevity and trophic levels
(Mormede and Davies, 2001). In this context, relatively high levels of mercury have

been found in a number of deep-sea fish (Monteiro et al., 1996; Cronin et al., 1998;
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Mormede and Davies, 2001; Storelli et al., 2002; Chiu and Mok, 2011). However, a
previous study conducted in the North Pacific Ocean has also highlighted that foraging
depth may also influence mercury accumulation in fish and that mercury levels are

higher in deeper-feeding pelagic predators (Choy et al., 2009).

The objectives of the present study were: (1) to determine mercury levels in twelve
deep-sea fish species and a deep-sea crustacean and investigate their relationship with
the trophic level, size and depth of occurrence of the species (2) to give
recommendations regarding the safe consumption of the selected fish species and the
red shrimp Aristeus antennatus, a very popular seafood and one of the most valuable
fishing resources of the Mediterranean.

2. Materials and methods
2.1. Sampling

Sampling cruises were conducted off the coast of Blanes, Catalan Sea (CS) onboard the
R/V Garcia del Cid (CSIC) in February 2009 and in the southern Balearic Sea in the
western basin (WM), the western lonean Sea in the central basin (CM) and the eastern
basin (EM) onboard the R/V Sarmiento de Gamboa (CSIC) in May 2009 (Fig. 1).
Animals were caught using a OTMS otter trawl (Sarda et al., 1998) at depths ranging
from 900 m to 2000 m. The selected species include the most abundant and thus
ecologically the most relevant deep-sea species within the Mediterranean deep-sea
(Tecchio et al., 2011). Onboard, muscle tissue was dissected and stored at -20 °C until

further analysis.
2.2. Mercury analysis

THg was determined in pooled samples, consisting of 10 individuals per pool for all fish
species and 5 individuals per pool for the crustacean A. antennatus, as male and female
shrimp were analyzed separately. An equal portion of 0.2 g or 0.4 g were taken from the
dorsal muscle tissue of each individual and subsequently homogenized. The
measurements were performed using an advanced mercury analyser AMA-254,

manufactured by Altec (Prague, Czech Republic) and distributed by Leco (St. Joseph,
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MI, USA). This instrument is based on catalytic combustion of the sample,
preconcentration by gold amalgamation, thermal desorption and atomic absorption
spectrometry (AAS). Samples were taken directly from the freezer, cut into 50-150 mg
pieces, precisely weighed in a nickel boat and automatically introduced into the AMA.
Replicate analyses were conducted for each pooled sample and the measured values
accepted if the relative standard deviation was lower than 10%, otherwise analysis were
run again. The entire analytical procedure was validated by analysing blanks and CRM
DORM-2 and DORM-3 samples at the beginning and end of each set of tissue samples
(usually 10), ensuring that the instrument remained calibrated during the course of the
study. Blanks consisted of an empty boat. Detection and quantification limits were
calculated from blank measurements with THg values of 0.2 and 0.7 ng/g w.w.,

respectively (Diez et al., 2007).
2.3. Statistical analysis

For comparisons of THg levels among species, a linear regression analysis on Log THg
(ng/g w.w.) data was performed using the species’ habitat depth, trophic level and body
mass as continuous variables. The habitat depth was chosen as the depth of maximum
abundance (DMA) of each species, which was extracted from the DeepMed Research
Group Database (ICM-CSIC). This parameter represents the depth at which the
population of a given species exhibits its highest abundance within the species’ depth
range, thus representing the optimal habitat depth of the species across its depth range
(Company and Sarda, 1998). It is noteworthy that DMA values do not necessarily
coincide with sampling depths as the database extends beyond the depth range sampled
in the present study (900-2000 m). However, in contrast to the DMA, the actual
sampling depth is not necessarily representative of the species’ ecological depth,
similarly to the approach adopted in the studies by Choy et al. (2009) and Monteiro et
al. (1996), where the variation of Hg accumulation with depth was also investigated.
The trophic level was characterized as the nitrogen stable isotope (8°N) values
determined in a study by Tecchio et al. (2012) on the same samples as analyzed in this
work, except for Coelorinchus mediterraneus and Nezumia aequalis data, taken from
Polunin et al. (2001). It is noteworthy that the 8"°N determinations by Tecchio et al.
(2012) were performed on the same samples The average weight (g) of the species was

used instead of body size because for some fish species (i.e. macrouridae) the standard
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length was recorded as the anal length instead of total body length and the comparison
of size among species was therefore not possible. All interaction levels between factors
(i.e. 3°N*DMA; 5"°N*weight; DMA*weight) were not significant and were therefore

omitted in the final analysis.

3. Results and discussion
3.1 Interspecies comparisons

In the present study, THg levels were used as proxy for organic mercury content
because MeHg is the major chemical form of mercury stored in fish muscle tissues (80-
90 % of the total mercury) (Harris et al., 2003). A similar relationship between THg and
MeHg has been demonstrated for the crustacean A. antennatus, with an average 85 %

MeHg content in muscle tissue (Minganti et al., 1996).

Values for total mercury (THQ) concentrations in muscle tissue ranged from 0.27 to
4.42 ug/g w.w. and only one fish species, namely Lampanyctus crocodilus, exhibited
total mercury (THQ) levels below the European limit for safe consumption of 0.5 pg/g
w.w. (Table 1). Furthermore, for six species, THg content was determined in samples
from different sites within the Mediterranean (Fig. 2, Table S1). However, due to the
fact that only one pooled sample was analyzed for some sites and species the statistical
difference of these site differences could not be determined. The measured values for all
species at all sites exceeded the recommended consumption limit (Fig. 2) and a
relatively uniform THg contamination pattern was observed across all sites. However, it
is noteworthy that only a limited number of samples were included in this study and
that previous studies showed that THg and MeHg levels significantly vary both
vertically and horizontally within Mediterranean waters (Kotnik et al., 2007).

The high level of mercury contamination of the Mediterranean Sea has been the subject
of extensive studies for the last decades and has resulted in international campaigns
such as the UNEP MED POL program, to assess the impact of mercury contamination
on the Mediterranean marine environment (Aston and Fowler, 1985;
UNEP/FAO/WHO, 1987; Cossa and Coquery, 2005). Moreover, our results are

concordant with previous results of mercury concentrations in Mediterranean deep-sea
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organisms from the central (Storelli et al., 2002; Drava et al., 2004) and the eastern
Mediterranean basin (Hornung et al., 1993). In contrast, mercury levels in deep-sea fish
from the Atlantic and Pacific Ocean, including species also analyzed in the present
study such as Nezumia aequalis (Mormede and Davies, 2001) and Coryphaenoides
guentheri (Cronin et al., 1998), generally exhibited Hg levels of one order of magnitude
lower than those recorded within this work. Several potential explanations for these
high mercury concentrations in Mediterranean biota have been proposed, including
volcanic activity and higher anthropogenic emission rates (e.g. mining), although more
recent findings suggest a biological rather than geochemical origin (Cossa and Coquery,
2005). In particular, the oligotrophic nature of the Mediterranean Sea could enhance the
methylation of mercury within the water column thus resulting in higher
bioaccumulation of MeHg at the base of the food chain, which is subsequently
transferred to larger predators (Cossa et al., 2009; Heimburger et al., 2010; MerMex
Group, 2011).

In addition, linear regression analyses of data from all species exhibited a significant
effect of the species’ nitrogen stable isotope ratio (5'°N), depth of maximum abundance
(DMA) and body weight on THg content in muscle tissue (R? = 0.85, P < 0.0001, Fig.
3). However, the crustacean Aristeus antennatus was an outlier (Fig. 3d) and the fit of
the model improved when only the 12 fish species were included in the analysis, with
DMA, 8N and weight accounting for 96 % of the variability in THg among fish
species (Table 2a). Of the three factors included in the analysis, variations in 8N
explained most of the variability of THg among fish species, while the effect of the
DMA was second most important followed by the average weight of the species (Table
2a, Fig. 3a,b,c). Furthermore, a stepwise regression analysis was performed to
determine whether the introduction of each factor improves the fit of the respective
model. According to the Mallows’ Cp values, the inclusion of the factors DMA and
weight both improved the fit of the model and the best fit was obtained when all three
factors were included (Table 3). The strong relationship between THg and 8N
observed in the present study (Fig. 3a) is consistent with the general understanding that
mercury, in particular MeHg, tends to bioaccumulate in higher tropic level organisms
(Senn et al., 2010). Interspecific mercury variation in fish has been attributed to
size/mass in numerous studies (Choy et al., 2009), a trend which is also confirmed by

the significant effect of weight on THg levels observed in the present study.
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While the variation of mercury burden among species according to the trophic level and
body mass is well understood, the influence of habitat depth on mercury accumulation
is less clear. To illustrate the effect of DMA on THg, a linear regression model with
8N and weight was fitted (Table 2b) and predicted values were contrasted against
measured THg levels in biota across depth ranges (Fig. 4). THg levels encountered in
fish were lower than predicted based on 8N and weight at 500-1300 m depth and
higher than predicted at 1500-2800 m depth (Fig. 4). The present results thus clearly
indicate that mercury levels increase with increasing habitat depth in fish, with a
particularly pronounced difference between the shallower depth range (500 - 900 m)
and the highest depth of 2800 m. This increasing THg trend with depth is in accordance
with former studies that reported elevated mercury levels in deep-sea fish from the
Mediterranean Sea (Hornung et al., 1993; Storelli et al., 2002), as well the Atlantic
(Monteiro et al., 1996; Mormede and Davies, 2001; Bebianno et al., 2007) and Pacific
Ocean (Chiu and Mok, 2011). Furthermore, this increasing trend in Hg contamination
with depth has been previously described in a study on large pelagic predators such as
tuna in the North Pacific Ocean, where species that forage at greater depths accumulated

higher mercury loads than species that feed on epipelagic prey (Choy et al., 2009).

In contrast to the deep-sea fish, the crustacean A. antennatus did not follow the same
trend and the predicted THg value (based on 8N and weight, see equation in Table 2b)
was lower than the actual observed level, despite a relatively shallow DMA of 700 m
(Fig. 4). This could be due to distinct reasons. For instance, the crustacean might
present higher bioaccumulation kinetics for mercury than fish as a result of higher
uptake through diet and/or lower metabolism. However, to our knowledge no
information exists regarding differential Hg accumulation mechanisms between fish and
crustaceans and further research is needed to corroborate this hypothesis. Another
potential explanation arises from the difference in the depth profile of juvenile
recruitment between the deep-sea fish species and the crustacean A. antennatus. Deep-
sea fish recruitment takes place at shallower depths and juveniles progressively migrate
to greater depths during their lifetime (“bigger-deeper”) (e.g. Massuti et al., 1995;
Morales-Nin et al., 1996; Rotllant et al., 2002). In contrast, the recruitment of A.
antennatus occurs at greater depths and juveniles become more abundant with
increasing depth (“smaller-deeper”) (Sarda et al., 2004). Hence, it is possible that

although adult A. antennatus are most abundant at 700 m, juveniles feed at greater
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depths, which could result in higher bioaccumulated mercury levels in adult shrimp than

predicted by their trophic level.

3.2. Public health issues

For the decapod crustacean Aristeus antennatus (red shrimp), a species of high
commercial value, only one out of thirteen analyzed samples did not exceed the
recommended value of 0.5 pg/g w.w (Table S1). Although previous studies already
detected relatively high levels of mercury in this species from the Ligurian Sea
(Minganti et al., 1996; Drava et al., 2004), the present findings further stress the need to
investigate the mercury content in this species and potentially issue advisories on the
human consumption of red shrimp. This issue is particularly important considering the
fact that shrimp are reported to generally contain lower mercury levels than most fish
species and thus to be safe for human consumption, as recommended for instance by the
US Food and Drug Administration (USFDA, 2002) or the Catalan Food Safety Agency
(ACSA, 2008). However, these recommendations are based on values detected in
shallow-water shrimp species (e.g. 0.12 pg/g w.w. in Penaeus setiferus; Domingo,
2008), which appear to have lower Hg content than A. antennatus.

The US Environmental Protection Agency (USEPA) adopted a revised reference dose
(RfD) for MeHg of 0.1 ug mercury per kg body weight per day (USEPA, 1997). In
2006, a provisional tolerable weekly intake (PTWI) of 1.6 pg MeHg/kg body
weight/week was established in the 67st meeting of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA, 2006). We assumed that the concentration of
total Hg is equal to that of MeHg (Bloom, 1992) and a body weight of 70 kg for adult
males was also assumed. Therefore, based on these assumptions, the guideline value
calculated from RfD of US EPA and PTWI of JECFA was 7.0 pg Hg/day and 16.1 pg
Hg/day, respectively. Based on the mean Hg concentration in red shrimp in Table 1
(1.04 pg/g w.w.) and the shrimp consumption rate of 3.5 g/day in Catalonia, Spain
(Domingo, 2008), dietary Hg exposure from shrimp consumption was estimated at 3.64
pug Hg/day, which was significantly lower than the US EPA and JECFA guidelines.
However, the estimated exposure value represents 52 % of the RfD and 23 % of the
PTWI for adult males, in contrast to the reported 2 % of PTWI deduced from Hg levels

detected in shallow-water shrimp species (Domingo, 2008).
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Moreover, the deep-sea fish species Mora moro (commom mora) is also commercially
exploited and mercury levels in samples from the NW Mediterranean and the Central
Mediterranean exceeded by far the 0.5 pg/g w.w. limit (Fig. 2). Although the other fish
species included in the present study are currently not relevant for human consumption,
the fact that all except one were found to have higher mercury levels than the
recommended value indicates that mercury contamination might be of particular
concern for deep-sea fisheries. This issue is particularly relevant considering the fact
that deep-water fisheries, which are of relatively modern origin, are continuously
expanding and deep-sea fish are becoming increasingly important as a human food

resource (Morales-Nin and Panfili, 2005; Ramirez-Llodra et al., 2011).

4. Conclusions

The present study has shown that apart from the species’ trophic position and body
mass, the habitat depth also significantly influences the THg accumulation in deep-sea
fish. Fish species with a shallower depth distribution exhibited lower than expected THg
concentrations while the contrary was observed for deeper-dwelling species. Thus,
when taking into account the trophic level and weight of each species, THg
contamination appears to increase with habitat depth. This trend is concordant with
observations from other studies on Hg accumulation in deep-sea fish throughout the
world’s oceans, and appears to be a general phenomenon rather than an exception.
These findings are particularly relevant considering the fact that the exploitation of
deep-sea waters is becoming increasingly important as a fisheries resource and the
consumption of deep-sea organisms might be of particular concern with regard to
human health. As shown in the present study, THg exceeded in all except one species
the recommended 0.5 pg/g w.w. guideline value, including the highly valuable red

shrimp A. antennatus and the commercially exploited fish M. moro.
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Table 1 Biological characteristics and mean total mercury (THg) levels (min.-max-) of 12 deep-sea fish species and the crustacean A.
antennatus.

Species N DMA &N  Weight (g) Diet THg (ug/g ww)
+SE.
Alepocephalus rostratus (Ar) 8 1300m 9.86 370+49  Macroplankton (non-migratory)? 0.64 (0.30-1.32)
Bathtypterois mediterraneus (Bm) 1 1750m 11.39 171 Benthopelagic plankton (non- 1.23
migratory)®

Cataetyx laticeps (Cl) 1 2800m 12.75 430+60  Epibenthic prey® 4.42
Coelorinchus mediterraneus (Cm) 3 1500m 12.60* 232 Infauna® 1.46 (1.40-1.56)
Coryphaenoides guentheri (Cg) 1 1750m 11.00 161 Benthic feeder® 0.92
Coryphaenoides mediterraneus (Cm*) 1 2700 m 10.97 88 + 17 Benthopelagic and benthic feeder® 1.96
Lampanyctus crocodiles (Lc) 1 500m 8.09 43 +4 Macroplankton (migratory)? 0.27
Lepidion lepidion (LI) 10 1200 m 11.20 64 +12 Benthopelagic and benthic feeder® 0.94 (0.21-1.71)
Mora moro (Mm) 2 1100m 11.78 584 +48  Nekto-suprabenthos (Active predator)® 2.40 (2.38-2.43)
Nezumia aequalis (Na) 1 600m 13.78* 55+4 Nekto-suprabenthos®’ 1.79
Nezumia sclerorhynchus (Ns) 5 1200m 12.22 25+3 Nekto-suprabenthos' 1.44 (0.97-1.86)
Trachyrhynchus scabrus (Ts) 1 900m 10.25 190 +12  Infauna® 0.65
Aristeus antennatus (Aa) 13 700m 9.61 17+5 Infauna® 1.04 (0.48-2.24)

N: number of pools used to calculate THg (each pool consists of n = 10 individuals for all fish species and n = 5 for Aa)
DMA: depth of maximum abundance
8"°N: nitrogen stable isotope values from Tecchio et al. (In prep.) , except values indicated by * from Polunin et al. (2001)

2 (Cartes et al., 2002); ° (Carrasson and Matallanas, 2001); °(Mauchline and Gordon, 1984); ¢ (Carrassén and Matallanas, 2002); ¢ (Carrasson
etal., 1997); f (Marques and Almeida, 1998)


http://ees.elsevier.com/stoten/download.aspx?id=440421&guid=21617078-7d94-4b5b-918b-a25bb3baef26&scheme=1

Table 2 Linear regression results and Type 11 sum of squares of Log THg (ng/g w.w.) values in deep-sea
fish (n = 12) as a function of depth of maximum abundance (DMA), nitrogen stable isotope ratio (8 °N)

and average weight of the species.

Factors Source df Sumofsquares Meansquares F Pr>F
a) DMA, 8N, Weight  R?=0.96, Log THg = 1.75E-04*DMA + 0.15*3"°N + 4.75E-04*Weight + 1.04
Model 3 1.058 0.353 65.33 <.0001
Error 8 0.043 0.005
Corrected Total 11 1.101
DMA 1 0.162 0.162 30.05 0.001
8N 1 0.533 0.533 98.75 <.0001
Weight 1 0.091 0.091 16.89  0.003
b) ™N, Weight R?=0.81, Log THg = 0.17*3"°N + 5.72E-04*Weight + 1.04
Model 2 0.896 0.448 19.62  0.001
Error 9 0.205 0.023
Corrected Total 11 1.101
8N 1 0.731 0.731 32.02  0.000
Weight 1 0.136 0.136 595  0.037

Table 3 Summary of the factor selection using stepwise regression analysis of Log THg (ng/g w.w.)
values in deep-sea fish (n = 12) as a function of depth of maximum abundance (DMA), nitrogen stable

isotope ratio (5 *°N) and average weight of the species.

No. of

variables Variables R2 Mallows' Cp
1 3°N 0.69 55.212
2 3N /DMA 0.88 18.887
3 5°N / DMA / Weight 0.96 4.000




Figure legends

Click here to download Figure: SOTE - Figure legends_revised.docx

Fig. 1 Map of sampling sites across Mediterranean Sea

Fig. 2 Mean total mercury (THQ) levels £ S.D. (ug/g wet weight) in six deep-sea species
from various sampling sites across the Mediterranean Sea (Blanes and theWestern, Central
and Eastern Mediterranean areas). For species abbreviation names see Table 1. Dashed
line indicates the 0.5 pg/g w.w. recommended value for human consumption.

Fig. 3 Relationship between Log THg levels (ng/g wet weight) and (a) nitrogen stable
isotope values (6°N), (b) depth of maximum abundance (DMA) and (c) weight. (d)
Measured versus predicted Log THg levels based on the equation for the linear regression
for for 12 deep-sea fish species and the red shrimp Aristeus antennatus. For species
abbreviation names see Table 1.

Fig. 4 Difference between measured and predicted Log THg levels (based on 3N and
weight, see Table 3b) in fish from different depth ranges and the crustacean A. antennatus.
The abbreviation of the species names included in each depth strata are provided below
the bars. Full species names and their respective depth of maximum abundance (DMA) are
listed in Table 1. VValues shown are mean = S.E.M.
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Figure 3
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Figure 4
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