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A B S T R A C T   

The main goal of the present study is to determine the sources of methylmercury (MeHg) for high fish- 
consumption populations with the Portuguese population as showcase, as Portugal is the EU country with the 
highest fish consumption per capita (2019: 59.91 kg year− 1). Since limited information is available on the 
effective levels of mercury after culinary treatments, cooked and raw codfish (Gadus morhua), hake (Merluccius 
merluccius), octopus (Octopus vulgaris), horse mackerel (Trachurus trachurus) and sardine (Sardina pilchardus) were 
considered. The mercury concentration ranking Hake > Horse mackerel > Codfish > Octopus > Sardine was 
observed in all situations (cooked and raw samples) for both MeHg and total mercury (T-Hg). The gathered 
results reinforce the general assumption that the loss of moisture during cooking increases MeHg and T-Hg 
concentrations in fish, but the idea that MeHg in fish muscle tissue represents the bulk of T-Hg cannot be 
generalised, as our study determined a MeHg/T-Hg ratio of 0.43 for grilled sardines.   

Mercury is considered a metal of concern in regard to its harmful 
effects on human health, since, when present, it disrupts normal cellular 
processes (Naganuma et al., 2002; Parran et al., 2001; Teixeira et al., 
2018), alters histology and physiology (Asano et al., 2000; Sherwani 
et al., 2013), and has the potential to, among others, induce neurotox-
icity (Ralstona and Raymond, 2018). Moreover, the organic methyl-
mercury (MeHg) form, its main toxic form (IPCS, 1990), is considered 
one of the top ten environmental compounds suspected of causing 
learning disabilities and autism (Kern et al., 2016). 

Humans are primarily exposed to MeHg through the consumption of 
fishery products, as it may bioaccumulate on the first levels of the 
aquatic trophic chain and undergo biomagnification (Bradley et al., 
2017; Polak-Juszczak, 2018). Thus, it has been measured in substantial 
levels in predatory fish (Annibaldi et al., 2019; Barone et al., 2021; 
Shipley et al., 2019), but also in shellfish such as mussels and scallops 
(Fasano et al., 2018). Nevertheless, human health risk from mercury 
depends on the size of the fishery products, the amount eaten and the 
intake frequency, as well as individual susceptibility. Therefore, 
reflecting the human dietary exposure in Europe, a Tolerable Weekly 
Intake (TWI) value was set for MeHg: 1.3 μg kg− 1 body weight (bw) 
(EFSA, 2012), and two maximum levels (MLs) were established: 0.5 mg 
kg− 1 wet weight (ww) for fishery products and muscle meat of fish in 

general, and 1.0 mg kg− 1 ww for specific species listed in Annex, section 
3, of Commission Regulation 629 (2008). The Joint FAO/WHO Expert 
Committee on Food Additives (JECFA) has also established a provisional 
TWI for MeHg of 1.6 μg kg− 1 bw for adults (WHO-TRS 959, 2010), which 
is higher than EFSA's TWI. All these regulatory limit values are expressed 
as total mercury (T-Hg) as this parameter is easier, quicker and less 
expensive to analytically measure than MeHg and, is therefore more 
often used. Nevertheless, Health Canada uses two Tolerable Daily Intake 
(TDI) values that could be expressed in MeHg or T-Hg, as this Agency 
follows the precautionary principle and for health risk assessment pur-
poses considers that the 100 % of T-Hg level in fishery products are 
present in the form of MeHg. The TDI values are 0.2 μg kg− 1 bw for 
sensitive populations (women of childbearing age and 12 years of age 
and younger), and 0.47 μg kg− 1 bw for the general adult population 
(Health Canada, 2007). The US-EPA reference dose (RfD) of 0.1 μg kg− 1 

bw day− 1 is also expressed in MeHg (US-EPA, 2001). 
Recognising that fish constitutes an important part of a balanced and 

traditional Mediterranean diet and that Portugal is one of the countries 
with the highest fish consumption per capita in the world, and the 
highest at EU level (FAO, 2008), the risk determination of mercury for 
Portuguese citizens is key to guarantee human safety within Europe. 
Regarding consumption frequencies, >70 % of the Portuguese people 

* Corresponding author. 
E-mail addresses: etrodrig@uc.pt (E.T. Rodrigues), jpcoelho@ua.pt (J.P. Coelho), eduper@ua.pt (E. Pereira), mpardal@uc.pt (M.A. Pardal).  

Contents lists available at ScienceDirect 

Marine Pollution Bulletin 

journal homepage: www.elsevier.com/locate/marpolbul 

https://doi.org/10.1016/j.marpolbul.2022.114464 
Received 23 June 2022; Received in revised form 30 November 2022; Accepted 1 December 2022   

mailto:etrodrig@uc.pt
mailto:jpcoelho@ua.pt
mailto:eduper@ua.pt
mailto:mpardal@uc.pt
www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2022.114464
https://doi.org/10.1016/j.marpolbul.2022.114464
https://doi.org/10.1016/j.marpolbul.2022.114464
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpolbul.2022.114464&domain=pdf


Marine Pollution Bulletin 186 (2023) 114464

2

eat fishery products more than once a week (Pieniak et al., 2013), spe-
cifically two to three times (Fernandes, 2017; Nunes et al., 2014). A 
selection of 59 species is eaten, which are mainly consumed at home and 
usually boiled or grilled (Fernandes, 2017). Even though not native to 
the coastline of Portugal, codfish (typically dried and salted) is consid-
ered the most important fish in the Portuguese diet, representing ≈38 % 
of the fish demand (Almeida et al., 2015), followed by hake and canned 
tuna (Cardoso et al., 2013; Nunes et al., 2014). Additionally, in a recent 
survey, octopus, horse mackerel and sardines (also known as European 
pilchard) have also joined the previous group (Fernandes, 2017). This 
set of species, to which gilthead seabream has been added, also repre-
sents the items most consumed by Portuguese pregnant women (Nunes 
et al., 2014). Gender and geography are relevant, with men preferring 
cephalopods and sardines and women opting for hake, redfish and pink 
cusk-eel, and coastal populations and elderly people preferring wild fish 
(Cardoso et al., 2013, 2015). The Portuguese generations born from 
1980s to mid-2000s (the ones shaping seafood consumption in the next 
decades) favour fresh fish (which is preferred over frozen, salted/dried, 
canned or smoked fish) as the most suitable food for a meal of fish for its 
taste, quality and freshness, even though they recognize that fish is not 
their favourite food. They still prefer wild to farmed fish, as well as 
Portuguese fish to imported fish (Madsen and Chkoniya, 2021). 

Seeing that the recommended TWI can easily be exceeded by Por-
tuguese citizens, and that EFSA recommends that each EU Member State 
considers its own consumption pattern of fishery products, especially the 
species of fish consumed, and assesses the risk of exceeding the TWI 
(EFSA, 2015), the main goal of the present study is to determine the 
effective sources of MeHg present in edible fishery products after culi-
nary treatments, contributing to a more accurate human risk assessment 
of MeHg. 

The estimation of MeHg levels have already been performed for 
canned tuna acquired in Portugal (Afonso et al., 2015). Thus, in the 
present study the MeHg levels were determined for the other above-
mentioned fishery products most consumed by the Portuguese society: 
codfish (Gadus morhua), hake (Merluccius merluccius), octopus (Octopus 
vulgaris), horse mackerel (Trachurus trachurus) and sardine (Sardina pil-
chardus). Concerning codfish, evaluations were made nationwide, as this 
fish is not native to the coastline of Portugal, and is imported from 
Norway or Iceland and sold nationwide. Since ≈70 % of all codfish 
consumed in Portugal comes from Norway, the specimens used in the 
present study arrived from this country. Regarding hake, octopus, horse 
mackerel and sardines, the specimens used were all purchased fresh at 
the Coimbra municipal fish market, representing fish caught in the 
north-western coast region of the Portuguese mainland. It should be 
highlighted that, in Portugal, sardines are mainly captured by seine 
fishing, and the other species by trawler fishing (INE IP, 2018). Since 
fish size is relevant, as the amount of mercury is related to the age of the 
fish (EFSA, 2012), only the sizes most consumed by the Portuguese 
population were acquired: dried and salted codfish of ≈1.5–2.0 kg, fresh 
hake of 1.0–1.5 kg, fresh octopus of 1.0–1.5 kg, fresh horse mackerels of 
25–30 cm, and fresh sardines of 15–20 cm; but larger specimens of the 
species that presented the highest risk regarding MeHg concentrations 
were also considered in an additional set of analyses: fresh hake of over 
3 kg. The two most used culinary treatments, boiling (codfish, hake and 
octopus) and grilling (horse mackerel and sardine), were studied to 
determine the final fraction of MeHg ingested. Only the muscle tissue 
(the filet) was considered in the present study as it is the most consumed 
part of the fish, and because fish muscle has the highest levels of MeHg 
(Coelho et al., 2010; Polak-Juszczak, 2018). It is known that MeHg has 
high affinity with thiol groups and, thus, bonds with small, low- 
molecular weight and cysteine-rich proteins (Lemes and Wang, 2009). 
In order to reduce possible seasonal patterns regarding mercury accu-
mulation, all the specimens were acquired between August, 31 and 
September, 11 of 2021; except fresh hake of over 3 kg that the specimens 
were acquired between October, 22 and November, 26, 2021, in both 
Coimbra and Figueira da Foz fish markets. All the culinary treatments 

were processed within one hour of acquisition, with no storage, as little 
is known about the effects of storage on the stability of MeHg in food 
samples (FAO/WHO, 2011). Hence, six individuals of each species (five 
individuals for hake of over 3 kg) were gutted and their heads and 
central spines removed, but their skin was kept. The fishmonger at the 
market executed all these procedures after biometric data were written 
down. Each specimen was washed with tap water and then individually 
placed in a plastic bag provided by the seller. Then, at the laboratory, 
each specimen was washed with distilled water and excess water was 
removed with paper. Two identical fillets were prepared by slicing each 
specimen in half using a ceramic knife. For the octopus, two tentacles 
(arms) were considered, as tentacle tissue is known to have the highest 
percentage distribution of mercury (Seixas et al., 2005). Regarding 
salted codfish, the fillets were soaked at 5 ◦C for 48 h (the water was 
renewed after 24 h) using a 1:9 fish:destiled water mass ratio. This 
procedure took place with the skin side up, without overlapping and 
without stirring. Then, for the same specimen, one sample was cooked 
and the other was left unprocessed as a raw sample, and to avoid un-
certainty concerning different water content in cooked and unprocessed 
fillets, the moisture content of triplicate sub-samples was determined 
following standard official methods for food products, via a gravimetric 
approach, being the difference of the initial weight of the sample and the 
weight after oven drying at 60 ◦C for 24 h used to determine the per-
centage moisture of the sample (AOAC, 2007). In the individual boiling 
process of 10 min for codfish and hake, and 20 min for octopus, a 1:2 
fillet:ultra-pure water mass ratio was used, and the water contained 2.0 
g per 100 g of fillet of commercial marine salt without any additives 
(Vatel cooking sea salt, www.vatel.pt) (except for codfish, where no salt 
was added), whereas in the individual grilling process of 20 min (each 
side for about 10 min), fish was salted with 2.0 g of Vatel salt per 100 g 
15 min prior to grilling, and a domestic griller (Phillips HD4419/20, 
2400 W) operated in the position 4, the one recommended for fish, was 
used. Cooked and raw filets were immediately stored at − 70 ◦C directly 
in glass mortars prior to lyophilisation (Martin Christ Alpha 1–2 Ldplus), 
and the dry product was ground into powder (except for lyophilised raw 
samples of octopus where stainless-steel tweezers and scissors were 
used), and then stored in new 40-mL amber glass vials with PTFE liners 
in the cap (Supelco 27,182). Since MeHg determinations were per-
formed using lyophilised (freeze-dried) samples, the moisture of the 
fresh samples was estimated using the difference of the initial weight of 
the sample and the weight after lyophilisation. This evaluation was 
performed using six raw sub-samples. 

Sample digestion and MeHg extraction were performed according to 
Válega et al. (2006) using a method established for the organic forms of 
mercury. Briefly, ≈200 mg of powder-homogenised samples (cooked 
and raw) were rigorously weighed and placed in 50-mL FEP (Nalgene 
3114-0050) or PPCO (Thermo scientific 3119-0050) test tubes. Then, 
5.0 mL of 18 % of potassium bromide (≥99 % trace metals basis, Sigma- 
Aldrich 221864) prepared in 5 % of sulfuric acid, and 1.0 mL of copper 
sulphate 1 M (Sigma-Aldrich C8027) were added. At that point, a quick 
vortex of 5 s was performed to promote full contact of the sample with 
the reagents, followed by a waiting time of 15 min. Then, 5.0 mL of 
toluene (Merck 1.08325) was added, and the test tubes were placed in an 
orbital shaker at 150 rpm for 15 min, centrifuged at 4,000 rpm for 12 
min, and 3.0 mL of the organic fraction was carefully transferred to a 25- 
mL glass vial. This toluene step was repeated, but this time 5.0 mL of the 
organic fraction was collected and added to the respective 25-mL glass 
vial. Finally, 5.0 mL of sodium thiosulfate solution 0.002 M (≥99,99 % 
trace metals basis, Sigma-Aldrich 563188) was added to the organic 
fraction on the 25-mL glass vial and mixed for 5 min. Both fractions were 
stored at 5 ◦C for MeHg analyses, which were performed within 24 h. An 
extraction blank was considered in each extraction batch to assess 
possible contamination and to correct sample concentration values, as 
well as a positive control using the certified reference material (CRM) 
DORM-4 (National Research Council Canada) to estimate extraction 
efficiency. 
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Since T-Hg is often used as a proxy for MeHg in seafood, T-Hg was 
also determined in the present study to add information regarding the 
MeHg/T-Hg ratio for the selected species. The analytical determination 
of MeHg (from the extraction aqueous fraction) and T-Hg (from the 
powder homogenised samples) was performed in a LECO AMA-254 
apparatus by sample catalytic combustion, preconcentration by gold 
amalgamation, thermal desorption and atomic absorption spectrometry 
detection. The T-Hg method detection limit (MDL) was 0.01 ng absolute 
Hg, while for MeHg a MDL (mean + 3 × standard deviation (SD)) of 
0.11 μg kg− 1 and a method quantification limit (MQL, mean + 10 × SD) 
of 0.28 μg kg− 1 were calculated from the blank signals. A duplicate 
analysis of the certified reference material DORM-4 for MeHg de-
terminations, and a triplicate analysis of the certified reference material 
BB422 (European Reference Material, sample No. 0355) for T-Hg de-
terminations were performed at the beginning and at the end of each 
working day, to confirm the calibration status of the LECO AMA-254 
system and the quality of the analytical method. A recovery percent-
age above or equal to 90 % was considered as acceptance criterion. A 
minimum of two (MeHg) and three (T-Hg) sub-samples were analysed, 
and a coefficient of variation below or equal to 10 % was considered as 
acceptance criterion. All sample values were blank-corrected using the 
mean method blank concentrations within their corresponding batch. 

In Portugal, the National Program for the Promotion of Healthy 
Eating of the Directorate-General of Health follows the food plate model 
(https://alimentacaosaudavel.dgs.pt/roda-dos-alimentos/), which 
shows the daily proportions of the seven different food groups that 
people need to eat in order to achieve a balanced diet. The recom-
mended number of portions depends on individual energy requirements, 
e.g., children should be guided by the lower limits and active men by the 
upper limits. Hence, the Portuguese food wheel guide points to eating 
1.5 to 4.5 portions of fish, meat or eggs per day, where one fish portion is 
30 g of raw or 25 g of cooked fish. Since these days teenagers do not 
enjoy eating fish, in the present study MeHg dietary exposure was 
evaluated considering three age categories, namely children: 6–11 years 
(40 g day− 1 of cooked filets), youths: 12–17 years (80 g day− 1 of cooked 
filets), and adults: >18 years (112.5 g day− 1 of cooked filets). The 
estimated daily intakes (EDI) of MeHg and T-Hg through the con-
sumption of fishery products were determined using the equation: 

EDI
(
μg kg− 1 bw day− 1) = (C× IR)

/
BW  

where C is the MeHg or T-Hg concentration (μg kg− 1), IR is the daily 
ingestion rate (kg day− 1), and BW is body weight (mean values for 
children: 25 kg, youths: 50 kg and adults: 70 kg). 

Species biometric data and moisture content obtained by the oven- 
drying gravimetric approach were summarized in Tables S1 and S2 
(supplementary material), respectively. As expected, the moisture con-
tent in raw samples generally varied inversely with the total fat, ranking 
Hake (80.5 %) > Octopus (78.6 %) > Codfish (73.1 %) >Horse mackerel 
(72.5) > Sardine (61.4 %). The values of total fat obtained in literature 
for seafood consumed in Portugal rank Hake (0.2 g 100 g− 1) < Codfish 
(0.4 g 100 g− 1) < Octopus (1.2 g 100 g− 1) < Horse mackerel (1.4 g 100 
g− 1) < Sardine (10.9 g 100 g− 1) (https://www.ipma.pt/resources. 
www/docs/publicacoes.site/pescado/inicio.htm). Using the same 
gravimetric method, similar mean values of moisture were obtained for 
raw horse mackerel (76.0 %) and sardines (50.9 %) collected on the 
Portuguese coast by Vieira et al. (2011). The applied culinary treatments 
(boiling and grilling) always decreased moisture content in a percentage 
between 8.0 % (hake) and 40.4 % (sardine). Compared to raw controls, 
cooking led to a significant loss of moisture content (Student's t-test, 
dependent samples: P < 0.001), with losses being more evident in 
grilling (mean percentage decrease: 30.8 %) than in boiling (mean 
percentage decrease: 9.4 %) treatments. Moisture decrease was also 
observed in grilled salmon (Salmo salar), in a percentage of 14.0 % 
(Costa et al., 2015), as well as in boiled (mean value of 30.3 %) and 
grilled (mean value of 45.1 %) Atlantic mackerel (Scomber scombrus), 

European seabass (Dicentrarchus labrax) and Black scabbardfish (Apha-
nopus carbo) (Mieiro et al., 2016). The effect of different drying tech-
niques (oven- and freeze-drying) was only significant in sardines 
(Student's t-test, dependent samples: P < 0.001), where percentage 
moisture loss was 22 % higher for freeze- than for oven-dried sardines. 

The results obtained for the tested CRMs agree with their respective 
certified range (detailed information in Tables S3 and S4, supplementary 
material), presenting analytical recovery percentages between 89.9 and 
97.0 % for MeHg (mean ± SD: 92.0 ± 2.0 %), and between 89.7 and 
95.7 % for T-Hg (mean ± SD: 91.2 ± 2.3 %). The results of MeHg and T- 
Hg contents were determined taking into account the recovery of the 
analytical procedure, and are presented in Tables S5 and S6 of supple-
mentary material, respectively. As expected, higher MeHg and T-Hg 
concentrations were detected in carnivorous species, while at the bot-
tom of the food chain, sardines presented low MeHg and T-Hg concen-
trations (Fig. 1). Our T-Hg results of raw samples could be compared to 
several studies from the Central and North Atlantic coast for the same 
species. For instance, codfish collected in Norwegian fishery areas pre-
sented a mean concentration of 0.08 mg kg− 1 ww in their fillets (Azad 
et al., 2019), and a similar value was determined in the present study 
(0.076 mg kg− 1 ww). Moreover, octopus collected in Portugal in pre-
vious studies presented mean concentrations of 0.075 and 0.094 mg 
kg− 1 ww in their arms (Cardoso et al., 2012; Seixas et al., 2005), which 
are consistent with our result of 0.055 mg kg− 1 ww. Horse mackerel and 
sardines purchased randomly from several markets in the Porto Metro-
politan area (Portugal) presented mean mercury levels slightly different, 
but still comparable with our results, of 0.172 and 0.018 mg kg− 1 ww, 
respectively (Vieira et al., 2011). Also, sardines of around the same size 
(18–20 cm) collected in Essaouira (Marrocos) presented ≈0.035 mg 
kg− 1 ww in their muscle (Chahid et al., 2014), and a comparable value 
was determined in our study: 0.026 mg kg− 1 ww. In the present study, 
the gathered mean values of raw data never surpassed the current ML for 
mercury, laid down in the Annex, Section 3, of Commission Regulation 
1881 (2006), which is 0.5 mg kg− 1 ww (expressed as T-Hg) for the 
selected species. However, confirming that dietary exposure de-
terminations should take into account the culinary treatments as part of 
the risk characterization of chemicals in food, if the data of cooked fish 
are considered, boiled hake of 1.0–1.5 kg does not conform with the 
regulatory value since a mean value of 0.53 mg kg− 1 ww was deter-
mined. The present study revealed that culinary treatments (boiling and 
grilling) always increased MeHg and T-Hg levels (Student's t-test, 
dependent samples: P < 0.044) in percentages ranging from 31.7 (horse 
mackerel) to 108.3 % (sardines) for MeHg (Table S5, supplementary 
material), and from 33.7 (horse mackerel) to 119.2 % (sardines) for T- 
Hg (Table S6, supplementary material). It should be highlighted that this 
effect was likely due to the loss of moisture during the culinary treat-
ments as, except for octopus for MeHg and horse mackerel for both 
MeHg and T-Hg, no significant differences between cooked and raw 
mercury dry weight data were observed (data not shown). Moreover, it 
should be stressed that, in Portugal, fishery products are usually bought 
fresh, and then cooked or eaten raw (e.g., oysters, or sashimi found in 
some sushi), and are rarely consumed dried. Despite some differences in 
the cooking methods (sample weight, amount of water used, cooking 
times, etc.), an increase of MeHg and T-Hg (wet weight basis) was also 
observed in boiled and grilled tuna (Thunnus spp.) (Afonso et al., 2015) 
and in boiled and grilled gilthead seabream (Sparus aurata) (Afonso 
et al., 2018), as well as in grilled salmon (Salmo salar) (Costa et al., 2015) 
and in grilled blue shark (Prionace glauca) (Matos et al., 2015). The same 
pattern for T-Hg was observed in grilled anchovy (Engraulis encrasicolus), 
hake (Merluccius merluccius) and squid (Loligo vulgaris) (Kalogeropoulos 
et al., 2012). Nevertheless, the mercury level increased after Perelló and 
collaborators boiled hake, but no change was observed after they grilled 
sardines (Perelló et al., 2008). Thus, despite some different results, the 
tendency for mercury increase (using wet weight data) after commonly 
used cooking treatments is currently generally accepted in review 
studies (e.g., Bradley et al., 2017). The gathered results also revealed 
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that the amount of mercury appeared to increase with the duration of 
cooking time since the octopus, which was boiled for twice as long as the 
fish that underwent the same type of cooking - codfish and hake, had the 
highest percentage increase of both MeHg and T-Hg after cooking (see 
Tables S5 and S6, supplementary material). These results suggest that 
increasing the cooking time enhances the extractability of MeHg, which 
is possible due to further loss of moisture. In fact, from the three boiled 
species, the octopus presented the higher decrease of moisture content 
after cooking (see Table S2, supplementary material). The mercury 
concentration ranking Hake > Horse mackerel > Codfish > Octopus >
Sardine was observed in all situations (cooked and raw samples) for both 
MeHg and T-Hg. In the present study, no significant differences between 
raw hake of 1.0–1.5 kg and raw hake of >3 kg were determined for 
MeHg (Student's t-test, independent samples: P > 0.597) or T-Hg (Stu-
dent's t-test, independent samples: P > 0.936) (both on a wet weight or 
dry weight basis). 

The MeHg/T-Hg ratio varied between 0.45 (sardines) and 1.15 (hake 
>3 kg) for raw samples, and between 0.43 (sardines) and 1.05 (hake 
1.0–1.5 kg) for cooked samples (Table S6, supplementary material). 
Despite reportable, the gathered ratio values slightly above one are 
likely due to the fact that MeHg is determined from the powder samples 
prepared by acidic digestion and extraction to toluene, while T-Hg was 
determined directly from the powder samples. This differentiated pre- 
treatment may result in a MeHg/T-Hg ratio higher than one. Also, two 
different reference materials were used, one for MeHg determinations 
(DORM-4) and another for T-Hg determinations (BB422). These two 
different materials lead to a mean recovery slightly higher in the case of 
MeHg. Since the results of MeHg and T-Hg content in samples were 
determined taking into account the recovery of the analytical procedure 
of each working day, a slight overestimation of MeHg may have 
occurred in relative terms. Nevertheless, using muscle tissues of fish, 
MeHg/T-Hg ratios above one were also reported by Ikingura and Akagi 
(2003), Maršálek et al. (2006) and Reyes et al. (2009). The boiled 
samples always presented slightly higher ratios when compared with the 
corresponding ratios of raw samples, which indicates possible loss of 
inorganic mercury by this cooking process. Corroborating this finding, 
and by using a mass balance model to ascertain the main form of mer-
cury loss in fishery products after cooking, Liao et al. (2019) found that, 
during boiling, inorganic mercury dissociated to a much larger extent 
than MeHg, and that loss of mercury was primarily due to volatilisation. 
Regarding the grilled samples, corresponding to the smaller species 
(Table S1, supplementary material), with higher fat content - horse 
mackerel and sardine - a slight decrease of the MeHg/T-Hg ratios were 
determined when compared with the corresponding ratios of raw 

samples. This is possibly due to the thermal denaturation of proteins, 
which released some MeHg by volatilisation, as grilling is associated 
with intense dry heating, which, in turn, was intensified by the small size 
of the grilled fillets; or because fat is known for inhibiting MeHg 
extraction (Miyamoto et al., 2010). For cooked filets, no ratio values 
were found in our literature review, but for raw samples similar ratios 
have been reported. For instance, a ratio of 0.84 was reported for 
438–2,027 g codfish (38.3–56.4 cm) (Polak-Juszczak, 2018), a ratio of 
0.75 was determined for the European hake (21.5–30.8 cm) (Barone 
et al., 2021), and a ratio of 83.9 was determined for octopus caught in 
Portuguese continental waters Cardoso et al. (2012). Moreover, it has 
been documented that MeHg/T-Hg ratio in fish muscle tissue varies with 
age and body mass (Coelho et al., 2010; Lescord et al., 2018; Polak- 
Juszczak, 2017), as well as between species (Barone et al., 2021; Lescord 
et al., 2018; Yoshimoto et al., 2016), which is confirmed by gathered 
results. However, our study reveals a ratio of 0.45 for sardines (raw 
samples) acquired in September (when growth and fat deposition is at its 
maximum for the beginning of the most active spawning period, in 
October (Nunes et al., 2011)), while Barone et al. (2021) reported data 
for sardines purchased in May–July (with a smaller size than the ones 
used in the present study) that allow the calculation of a higher MeHg/T- 
Hg ratio, of 0.67. Thus, our MeHg results for this species are possibly 
sub-evaluated due to the high fat content of samples since some authors 
point out that in fat-rich samples, as sardines, fat inhibits MeHg 
extraction (Miyamoto et al., 2010). Finally, the general assumption that 
>90 % of the mercury detected in fish muscle is in the form of MeHg 
should not be used for planktivorous fishes. Corroborating our findings, 
MeHg/T-Hg ratios of 0.56 and 0.62 were determined for Lebranche 
mullet (Mugil liza) by Kehrig et al. (2009) and Kehrig et al. (2002), 
respectively; and a ratio of 0.60 was determined for Brazilian sardinella 
(Sardinella brasiliensis) (Kehrig et al., 2010), all planktivorous fishes. 
Although more protective, the use of the same conversion factor for 
different species, especially if they have different trophic positions, to 
estimate MeHg levels from T-Hg concentrations may not provide accu-
rate and realistic health risk assessments. 

Since none of the species studied is consumed raw in Portugal (or in 
Europe), only MeHg and T-Hg Portuguese dietary intake results via the 
consumption of cooked fishery products are presented (Table 1). In line 
with our MeHg and T-Hg concentration data, boiled hake is associated 
with the highest MeHg daily intake, with 0.89 μg kg− 1 bw day− 1, while 
the consumption of grilled sardines, planktivorous fish of smaller size, 
led to a much lower MeHg daily intake, of 0.04 μg kg− 1 bw day− 1. In 
order to characterize potential risks from exposure to oral MeHg, the 
assumption that fish is the only food group making contributions to the 
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Fig. 1. Methylmercury (A) and total mercury (B) content (mg kg− 1 wet weight) by experimental treatment: C, cooked and R, raw. Boxes show the median and 25th 
and 75th percentiles, and whiskers show minimum and maximum values. 
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MeHg exposure was made, i.e., that the contributions from drinking 
water and other dietary sources are negligible. Except for sardines, the 
EDI of MeHg was higher than the established US-EPA RfD of 0.1 μg 
MeHg kg− 1 bw day− 1, originating a Hazard Quotient above one (i.e., 
exposure level exceeds the threshold), which indicates possible adverse 
effects due to the presence of MeHg in the codfish, hake, octopus and 
horse mackerel consumed by the Portuguese population throughout life. 

The established European TWI for MeHg, which is 1.3 μg kg− 1 bw 
week− 1 (expressed as T-Hg), was used to determine frequencies of 
consumption between age categories. Thus, this recommended limit 
could be surpassed if the Portuguese population (with all age categories 
covered) eats boiled hake of 1.0–1.5 kg (or higher) more than once per 
week, as well as if grilled horse mackerel is eaten more than five times 
per week. Nevertheless, considering the Health Canada guideline, which 
provide the values 0.2 μg MeHg kg− 1 bw day− 1 for sensitive populations 
and 0.47 μg MeHg kg− 1 bw day− 1 for youths and adults, our results 
indicate that Portuguese children (and women of childbearing age) 
should never eat boiled hake of 1.0–1.5 kg (or higher), boiled codfish of 
1.5–2.0 kg and grilled horse mackerel of 35–40 cm, while youths and 
adults should never eat boiled hake of 1.0–1.5 kg (or higher). 

Determined by risks to wildlife rather than risks to human health, as 
marine predators like otters and large fish, as well as marine birds, 
consume a much larger proportion of fish as part of their diet than 
humans, the European Water Framework Directive (WFD) established 
the environmental quality standard (EQS) for mercury at 20 μg kg− 1 ww 
(expressed as T-Hg) in fish (Directive, 2013/39/EU). Since our raw 
samples also reflect coastal and marine wild feed items, the gathered T- 
Hg concentrations could be compared with the above-mentioned EQS 
threshold. In fact, the WFD EQS was exceeded in 100 % of the samples 
analysed, demonstrating an effective risk to marine top predators 
crossing Portuguese waters. Since mercury is ubiquitous in the envi-
ronment and cannot be degraded over time, innovative technologies to 
remove it from the water compartment should be developed and 
implemented, an issue recently reviewed by Wang et al. (2020). 

The results of the present study reinforce the general assumption that 
loss of moisture during cooking increases MeHg and T-Hg concentra-
tions in seafood. On the contrary, the idea that MeHg in muscle tissue 
represents the bulk of T-Hg cannot be generalised, and should be 
considered only for carnivorous fishes. In order to reduce risk of oral 
exposure, it is recommended that high fish-consumption populations 
such as Portuguese people should avoid eating boiled hake of over 1 kg 
(fresh weight) more than once a week since it is considered a possible 
hazard. Accordingly, we recommend that a complementary assessment 
of MeHg exposure should be carried out for the Portuguese population 
by biologically monitoring mercury levels in blood (reflects short-term 
exposure) and/or hair (reflects long-term exposure). Finally, our study 
also alerts for the effective risk to marine top predators (e.g., piscivorous 
fish and birds) that feed in Portuguese waters. 
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