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A B S T R A C T   

The BfR MEAL Study is the first German total diet study and will establish a representative and comprehensive 
database for dietary exposure assessment in Germany. The present study reports first results of the BfR MEAL 
Study regarding methylmercury in fish, seafood and mushrooms. In total, 34 MEAL foods were purchased na-
tionally or regionally according to a defined sampling plan, prepared in a representative way for German 
households, pooled into 49 samples, homogenized and subjected to ICP-MS analysis. Dogfish, tuna, ocean perch, 
halibut and eel were the fish species with highest MeHg concentrations, while levels in mushrooms and mush-
room products had markedly lower MeHg levels. Exposure was estimated by matching the present results with 
consumption data at appropriate levels of food group aggregation. MeHg exposure for adult high consumers (P 
95) exceeded the tolerable weekly intake recommended by the European Food Safety Authority in two age 
groups (14–17 and 18–24 years). In children, no age group exceeded the recommended tolerable weekly intake. 
Regional samples differed only slightly in MeHg levels. The differences in exposure found in four regions of 
Germany were influenced by consumption habits rather than MeHg level in the investigated food.   

1. Introduction 

To prevent, reduce or manage the risk of a substance, the hazard 
potential and exposure level need to be known. Exposure can occur 
orally, dermally or through the respiratory tract. In contrast to the 
hazard that is described e.g. by the inherent toxicity of a substance and 
cannot be altered, the level of exposure can be modified e.g. by reduc-
tion of the level of substances in foods (Moy and Vannoort, 2013). For 
dietary exposure assessment of a population, representative consump-
tion data sets as well as data sets on the occurrence of substances in foods 
have to be matched. Data sets for consumption in Germany are avail-
able. In contrast, the available data sets for levels of methylmercury 
(MeHg) not converted from total mercury (Hg) levels in foods are scarce. 

To establish a representative data set for levels of substances in foods 
as eaten, the first German total diet study (TDS) was conducted, called 
BfR MEAL Study (Sarvan et al., 2017). A TDS is the most cost-effective 
design to establish data for exposure assessment (EFSA/FAO/WHO, 
2011; Moy and Vannoort, 2013). Three objectives are required in a TDS 
design: i) representativeness of eating behavior of a population, ii) foods 
are prepared as eaten and iii) similar foods are pooled to one sample. 

Mercury (Hg) is released in the environment either by natural or 

anthropogenic processes predominantly in the form of inorganic salts. 
Hg ions can migrate from water and soil to plants and gain access to the 
food chain (EFSA European Food Safety Authority, 2015). In food, it can 
occur as inorganic Hg as well as organic chemical compounds, with 
MeHg being the most common form of organic Hg in the food chain. 
MeHg has a higher tendency to accumulate in living organisms and a 
considerable higher toxic potency compared to inorganic Hg. When 
ingested, MeHg can cross the placenta as well as the blood-brain and 
blood-cerebrospinal fluid barriers and has the potential to induce kidney 
damage, neurotoxicity and cardiovascular disorders (EFSA, European 
Food Safety Authority, 2018). The Tolerable Weekly Inktake (TWI) was 
set by EFSA to 1.3 μg kg bw− 1 (EFSA, European Food Safety Authority, 
2018). 

MeHg accumulates within the aquatic food chain especially in fish 
and seafood and usually represents the major Hg compound found in 
these food items (EFSA-CONTAM, 2018). Nevertheless, fish should still 
be seen as part of a well-balanced diet since it contains valuable nutri-
ents as for example the health beneficial ω-3-fatty acids. ω-3-Fatty acids 
were shown to have positive effects on the neurodevelopment in chil-
dren and might reduce the risk of cardiovascular diseases in adults 
(EFSA-NDA, 2014). 

Due to lack of information on speciation of MeHg in analytical 
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results, the content of MeHg in foods is often estimated from the total Hg 
content using conservative default values to convert measured levels of 
total Hg to MeHg (BVL, 2016; EFSA European Food Safety Authority, 
2015; Sirot et al., 2018). For fish/seafood and crustaceans/mollusks, the 
used conversion factors were 1 and 0.8, respectively. This might lead to 
an overestimation of MeHg concentration in foods. In contrast, the new 
data of MeHg from the BfR MEAL Study in fish, seafood, fish products 
and mushrooms was analytically analyzed and will give a detailed 
overview on the realistic contents of MeHg in prepared foods. This will 
help reducing the uncertainties in dietary exposure assessment in 
Germany. 

2. Material and methods 

2.1. Purchasing of foods 

The BfR MEAL Study follows the design of a TDS and is described 
elsewhere (Sarvan et al., 2017). Based on the data set of the National 
Consumption Survey II (NVS II) (Heuer et al., 2015) covering age groups 
14 to < 80 years and a German consumption data set for children called 
VELS (“Consumption Survey of Food Intake among Infants and Young 
Children”) (Banasiak et al., 2005; Heseker et al., 2003) covering age 
groups 0.5 to < 5 years, a MEAL food list was established. In total, 356 
different MEAL foods were selected, and assigned to the respective food 
group according to FoodEx 2 classification (EFSA, 2015). In the food 
group “fish, seafood, amphibians, reptiles and invertebrates” and “veg-
etables and vegetable products” and “composite dishes”, 34 MEAL foods 
(30, 3 and 1, respectively) were listed for the BfR MEAL Study. 
Regionality in four regions was considered for five MEAL foods, leading 
to 49 analyzed samples (pooled samples or pools). Pools were purchased 
regionally or nationally, depending on the estimated impact of regions. 
The MEAL food list considers at least 90% of German consumption for 
each of 19 FoodEx 2 categories for different age groups and gender. 
Foods known to contain high levels of relevant substances were included 
as well. To assess exposure of MeHg, only fish, seafood, mushrooms and 
products thereof were considered. 

All pools are composed of 15 (regionally sampled) to 20 (nationally 
sampled) single food items (subsamples) that mimic German shopping 
behavior. To imitate German shopping behavior (e.g. brand, type, pro-
duction method, type of packaging, type of storage condition and/or 
origin) representatively, market data from a representative panel with 
30,000 households over the last 12 months (between 2015 till 2017) was 
purchased and analyzed. Foods were purchased in Berlin or, if a regional 
impact was assumed, in four regions in Germany (north, south, east, 
west). For regional shopping, locations were selected depending on the 
density of the population (rural area, small city, big city) and the 
shopping facilities on the preference of the category (e.g. farmers mar-
ket, discounter, super market) (Sarvan et al., 2017). The sampling for the 
BfR MEAL Study covered seasonal differences in foods as well, but 
seasonality was not considered as relevant for MeHg analysis in fish and 
mushrooms. 

2.2. Food sample preparation 

After delivery of the sampled foods to the BfR MEAL kitchen, they 
were labelled, pictures taken and stored appropriately. All samples were 
prepared as usually consumed. To imitate German household behavior, 
an online survey about browning degree preferences (n = 2000) as well 
as a telephone based survey about out-of-home consumption (n = 1000) 
was conducted. A further telephone based survey (n = 1000) about the 
preferred material of used kitchen utensils was used to select commonly 
used kitchen equipment. 

Ingredients with a proportion of less than 5% (w/w) of the recipe as 
well as tap water were not selected representatively. Instead, standard 
ingredients were used by default (e.g. tap water from the kitchen for 
cooking or standardized sort of oil, salt and spices). Following prepa-
ration, similar foods were pooled into composite samples according to 
their relative consumption weights and homogenized with a Grindomix 
GM300 blender (Retsch GmbH, Haan, Germany). If necessary, either 
water, liquid nitrogen or dried ice was added, to allow for a homogenous 
distribution. The homogenized material was stored in 100 mL plastic 
beakers at − 20 ◦C not longer than 4 weeks before analysis. 

2.3. Analysis of methylmercury (MeHg) 

For extraction of MeHg, 10 mL HCl (6 mol/L, Honeywell, USA) was 
added to 1 g of homogenized food sample. The suspension was placed in 
a distillation apparatus for nitrogen-assisted distillation for approxi-
mately 70 min. MeHg was extracted as volatile MeHgCl and collected in 
a quartz vessel containing 1 mL HCl (6 mol/L, Honeywell, USA) placed 
in an ice bath after distillation. The complete distillate was filled up 
carefully with distilled water to a volume of 15 mL, placed in a plastic 
container, closed and homogenized. The decomposition of the organic 
MeHg compound into the inorganic Hg2+ ion was achieved by adding 
BrCl solution (0.2 mol L-1) to 5 mL of the diluted distillate solution until 
the solution remained coloured and was kept in the dark for 1 h. Prior to 
inductively coupled plasma-mass spectrometry (ICP-MS) analysis, the 
solution was diluted with HNO3 (2% (v/v), Merck, Darmstadt, 
Germany). 

After preparation of the sample, a quadrupole based ICP-MS instru-
ment (7700x, Agilent Technologies, Santa Clara, USA) and a ASX-500 
auto sampler (Agilent Technologies, Santa Clara, USA) were used for 
analysis. Prior to the sample introduction into the ICP-MS instrument, an 
iridium solution (0.4 mg L − 1) was introduced via a Y-piece to monitor 
plasma stability. To reduce polyatomic interferences, the ICP-MS was 
operated in kinetic energy discrimination (KED) mode with He as 
collision gas. Further ICP-MS conditions are listed in Table 1. The 
operation of the ICP-MS instrument and data analysis was performed 
with the software defined to be under 1 μg/L. After each measurement 
the apparatus was cleaned with HNO3/HCl solution. The sample was 

Abbreviations 

EFSA European Food Safety Authority 
Hg Mercury 
ICP-MS Inductively coupled plasma-mass spectrometry 
LB Lower bound 
MeHg Methylmercury 
TDS Total Diet Study 
TWI Tolerable weekly intake 
UB Upper bound  

Table 1 
ICP-MS parameters for MeHg analysis.  

Parameter Value 

RF Power 1550 W 
Plasma gas flow (Ar) 15 L/min 
Auxiliary gas flow (Ar) 0.90 L/min 
Nebulizer gas flow (Ar) 0.99 L/min 
Spray chamber temperature 2 ◦C 
Collision gas flow (He) 4.3 mL/min 
Sampler and skimmer Ni 
Inner diameter quartz injector tube 2.5 mm 
Acquisition mode Spectrum 
Points per peak 1 
Replicates 3 
Sweeps/replicate 100 
Monitored isotopes 202Hg 

201Hg 
Integration time 0.1 s  
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introduced without contact to tubes that might absorb components. For 
determination of MeHg levels the dilution factor of the BrCl-extraction 
was considered. 

Analysis was performed in duplicate with a limit of quantification 
(LOQ) of 0.01 mg kg-1 and limit of detection (LOD) of 0.003 mg kg-1. 
LOQ and LOD were established by 10-point calibration (0.005 μg/L to 
0.05 μg/L equidistant and 0.01 μg/L to 1 μg/L equidistant) with an 
inorganic mercuric nitrate standard after DIN 32645. This German norm 
defines parameters relevant for repeatability conditions such as decision 
limit, detection limit and determination limit and introduces a method 
of calculation for them. 

The measurement uncertainty was 12%. Reference material with a 
concentration centered in the calibration range was included in each 
run. For further calculations, the mean was used. 

2.4. Analysis of total mercury (Hg) 

For the analysis of total Hg, undiluted 200–400 mg sample were 
placed in a quartz (liquid samples) vessel or nickel alloy (solid samples) 
vessel with a volume of 0.5 mL. If necessary, more than one vessel was 
filled with the same sample and placed in the direct mercury analyzer 
(DMA-80, Milestone Srl, Sorisole, Italy). Each sample was incinerated, 
and developing vapour amalgamated by gold. Hg levels were deter-
mined at wavelength 253.7 nm. Analysis was performed in duplicate 
with a limit of quantification (LOQ) of 0.002 mg kg-1 and limit of 
detection (LOD) of 0.001 mg kg-1. The method was calibrated by 5-point 
measurement of liquid Hg, with concentrations in the subsequent 
working range (10 ng/ml to 1000 ng/ml; r ≥ 0.998). The measurement 
uncertainty was 30%. For quality assessment, certified reference mate-
rial of tomato leaves (NIST Standard Reference Material 1573a; 0.034 ±
0.004 mg/kg Hg) was measured after every 10 samples (measured range 
of control card: 0.03 ± 0.038 mg/kg). 

2.5. Exposure assessment and statistical analysis 

To compare between levels of MeHg and total Hg in various studies 
with higher aggregation, pools were grouped together as tuna (filet, 
canned in oil, canned in brine or smoked), herring (filet in sauce, 
smoked, fried and pickled, pickled (“Matjes”, “Bismarckhering”) or 
pickled (“Rollmops”)), pollack (fish fingers, pollack, filet of fish or 
baked) and trout (filet or smoked). As levels between regions were in the 
measurement uncertainty, all four regions were grouped together. For 
exposure assessment, not groups but single pooles were matched with 
consumption data, e.g. levels of regional samples were matched to the 
consumption in the corresponding region. 

Exposure assessment was performed using the NVS II and VELS 
consumption data and matching them with the appropriate pools of the 
MEAL food list. The design of NVS II is described in detail elsewhere 
(Krems et al., 2006; MRI, 2008). In short, data of approx. 20,000 subjects 
between 14 and 80 years were collected in 2005 and 2006. From 13,926 
subjects, 24-h recalls of two non-consecutive days were included for 
exposure assessment of the present study. For children, the VELS data 
was used (Banasiak et al., 2005; Heseker et al., 2003). Till 2002, on up to 
six days (three days, repetition after 3–6 months for children and 4–8 
weeks for infants) the consumption of 804 children was monitored by 
weight protocol or estimation protocol. For dietary intake assessment, 
information on individual body weights was taken as basis. 

Content levels of the BfR MEAL Study data set of fish, seafood and 
seafood products were combined with individual consumption data 
from the NVS II survey for adults and the VELS data set for children from 
0.5 to <5 years. The individual consumption of each subject was 
matched with MeHg levels determined in the present study. Each subject 
was assigned to one region and regionally pooled samples were assigned 
to the particular region. Even if MEAL foods were described in the 
current study as a group (e.g. herring containing of 5 MEAL foods), for 
estimation of exposure they were matched as single pooled samples. 

Breast fed children of all age groups were excluded from the data set to 
prevent diluting the exposure by untypical low intake compared to other 
age groups, leading to a data set including 732 children. Exposure was 
assessed for different age groups (0.5 – <1 year, 1 - <3 years, 3 - <5 
years, 14 – <18 years, 18 – <25 years, 25 – <35 years, 35 – <45 years, 
45 – <55 years, 55 – <65 years, 65 – <80 years), in four regions in 
Germany (north, south, west, east) for consumers. These age groups 
were established to take different eating habits during the life span into 
account. In order to compare the current results with other publications, 
exposure of the overall population including also non-consumers was 
calculated as well. For adults, the exposure to the MEAL foods tuna, 
herring and pollack and for children the exposure to the MEAL food 
pollack was calculated separately for consumers, including all foods 
contributing to exposure. Exposure parameters were mean, 95th 
percentile (P 95) and 50th percentile (P 50). Non-detects were treated 
using lower bound (LB) and upper bound (UB) approach, where under 
LB conditions left-censored data were replaced by zero and under UB 
conditions these data were replaced by the corresponding LOQ. Expo-
sure assessment and statistical analysis was performed by SPSS (Version 
21, IBM, Armonk, USA). 

3. Results and discussion 

3.1. Levels of MeHg in foods 

Smoked spiny dogfish (Squalus acanthias), tuna (Thunnus), ocean 
perch (Sebastes norvegicus), halibut (Hippoglossus hippoglossus) and eel 
(Anguilliformes) showed the highest MeHg levels in the analyzed pooled 
samples (Table 2). The lowest concentrations were found in mushrooms, 
fish fingers and striped catfish (Pangasianodon hypophthalmus). 

In comparison with the total Hg levels in the same pools, MeHg levels 
account in most samples for 80%–115% of total Hg. Exceptions were 
mussels (65%), cod liver (Gadus morhua) (68%), trout (Salmo trutta) 
(region west; 71%), trout (Salmo trutta) (region north; 72%), smoked 
salmon (Salmo salar) (76%), smoked trout (Salmo trutta) (region east; 
77%), herring in sauce (Clupea harengus) (77%) and squid/cuttlefish 
(118%). In literature, varying proportions of MeHg on total Hg were 
reported for different fish species, size, age and diet (Alves et al., 2018; 
EFSA-CONTAM, 2012). Proportions between 80% and 100% of MeHg to 
total Hg were reviewed (EFSA-CONTAM, 2012). Nevertheless, in the 
recent study variability due to measurements with different techniques 
in two different laboratories for total Hg and MeHg might explain part of 
the deviation. Measurement with two methods in different laboratories 
is also explanatory for higher MeHg levels compared to total Hg levels in 
Pollack (Gadidae und Salmonidae), smoked spiny dogfish (Squalus 
acanthias), pickled herring (Clupea harengus), squid/cuttlefish, tuna fillet 
(Thunnus), halibut (Hippoglossus hippoglossus), plaice/sole and smoked 
tuna (Thunnus). The presented data suggests that the established con-
version factors for raw fish and seafood can also be applied to processed 
products. 

Compared to the pilot study “TDS exposure” conducted in Germany, 
the levels of MeHg in fish samples were similar (Kolbaum et al., 2019). 
Only in plaice (Pleuronectoideo), pollack (Gadidae und Salmonidae), cod 
(Gadus morhua) and canned tuna (Thunnus) (0.036 mg/kg, 0.038 
mg/kg, 0.043 mg/kg and 0.105 mg/kg, respectively) lower levels were 
found compared to the current results (data not published). 

The second French TDS described MeHg levels for pollack, smoked 
salmon, salmon, tuna and tinned tuna (0.066 mg/kg, 0.042 mg/kg, 
0.038 mg/kg 0.476 mg/kg and 0.181 mg/kg, respectively) that were in 
the same magnitude to the recent results (0.066 mg/kg, 0.019 mg/kg, 
0.020 mg/kg, 0.380 mg/kg and 0.120 mg/kg, respectively). Average 
levels for the food group “fish” found in the French TDS for total Hg were 
comparable to the mean levels for all fish MEAL foods of the current 
study (0.134 mg/kg and 0.116 mg/kg, respectively) (Arnich et al., 
2012). In the French TDS, MeHg was calculated in fish as 100% total Hg. 
Similar results were obtained in Canada (Dabeka et al., 2003). Hg levels 
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in fish were on average 0.067 mg/kg and ranged from 0.024 mg/kg to 
1.48 mg/kg. 

Levels of MeHg found in mussels were twice as high as in the TDS 
conducted in the region of Valencia, Spain (0.005 mg kg-1) (Marín et al., 
2017). Salmon and trout combined were in the same magnitude as the 
levels from the Valencian TDS (0.016 mg kg-1). In contrast, the average 
level of all four tuna pools (filet, canned in oil, canned in brine, smoked) 
of the present study were 24% lower than in the TDS conducted in 
Valencia. 

Smoked fish showed considerably higher MeHg levels than fish 
prepared with other processing or conservation steps. Smoked tuna, 
smoked herring, smoked halibut and smoked trout contained 84%, 54%, 

16%, and 8% higher MeHg levels than the corresponding non-smoked 
pools, respectively. Proportional to the percentage of consumption in 
the population, the non-smoked pools were prepared in our study 
kitchen including processing steps such as cooking, steaming, baking, 
frying or grilling. Exceptions were eel and salmon, showing after 
smoking slightly lower levels of MeHg (13% and 8% lower, respectively) 
compared to other processing steps. 

In literature, different processing methods were shown to result in 
varying MeHg levels in fish. In raw and boiled meagre (Argyrosomus 
regius), similar levels for MeHg were determined but significant higher 
levels were found in grilled and roasted samples compared to raw 
meagre (Afonso et al., 2015). Water loss during processing might be 
resulting in higher levels of MeHg. 

The lower levels in salmon and eel after smoking might be explained 
partly by the measurement uncertainty of the laboratory (12%). 
Furthermore, 70% of salmon sub samples were bought deep frozen. Fish 
stored deep frozen, was shown to lose up to 10% of water after storage 
for 16 weeks in channel catfish (Xu et al., 2019). These thawing losses 
were caused by developing ice crystals damaging cells and subsequently 
leaching of cell content (Lee et al., 2008). Thawing losses might cause 
lower water contents in the prepared fish and resulting in a higher 
concentration of MeHg in non-smoked salmon samples. In contrast, 
pools of herring, trout, eel, halibut and tuna contained mainly freshly 
bought fish. The highest percentage of deep frozen fish in the latter pools 
was 30%. In summary, higher levels of MeHg in smoked samples 
compared to non-smoked samples might be caused by the measurement 
uncertainty of the laboratory and higher water loss after smoking 
compared to pools that did not include smoking as preparation method. 

3.2. Exposure assessment of methylmercury (MeHg) 

Total exposure was not highly influenced by mushrooms and 
mushroom products (3.5% of total exposure). MeHg levels in three out 
of four pools containing mushrooms were non-detectable. With mush-
rooms being high in consumption (12% of consumed foods investigated 
in the present study in weight), including mushroom pools in the 
exposure assessment with UB led to a decreased estimation of MeHg 
exposure for all consumers. In consequence, mushrooms and mushroom 
products were excluded from exposure assessment in the present study. 

3.2.1. Adults 
Out of all subjects (n = 13,926), most subjects (79%; n = 11,010) 

consumed no fish, seafood or seafood products during the two times 24 
h-recall of the NVS ll. Of the remaining 21% consumers (n = 2916), the 
mean (UB) MeHg exposure (0.339 μg kg− 1 bw week− 1) exhausts 26% of 
the recommended TWI (Table 3). High consumers (P 95) between 14 
and 24 years exceeded the TWI by 67% and 18% (age group 14 - <18 
years and 18 - <25 years, respectively). The TWI was exceeded by 77 out 
of 2916 consumers (2,6%). 

The highest proportional MeHg intake for all subjects relative to total 
MeHg exposure estimated in this study derived from pollack, tuna, 
herring and ocean perch (34%, 19%, 16% and 11% of exposure, 
respectively; see Fig. 1). Foods with the highest consumption, calculated 
in g kg− 1 bw d− 1 and only for consumers, were pollack and herring (37% 
and 19% of total consumption, respectively). 

In 14 – < 25 year olds, tuna has a higher contribution to exposure 
compared to the average exposure of all age groups in consumers. For 45 
– <80 year old consumers, pollack had a higher impact on exposure than 
the average exposure of all age groups (Table 5). 

Based on data collected between 2004 and 2011, exposure for the EU 
total population was assessed for adults to a mean (UB) and P 95 (UB) in 
a range of 0.07–1.12 μg kg− 1 bw week− 1 and of 0.53–3.08 μg kg− 1 bw 
week− 1, respectively (EFSA, European Food Safety Authority, 2012). 
Compared to the EFSA data set, the estimations of the current study are 
in the same range (mean (UB) and P 95 (UB) of 0.072 and 0.49 μg kg− 1 

bw week− 1, respectively). It has to be noted that the definition of adults 

Table 2 
Levels of MeHg and total Hg in pooled foods (μg kg− 1).  

Fish, fish products and seafood 

Pooled sample Average Hg 
levels (mg/ 
kg) 

Average 
MeHg levels 
(mg/kg) 

MeHg 
proportion of 
total Hg (%) 

Carp region east 0.028 0.027 96 
Carp region north 0.019 0.015 81 
Carp region south 0.015 0.012 80 
Carp region west 0.012 <0.010  
Codfish liver 0.019 0.013 68 
Cod 0.088 0.076 86 
Eel 0.096 0.090 94 
Eel, smoked 0.082 0.079 96 
Fillet of fish, baked 0.017 0.016 97 
Fish fingers 0.012 <0.010  
Halibut 0.076 0.079 104 
Halibut, smoked 0.107 0.092 86 
Herring in sauce 0.037 0.028 77 
Herring, fried, pickled 0.051 0.048 95 
Herring, pickled 

(“Matjes","Bismarckhering") 
0.030 0.034 113 

Herring, pickled (“Rollmops") 0.039 0.037 95 
Herring, smoked 0.077 0.074 97 
Mussels 0.019 0.012 65 
Ocean perch 0.120 0.116 96 
Plaice/sole 0.060 0.062 103 
Pollack 0.061 0.066 108 
Salmon 0.022 0.020 91 
Salmon, smoked 0.025 0.019 76 
Shrimps 0.022 0.018 82 
Spiny dogfish, smoked 0.516 0.575 111 
Squid/cuttlefish 0.017 0.020 118 
Striped catfish/pangasius <LOQ <0.010  
Trout region east 0.022 0.020 93 
Trout region north 0.024 0.017 72 
Trout region south 0.031 0.026 84 
Trout region west 0.014 0.010 71 
Trout smoked region east 0.017 0.014 77 
Trout smoked region north 0.029 0.025 88 
Trout smoked region south 0.023 0.021 91 
Trout smoked region west 0.020 0.019 95 
Tuna fillet 0.374 0.380 102 
Tuna, canned 0.128 0.120 94 
Tuna, canned in oil 0.175 0.153 87 
Tuna, smoked 0.670 0.700 105 

Mushroom and Mushroom products 
Pooled sample Average Hg 

levels (mg/ 
kg) 

Average 
MeHg levels 
(mg/kg) 

MeHg 
proportion of 
total Hg (%) 

Boletus 0.579 0.014 2% 
Cultivated mushrooms <0.001 <0.010  
Mushroom soup region east 0.005 <0.010  
Mushroom soup region north <0.002 <0.010  
Mushroom soup region south 0.005 <0.010  
Mushroom soup region west 0.004 <0.010  
Wild mushrooms region east 0.003 <0.010  
Wild mushrooms region north <0.002 <0.010  
Wild mushrooms region south 0.002 <0.010  
Wild mushrooms region west 0.002 <0.010   
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includes in EFSA data 18 to >65 year olds and for the BfR MEAL Study 
14–79 year olds. Due to limited information on MeHg, exposure by EFSA 
was assessed using conversion factors of total Hg. For fish meat, fish 
products, fish offal, unspecified fish and seafood a conversion factor of 1 
was used. The conversion factor for crustaceans, mollusks and am-
phibians was 0.8. For all other food categories, apart from fish and other 
seafood, total Hg was regarded as inorganic Hg. The main contributors 
to exposure in adults in the EU were determined as tuna, swordfish, cod, 
whiting and pike. In the present study, pollack and tuna were the highest 
contributors to exposure of MeHg in adults. Swordfish, whiting and pike 
were not analyzed in the present study, as they do not contribute to 90% 
of consumption habits in Germany. Instead, pollack and herring are 
contributing significantly to exposure in Germany, rather caused by high 
consumption of herring and pollack than by high MeHg levels. 

Previous assessments from Germany confirm these findings. In a 
pilot TDS conducted in 2014/2015, mean MeHg exposure for the 
German adult population was estimated at 0.28 μg kg− 1 bw week− 1 

(Kolbaum et al., 2019). This estimate is slightly lower compared to the 
present finding of 0.34 μg kg− 1 bw week− 1, but was based on a different 
aggregation level. Main contributors were also pollack (23%), ocean 
perch (19%) and canned tuna (13%). However, the different aggrega-
tion levels do not allow a direct comparison. 

In the second French TDS, mean exposure for MeHg calculated from 
total Hg with a conversion factor of 1 was estimated at 0.119 μg kg− 1 bw 
week− 1 in adults for the entire population, irrespective of the assump-
tion (LB or UB) (ANSES, 2011). Exposure at P 95 was estimated at 0.427 
μg kg− 1 bw week− 1 respectively. The French estimations are similar to 
current German estimations. In the BfR MEAL Study the mean (LB and 
UB) exposure for the whole population is estimated as 0.070 μg kg− 1 bw 
week− 1 and 0.071 μg kg− 1 bw week− 1, respectively. The P 95 (LB and 
UB) is estimated for both as 0.485 μg kg− 1 bw week− 1. 

Compared to the TDS conducted in Valencia, Spain (Marín et al., 

2017), the assessed mean exposure for UB scenario was 0.6 μg kg− 1 bw 
week− 1. This estimation is higher than reported in the recent study 
(mean (UB) of 0.071 μg kg− 1 bw week− 1). The largest contributor to 
exposure was swordfish, which was not contributing to 90% of con-
sumption habits in Germany and was therefore excluded from the MEAL 
food list. 

3.2.2. Children 
Out of 732 evaluated data sets for children, 30% were consumers of 

fish, fish products or seafood. The mean (UB) exposure for consumers 
was assessed to 0.189 μg kg− 1 bw week− 1 and to an exposure for high 
consumers (P 95; UB) to 0.703 μg kg− 1 bw week− 1 (see Table 4). The P 
95 of the age group with the highest exposure (1–3 year old; 0.874 μg 
kg− 1 bw week− 1) exhausted approx. 67% of the TWI recommended by 
EFSA. Out of 732 evaluated data sets for children, two subjects exceeded 

Table 3 
Exposure of MeHg in adults (consumers) with upper bound (UB) and lower bound (LB) approach (μg kg− 1 bw week− 1).   

Total Sex Age groups 

Male Female 14-<18 Years 18-<25 Years 25-<35 Years 35-<45 Years 45-<55 Years 55-<65 Years 65-<80 Years 

Exposure (UB) Valid N 2916 1449 1466 68 184 363 561 527 508 705 
P 50 0.185 0.194 0.177 0.180 0.201 0.154 0.159 0.207 0.186 .187 
Mean 0.339 0.335 0.343 0.473 0.398 0.334 0.308 0.324 0.352 .338 
P 95 1.059 1.027 1.059 2.175 1.530 1.037 0.999 0.944 1.114 1.030 

Exposure (LB) Valid N 2916 1449 1466 68 184 363 561 527 508 705 
P 50 0.184 0.193 0.176 0.180 0.201 0.154 0.159 0.207 0.186 0.187 
Mean 0.335 0.330 0.340 0.461 0.386 0.328 0.303 0.322 0.350 0.336 
P 95 1.059 1.027 1.059 2.175 1.530 1.037 0.999 0.944 1.114 1.030  

Fig. 1. MeHg exposure in adults (all subjects, in %) with upper bound (UB) approach (dark grey bars) and amount of consumption calculated in g kg− 1 bw d− 1 for 
consumers (in % of total consumption, light grey bars). 

Table 4 
Exposure of MeHg for children (consumers) with upper bound (UB) and lower 
bound (LB) approach (μg kg− 1 bw week− 1).   

Total Sex Age groups 

Boys Girls 0.5 - 
<1 
Year 

1 - <3 
Years 

3 - <5 
Years 

Exposure 
(UB) 

Valid 
N 

223 123 100 8 109 106 

P 50 0.090 0.097 0.081 0.063 0.103 0.079 
Mean 0.189 0.181 0.199 0.152 0.214 0.166 
P 95 0.703 0.687 1.030 0.465 0.874 0.525 

Exposure 
(LB) 

Valid 
N 

223 123 100 8 109 106 

P 50 0.020 0.000 0.024 0.031 0.033 0 
Mean 0.148 0.139 0.159 0.131 0.173 0.124 
P 95 0.703 0.687 1.030 0.465 0.874 0.525  
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the TWI recommended by EFSA. 
In the present study, main contribution to exposure of MeHg in 

children came from pollack, ocean perch, plaice/sole and herring (49%, 
21%, 9% and 6%, respectively) (Fig. 2). Pollack was the most consumed 
food followed by ocean perch and herring (both 5%). Although spiny 
dogfish and tuna were consumed only marginally, both foods contrib-
uted to MeHg exposure (2% and 5%), caused by high levels in these 
fishes (Table 2). 

To compare the current results to the exposure assessment by EFSA, 
the exposure of the total population (consumers and non-consumers) 
was estimated. The mean MeHg exposure for the European total popu-
lation for 1–3 year old children was estimated with UB approach to be in 
the range of 0.09 μg kg− 1 bw week− 1 to 1.65 μg kg− 1 bw week− 1 by EFSA 
(EFSA-CONTAM, 2012). Estimations for an UB approach for 1–3 year 
old children in the German TDS (0.069 μg kg− 1 bw week− 1) were slightly 
below the range reported by EFSA. The differences might be caused by 
high standard deviations, the usage of conversion factors to calculate the 
MeHg levels from overall Hg levels by EFSA and differing contributing 
fish species contributing to exposure assessment. 

In literature, the main exposure of MeHg in children was found to be 
from tuna, swordfish, cod, whiting, pike and hake (EFSA-CONTAM, 
2012). In the present study, pollack (no differentiation between hake 
and pollack, as no differentiation by consumers was assumed) was a 

main contributor to exposure of MeHg as well. Swordfish, whiting and 
pike were not analyzed in the present study, as these fish species did not 
belong to 90% of German consumption habit. Contrary, ocean perch and 
plaice/sole were contributing in the German TDS highly to MeHg 
exposure in children, but were not listed by EFSA as main contributor. 

In the French infant TDS (Sirot et al., 2018), exposure of the total 
population (consumers and non-consumers) was estimated. For age 
group 6 months to 1 year, the mean (UB and LB) of the French TDS was 
slightly higher than the German TDS (0.049 μg kg− 1 bw week− 1 and 
0.049 μg kg− 1 bw week− 1, 0.013 μg kg− 1 bw week− 1 and 0.011 μg kg− 1 

bw week− 1; respectively). Taking the standard deviation of the French 
TDS into account, these differences are not significant. For 1–3 year old 
children comparable exposure was estimated for the mean (UB and LB) 
of the French and German TDS (0.042 μg kg− 1 bw week− 1 and 0.042 μg 
kg− 1 bw week− 1, 0.069 μg kg− 1 bw week− 1 and 0.056; respectively). 
Less than 5 out of 705 children younger than 3 years exceeded the health 
based guidance value. These results are similar to findings in the present 
study, as in Germany 2 out of 732 children exceeded the TWI recom-
mended by EFSA. 

The British TDS estimated high-level dietary exposure for children 
aged 1.5–4.5 years to 1.19–1.82 μg kg− 1 bw week− 1 (Rose et al., 2010). 
These findings are higher than the German P 95 (UB) estimates for age 
group 1 to <3 years and 3 to <5 years for the entire population (0.355 

Table 5 
MeHg exposure over al foods for adults consuming either tuna or herring with upper bound (UB) approach (μg kg− 1 bw week− 1).    

Total Sex Age group 

Male Female 14-<18 
Years 

18-<25 
Years 

25-<35 
Years 

35-<45 
Years 

45-<55 
Years 

55-<65 
Years 

65-<80 
Years 

Exposure tuna consumers 
(UB) 

Valid 
N 

249 133 116 6 27 62 51 49 32 21 

P 50 0.461 0.558 0.399 2.175 0.473 0.573 0.336 0.444 0.422 0.417 
Mean 0.735 0.697 0.779 2.234 1.103 0.695 0.685 0.530 0.702 0.583 
P 95 2.770 1.654 3.491 4.643 3.491 1.300 3.131 1.066 2.168 2.829 

Exposure herring consumers 
(UB) 

Valid 
N 

701 415 286 6 26 54 113 132 131 240 

P 50 0.165 0.182 0.153 0.214 0.236 0.155 0.165 0.190 0.158 0.149 
Mean 0.220 0.235 0.197 0.217 0.242 0.186 0.232 0.241 0.226 0.203 
P 95 0.535 0.635 0.511 0.518 0.504 0.405 0.484 0.626 0.767 0.535 

Exposure pollack consumers 
(UB) 

Valid 
N 

899 437 462 36 75 136 189 142 137 184 

P 50 0.325 0.295 0.352 0.169 0.187 0.198 0.263 0.395 0.377 0.429 
Mean 0.373 0.359 0.386 0.362 0.307 0.314 0.341 0.422 0.407 0.415 
P 95 0.911 0.910 0.919 1.182 1.060 0.783 0.941 0.910 1.041 0.850  

Fig. 2. MeHg exposure in children (all subjects, in %) with upper bound (UB) approach (dark grey bars) and amount of calculated in g kg− 1 bw d− 1 for consumers (in 
% of total consumption, light grey bars). 
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μg kg− 1 bw week− 1 and 0.242 μg kg− 1 bw week− 1, respectively). It has 
to be noted that British estimates were assessed from total Hg using 
conversion factors and food groups were much more condensed than in 
most TDS. 

3.2.3. Exposure assessment of food groups contributing highly to exposure 
For the exposure of consumers (Tables 3 and 4) all subjects 

consuming at least one of the considered foods were included in the 
population. Consumers of one or only few foods contribute to all other 
foods with a consumption of zero, causing reduced exposure values over 
all foods. The exposure of subjects with high MeHg intake might be 
underestimated. To assess the exposure of subjects with high intake of 
MeHg, consumers of food groups contributing highly to exposure are 
selected and additional contribution of all other foods is taken into 
account. 

For adults, the fish species pollack, tuna and herring contributed in 
all age groups dominantly to the exposure of MeHg (Fig. 1). Exposure for 
subjects consuming pollack was assessed for the mean (UB) and P95 
(UB) as 0.373 μg kg− 1 bw week− 1 and 0.911 μg kg− 1 bw week− 1, 
respectively (Table 5). This results in an exhaustion of the TWI by 29% 
and 70%. Considering only subjects consuming tuna, women showed 
slightly higher exposure to MeHg than men (0.779 μg kg− 1 bw week− 1 

and 0.697 μg kg− 1 bw week− 1, respectively; see Table 5). The overall 
mean (UB) (0.735 μg kg− 1 bw week− 1) exhausted 57% of the recom-
mended TWI and the P 95 (2.77 μg kg− 1 bw week− 1) exceeded the TWI 
by 213%. The exposure of high consumers (P 95) of tuna in all but one 
age group (45–54 year old) exceeded the TWI. For herring consumers, 
the mean exposure (UB) exhausts the TWI by 15% and the P 95 by 37% 
(0.22 μg kg− 1 bw week− 1 and 0.535 μg kg− 1 bw week− 1, respectively; 
see Table 5). No age group of high consumer of herring (P 95) exceeded 
the TWI. 

The food groups contributing mostly to MeHg exposure in children 
are pollack, ocean perch and plaice/sole (Fig. 2). For ocean perch and 
plaice/sole the consumption positions in the consumption data set VELS 
were scarce. The exposure for consumers of pollack is summarized in 
Table 6. Three food pools were included in the consumers of pollack: fish 
finger, scalloped fish filet and pollack. It was assumed that consumers 
would not differentiate correctly between these foods as pollack, Alaska 
pollack and coalfish are used synonymously in the general public. Both, 
the mean exposure (0.115 μg kg− 1 bw week− 1) and the P 95 (0.385 μg 
kg− 1 bw week− 1) do not exceed the TWI recommended by EFSA 
(Table 6). 

3.2.4. Differences between four regions in Germany 
The exposure of MeHg was compared in four regions in Germany for 

adults (Table 7) and children (data not shown) in consumers. Mean and 
P 95 were in all regions below the TWI set by EFSA (EFSA, European 
Food Safety Authority, 2018). For adults the P 95 for each region 
differed only slightly. Three pools relevant for MeHg were sampled 
regionally (carp, smoked trout and trout). All showed minor differences 
in the levels of MeHg in the four regions in Germany (Table 7). 

For children, the used consumption data set of VELS is limited and 

sample size does not allow a valid differentiation between regions. The 
three regionally sampled pools, varied only slightly in levels of MeHg, 
but the consumption data suggest a difference between the regions due 
to consumption habits (data not shown). 

3.3. Limitations and uncertainties of the study 

The consumption data sets used for this study were collected for 
children in 2002 (VELS) and for adults in 2006 (NVS ll). Eating habits 
could have changed due to new products, better availability of specific 
foods in the shops or eating trends. The NEMONIT study by Max-Rubner- 
Institute (Gose et al., 2016) has monitored possible changes in the eating 
behavior of adults in a fraction of the panelists of NVS ll, but found no 
significant deviation from the data set from 2006 till 2012 in the mean 
consumption of food groups relevant for the present study. For children, 
the VELS data set from 2002 is the most recent data set available and 
eating behavior for German children might have changed to date. The 
age groups of participants in VELS were 6 months to <5 years and of 
NVS ll were 14 to <80 years, leading to a gap of 9 years between both 
data sets. The upcoming KIESEL study (“The Children’s Nutrition Survey 
to record food consumption”) for 6 month to 5 year old children (Gol-
song et al., 2017) can be used to estimate the current exposure and thus 
reduce the uncertainty regarding the relatively outdated VELS data. 

The consumption data for adults includes 24-h-protocols of two days. 
In this design, rarely consumed foods might be underrepresented. Taken 
only into account the 2-days 24-h-protocols of NVS ll, the proportion of 
consumers of fresh tuna and canned tuna were estimated to be 0.3% and 
2.5%, respectively. In contrast, a representative telephone survey con-
ducted by the BfR estimated the percentage of consumers of fresh tuna 
and canned tuna to 68.7% and 30.1%, respectively (Ehlscheid et al., 
2014). 

No information can be given about individual levels in single foods, 
due to pooling of subsamples before analysis. The obtained mean can be 
used for further exposure assessment, describing a long-term average 
intake for chronic risk assessment. 

The MeHg levels of fish, seafood and mushrooms were investigated 
in the present study. Other foods might contain levels of MeHg (EFSA- 
CONTAM, 2012). 

4. Conclusion 

A detailed data set of MeHg levels in ready-to-eat fish and seafood as 
well as mushrooms was established to estimate dietary exposure to the 
German population. Uncertainties for exposure assessment could be 
reduced due to measurement of MeHg instead of total Hg as well as 
analyzing foods as processed by consumers. 

Spiny dogfish, tuna, ocean perch, halibut and eel were the fish spe-
cies with the highest levels of MeHg, while the concentrations in 
mushrooms and mushroom products showed low MeHg levels (below 
LOQ in most cases). All fish pools besides eel and salmon, smoked fish 
contained higher levels of MeHg than the freshly prepared sample. 
These differences can partly be explained by water loss during smoking 

Table 6 
MeHg exposure over all foods for children consuming pollack with upper bound 
(UB) approach (μg kg− 1 bw week− 1).    

Total Sex Age group 

Boys Girls 0.5 - 
<1 
Years 

1 - <3 
Years 

3 - <5 
Years 

Exposure 
polllack 
consumers 
(UB) 

Valid 
N 

178 101 77 7 82 89 

P 50 0.069 0.067 0.072 0.063 0.074 0.066 
Mean 0.115 0.132 0.094 0.165 0.125 0.102 
P 95 0.385 0.433 0.267 0.465 0.355 0.433  

Table 7 
Exposure of adults (consumers) to MeHg in four regions in Germany (μg kg− 1 bw 
week− 1).    

Total Region 

East South West North 

Exposure (UB) Valid N 2916 717 720 1009 470 
P 50 0.185 0.178 0.207 0.193 0.144 
Mean 0.339 0.306 0.368 0.353 0.313 
P 95 1.059 0.922 1.162 1.115 1.044 

Exposure (LB) Valid N 2916 717 720 1009 470 
P 50 0.184 0.176 0.207 0.193 0.144 
Mean 0.335 0.302 0.364 0.349 0.309 
P 95 1.059 0.922 1.162 1.115 1.044  
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and measurement uncertainties of the laboratories. Further in-
vestigations of the causes are recommended. 

Fish, seafood and seafood products were considered for exposure 
assessment of MeHg. The exposure of MeHg for adult high consumers (P 
95, UB) exceeded for two age groups (14–17 years and 18–24 years) the 
TWI recommended by EFSA. The highest contribution to exposure in 
these age groups was by tuna. For children, no age group exceeded the 
recommended TWI. The maximum exhaustion of any age group was 
67% for high consumers (P 95, UB, 1–3 year old). 
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