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A B S T R A C T

Marine fish trade globalizes nutrients and contaminants. Using trade data, human demographic information, and 
nutrient and contaminant exposure data, the estimated direct consumption of traded fish from Northeast Atlantic 
Ocean (NEAO) catches varied among 155 importer countries/regions. The associated trade pathways globalised 
high amounts of important nutrients including iodine, selenium, and eicosapentaenoic acid and docosahexaenoic 
acid (EPA + DHA) and contributed greatly to annual domestic EPA + DHA requirements for small-population 
importers (e.g., Lithuania: 62.8%) but not for high-population importers (e.g., Chinese mainland). Traded 
amounts of mercury, dioxin, and dioxin-like polychlorinated biphenyls (dl-PCBs) from the NEAO fish were low, 
and associated pathway contributions to total domestic mercury exposures were <4%. Changes in fish body size 
affected nutrient and contaminant fillet concentrations and subsequently trade dynamics of nutrients and con
taminants. Our study provides valuable insights regarding seafood globalization and marine fish trade that can 
be used to support adaptive management strategies for contaminants and nutrition-sensitive policies.

1. Introduction

Most countries/regions supply important nutrients from domestic 
food production [1] but no more than 1% of food production is aquatic 
[2] with an even lower percentage via international trade. Domestic 
food production varies across countries/regions [3], but international 
food trade has been growing [4], which has resulted in increasing global 
aquatic food consumption between 1976 and 2019 [5], and with de
mand for foods from the ocean predicted to double by 2050 [6]. Marine 

fish are a major component of aquatic foods and an important source of 
essential nutrients for human consumers [7,8] and are foundational in 
improving health and maintaining daily functions [9,10]. These locally 
produced nutrients are distributed globally via international trade [4,
11] and play an important role in combatting micronutrient deficiencies 
or “hidden hunger” [12–16]. Although there has been a growing interest 
in food nutrients (as opposed to weight-based monetary value [17]) and 
fisheries (e.g., the concept of maximum nutrient yields [18]), relevant 
national and international public policies largely do not consider aquatic 
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foods and their nutrition potential in a food security context [19,20]. For 
example, only the Philippines (2012) and Cambodia (2017) include 
national dietary guidelines identifying fish as an important source of 
calcium (FAO Dietary Guidelines). Although there are regulations on 
nutrition claims for food (e.g., EU) which can be applied to fish in a 
global trade context, no import regulations currently prioritise essential 
nutrient intakes.

Health impacts from marine fish are regularly debated due to the 
presence of contaminants and biological hazards [9,10,21–23] and are 
often more visible in national and international policies compared to 
nutrients. Contaminants are also distributed globally via international 
fish trade, e.g., polybrominated diphenyl ethers (PBDEs) [24], poly
chlorinated biphenyls (PCBs) [25], and mercury [26–28], but how 
seafood globalization may impact human health remains poorly un
derstood. Thus, to realise the potential of the global fish trade in support 
of sustainable and nutrition-sensitive aquatic food systems and relevant 
public policies requires an understanding of global trade pathway dy
namics and associated health risks and benefits.

International marine fish trade and tracing of nutrients and con
taminants can be analysed using global trade flow data (e.g., UN Com
trade) of marine fish species and products [4] and their chemical 
composition [11,25,26]. However, the consumption of imported fish 
and their chemical contents vary among countries/regions [25], 
resulting in uncertainty in measurements of nutrient intakes and 
contaminant exposures. Current food composition data often relies on 
fixed concentrations for species/products, thus limiting accurate esti
mation of nutrient yields and hindering effective management strategies 
to address hidden hunger. Therefore, evaluating species-specific varia
tion in nutrient and contaminant concentrations of captured marine fish 
among important fisheries regions is essential for global fish trade.

An important driver of nutrient and contaminant variation is marine 
fish body size, with small-sized species [8,29] and small individuals of 
the same species [30] often being denser in essential nutrients. Addi
tionally, small individuals typically have lower concentrations of many 
contaminants [30–33]. Body size structure of fish assemblages is often 
used as an indicator of fishing pressure and is a suitable proxy for 
ecological sustainability in marine fisheries [34,35]. Globally, fish as
semblages are shifting towards smaller size-dominated population 
structures, often with increased abundance and stable population bio
masses due to human exploitation [36]. However, the implications of 
fish body size on the dynamics of nutrient yields and contaminant ex
posures have not been assessed in the context of seafood globalization.

Here, we analysed and mapped the global fate of six important nu
trients and two critical contaminants from five commonly traded fish 
species from the Northeast Atlantic Ocean (NEAO) by integrating model- 
predicted concentrations into trade data. Subsequently, we analysed 
food balance data, human demographic information, average nutrient 
requirements, and exposure data to estimate the potential health risks 
and benefits through direct human consumption. Finally, we combined 
size-based predicted element concentrations with size structure data to 
investigate whether size-specific fish catch dynamics influenced the 
total element yields.

We hypothesized that the traded nutrients and contaminants would 
be species-dependent and governed by mass compositions for each trade 
pathway, and that the associated risks and benefits were also modulated 
by fish imports and human demography. We also predicted that body 
size structure of fish populations would be an important driver, affecting 
nutrient yields and contaminant exposures with potential additive ef
fects on consumer health.

2. Methods

2.1. Model-predicted nutrient and contaminant concentrations

The concentrations of five essential elements (ee [Table S1 for ab
breviations]; calcium, iron, iodine, selenium, and zinc; in mg/kg wet 

weight [ww]) and one hazardous element (mercury; in mg/kg ww) in 
five commonly traded marine fish species (s) from the NEAO were 
predicted using previously reported Bayesian predictive models [30]. 
The fish species analysed were Atlantic cod (Gadus morhua), haddock 
(Melanogrammus aeglefinus), Greenland halibut (Reinhardtius hippo
glossoides), Atlantic herring (Clupea harengus), and Atlantic mackerel 
(Scomber scombrus). The model for each element concentration driven by 
fish total length, fat content, sea temperature, sea salinity, and associ
ated ocean basin was developed by analysing a large dataset (model 
parameter details in Table S2). Predictions were based on specific ocean 
basins or regional seas identified for each species and ocean 
basin-specific total length ranges, while other parameters (fat content, 
sea temperature, and salinity) were assumed to be the species-mean 
from all samples from the respective ocean basin (Table S3a).

To explore human element intake from fish consumption, the wet 
weight concentrations in 100 g raw fillet predicted by the Bayesian 
models were further compared with nutrient reference values (NRVs) for 
each essential element (NRVee). The NRVs were defined as the daily 
reference values for adults from food to consumer under EU Regulation 
1169/2011 [37]: 800 mg (calcium), 14 mg (iron), 150 μg (iodine), 55 μg 
(selenium), and 10 mg (zinc). According to this EU regulation, 100 g of 
food (e.g., fish fillets) can be regarded as a significant source of an 
essential element if it provides 15% or more of the NRVee.

We also extracted published model-predicted concentrations of the 
sum of EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid) 
[38], and the sum of dioxin and dl-PCBs (dioxin-like polychlorinated 
biphenyls) [33] for selected species from the NEAO (Table S3b). The 
WHO 2005 toxic equivalency factors (TEF) were used to calculate the 
total Toxic Equivalent (TEQ) for dioxin + dl-PCBs here [39]. Due to 
missing data for certain nutrients in the models, we obtained the 
following: calcium of haddock (11 mg/100 g), EPA + DHA of Atlantic 
cod (229 mg/100 g [mean of median values of 2010, 2020, 2021, and 
2022]) and haddock (0.2 g/100 g). Concentrations of all selected nu
trients and contaminants (e) are provided in Table S3b.

2.2. Nutrients, contaminants, and global fish trade

We extracted bilateral trade mass data for the selected fish species (s) 
from the UN Comtrade Database [40] compiled by Chatham House 
Resource Trade Database (CHRTD) [41] based on the Harmonized 
Commodity Description and Coding System (HS) with commodities 
including whole frozen, fresh, or chilled fish (combined dataset in 
Table S4a). The mass trade by species (TMs, t) between exporters and 
importers were predicted using validated food trade models [25]. For 
this study, an exporter was included if: 1) the exporter captured these 
species in relevant ocean basins listed in the International Council for 
the Exploration of the Sea (ICES) catch datasets, and 2) the exporter 
captured ≥50% of the annual national fish catch biomasses from the 
NEAO. Hence, exporters included Denmark, Faroe Islands, Iceland, 
Ireland, Norway, Russian Federation, and United Kingdom, and im
porters included all possible countries and regions.

The traded whole fish masses were further converted to traded fillet 
masses and then traded nutrient and contaminant masses (TEMs,e, kg) 
using Eq. 1. 

TEMs;e = TMs × γs × Cs;e (1) 

Where γs indicates the fillet to total weight ratio: 0.34 (Atlantic cod), 
0.35 (haddock), 0.34 (Greenland halibut), 0.46 (Atlantic herring), and 
0.54 (Atlantic mackerel) [42]; and Cs,e refers to model-predicted geo
metric mean element concentrations (mg/kg; Fig. 1) or nutrient and 
contaminant concentrations from external sources (Table S3b). The 
traded essential element trades in numbers of NRVs (TnNRVs− s;ee) were 
calculated following Eq. 2a, and the same (TnAIs− s;EPA+DHA) was used to 
calculate the traded EPA + DHA in number of AIs (adequate intake; 
250 mg [43]) following Eq. 2b. 
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TnNRVs− s;ee =
TEMs;ee

NRVee
(2a) 

TnAIs− s;EPA+DHA =
TEMs;EPA+DHA

AIEPA+DHA
(2b) 

2.3. Fish import variation and human consumption

Inevitably, apart from direct human consumption, imported fish are 
often used for fish/livestock feed, further production for export, and 
other non-human-food uses (e.g., pet food and supplement). Thus, we 
further adjusted the traded nutrient and contaminant masses to the 
portion for direct domestic human consumption only.

To calculate the average annual percentage (Γ) of the masses be
tween import for domestic human food and total import, we used two 
FAO Food Balance Sheet (FBS) datasets: FishStatJ and FAOSTAT 
(Table S5).

Firstly, we extracted live-weight fish biomass data from the FAO 
FishStatJ FBS [44]. Food items in FBS are not species-based but cat
egorised by FAOSTAT as “Pelagic fish” and “Demersal fish”. Thus, the 
selected species were grouped under each category: Atlantic cod, 
haddock, and Greenland halibut were under “Demersal fish”, while 
Atlantic herring and mackerel were under “Pelagic fish”. We pooled FBS 
data during 2010–2019 to match with other datasets in sequential an
alyses (data of 2020 was not available when data extraction was per
formed). The mass balance equation in the FishStatJ FBS (Eq. 3) contains 
masses (kg) of production (P), food imports (FIs), food exports (FEs), 

total food supply (TFS), non-food uses (NFUs), and stock variations 
(SVs). 

P+FIs = FEs + TFS + NFUs + SVs (3) 

FIs does not represent the total fish import due to the exclusion of 
quantities of fish used for meal reduction and other non-food uses 
(personal communication with FAO Fishery). Many importers import 
large quantities of fish (especially small pelagic species) for fish meal in 
their aquaculture production, e.g., Norway [45]. Therefore, we extrac
ted total fish import (I) from the FAOSTAT FBS which included both 
edible and non-edible commodities to accurately link to the trade data. 
And Γ represents the percentage of TFS from FIs (TFSfrom FIs) relative to I 
(Eq. 4). 

Γ=
∑2019

2010

TFSfrom FIs

I
÷ 10 × 100% (4) 

When the value of FIs was equal to or slightly smaller than the value of I, 
it suggested zero or little import of fish for non-food uses. When the I 
value was missing or when FIs was greater than I (likely due to the 
rounding down of numbers in FAOSTAT or possible human error when 
the difference was too big), we replace the FIs value with I.

To calculate the associated uncertainty of Γ, we estimated the range 
of Γ, including a lower bound (ΓLB), middle bound (ΓMB), and upper 
bound (ΓUB) value. ΓLB represents the lowest possible value where TFS 
was primarily from P (Eq. 5). ΓUB represents the highest possible value 
where TFS was primarily from I (Eq. 6). 

Fig. 1. Model-predicted element concentrations (median and 95% confidence intervals, wet weight) for different total lengths and ocean basins. The secondary 
(right) axis indicates the percentage (%) contribution to relevant EU Nutrient Reference Value (NRV) for each essential element. The NRVs are defined under EU 
Regulation 1169/2011 [37]. Turquoise dashed line indicates the model predicted overall geometric mean element concentration. The range of total length was based 
on an existing study [30] and the intervals were evenly distributed within the range.
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ΓLB =

⎧
⎨

⎩

0 P ≥ TFS
TFS-P

I
× 100% P < TFS

(5) 

ΓUB =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

TFS
I

× 100% FIs ≥ TFS

100% FIs < TFS; I ≤ TFS
FIs
I

× 100% FIs < TFS; I > TFS

(6) 

ΓMB represents the scenario where the proportion of FIs contributing to 
TFS (TFSfrom FIs) is equivalent to the proportion of P contributing to TFS 
(TFSfrom P) (Eq. 7). 

TFSfrom FIs

FIs
=

TFSfrom P

P
(7) 

Thus, ΓMB is calculated as: 

ΓMB =
TFS × FIs

(FIs + P) × I
× 100% (8) 

Where, TFS = TFSfrom FIs + TFSfrom P: SVs can be negative, zero, and 
positive. When SVs is positive or zero, Eqs. 5, 6 and 8 remain the same. 
When SVs is negative, Eq. 6 remains the same but:

Eq. 5 is rewritten as ΓLB =

⎧
⎨

⎩

0 P − SVs ≥ TFS
F − P + SVs

I
× 100% P − SVs < TFS 

, 

and

Eq. 8 is rewritten as ΓMB =

(

TFS+ SV×TFS
FEs+NFU+TFS

)

× FIs
(FIs+P)×I × 100% .

2.4. Global fish trade and human health indicators

To understand the potential nutritional benefits and health risks 
from mercury exposure of traded elements to the domestic population of 
the importer, we extracted 2018 population structure data (Popage; 
existing data [46] and additional data for Andorra, American Samoa, 
Bermuda, Dominica, Eritrea, Faroe Islands, Greenland, Liechtenstein, 
Marshall Islands, Monaco, Nauru, Palau, San Marino, and Tuvalu; 
Table S6a), average requirement values (ARee [38], mg/day per capita 
or μg/day per capita; Table S6a) for the selected essential elements, 
adequate intake for EPA + DHA (AIEPA+DHA, mg/day per capita), and 
daily per capita total mercury exposure data (ExpHg [47], mg/day per 
capita; Table S6b). Based on these, we calculated the total annual do
mestic requirements (TDRe, kg/a) and total mercury exposure (TEHg, 
kg/a), then the annual contribution (Contrie, %) from trade of all 
selected species to TDRee or TEHg. 

TDRe =
∑

age

(
Popage × 365×ARee;age or AIEPA+DHA

)
(9) 

TEHg =Poptotal × 365 × ExpHg (10) 

Contrie =
∑

Species

∑2020
2010TEMs;e × Γ

/
11

TDRee or TEHg
× 100% (11) 

Where, Poptotal indicates the total population. Similar to Γ, Contrie also 
has Contrie;LB, Contrie;MB, and Contrie;UB.

2.5. Fish body size variation and element yields

To examine the effects of body size structure in fish catch on total 
element yields, we extracted annual fish catch data with weight at age 
and catch in numbers by age from 2010 to 2020 based on ICES working 
group reports (AFWG 2021 [48], WGNSSK 2021 [49], WGWIDE 2021 
[50], and HAWG 2021 [51]) for the major stocks (st) of Atlantic cod, 
haddock, Atlantic herring, and Atlantic mackerel (Table S7). For each 

stock, catch biomass by age (Bst;age, t) was calculated as the product of 
the whole fish weight at age (wst;age, g) and catch in numbers by age 
(nst;age) (Eq. 12). 

Bst;age =wst;age × nst;age (12) 

For a specific age, wst;age was converted to total length at age (Lst;age, 
cm) using the established total length to weight relationships [52] 
following Eq. 13. 

wst;age = a × Lb
st;age (13) 

Where, the conversion coefficients are a = 0.0069 and b = 3.08 (Atlantic 
cod), a = 0.0059 and b = 3.13 (haddock), a = 0.0059 and b = 3.09 
(Atlantic herring), and a = 0.0035 and b = 3.26 (Atlantic mackerel).

Hence, the function of the catch biomass to total length category can 
be written as: 

Bst;age = a × Lb
st;age × nst;age (14) 

Where, the total length at age category was calculated from the wst,age 
described by Eq. 13 as: 

Lst;age =

̅̅̅̅̅̅̅̅̅̅̅̅
wst;age

a
b

√

(15) 

Each selected stock was assigned to one or more ocean basins 
(Table S3c), and the element concentrations by total length category 
were predicted assuming the fat content (if available), sea temperature, 
and salinity to be the species-mean of the associated ocean basin(s). 
Although the catch data are linked to specific fish stocks and certain fish 
species can migrate across ocean basins, we fixed the ocean basin of each 
stock based on their primary habitat (e.g., Northeast Arctic cod was 
assigned to the Barents Sea even if some individuals migrate to the 
Norwegian Sea for spawning). For stocks from multiple ocean basins, the 
mean concentrations from all ocean basins were calculated. Thus, for 
each stock, the annual element yields by total length category (Mst;e;L, t) 
were calculated as: 

Mst;e;L =Bst;age × Cs;e;L (16) 

Where, Cs;e;L (mg/kg) is the model-predicted geometric mean element 
concentrations by species/stock, element, and total length category 
(Table S3c).

The annual total element yields for each stock were then calculated 
as: 

Mst;e =
∑

L
Mst;e;L (17) 

And the annual catch-biomass-weighted-average element concentra
tions for each stock (Cst;e, mg/kg) were calculated as: 

Cst;e =
Mst;e

∑
ageBst;age

(18) 

All data analyses were conducted in R (Version 3.6.0) and operated 
in RStudio (Version 1.1.453).

3. Results

3.1. Trade of fish nutrients and contaminants

During 2010− 2020, catch from NEAO fisheries were exported to 155 
countries/regions. For Atlantic cod, haddock, Greenland halibut, and 
Atlantic herring, the top three exporters by biomass were Norway, the 
Russian Federation, and Denmark; whereas for Atlantic mackerel, the 
top three exporters were Norway, the United Kingdom, and Iceland. The 
main importer of these fish was the Chinese mainland, followed by the 
Russian Federation, Japan, Germany, Denmark, the Netherlands, the 
United Kingdom, and Vietnam (Tables 1 and 2, Fig. S1).
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From these trade pathways, 2.84 billion NRV equivalents of calcium, 
5.43 billion NRV equivalents of iron, 25.1 billion NRV equivalents of 
iodine, 75.6 billion NRV equivalents of selenium, 5.11 billion NRV 
equivalents of zinc, 964 billion AI equivalents of EPA + DHA, 382 kg of 
mercury, and 715 mg TEQ of dioxin + dl-PCBs were traded globally 
regardless of use (Tables 2 and S4, Figs. 2 and S2). Norway was the main 
exporter by mass of all nutrients and contaminants, followed by the 
Russian Federation except for EPA + DHA. The United Kingdom ranked 
the 2nd exporter for EPA + DHA and the 3rd for calcium, iron, selenium, 
and zinc, while Denmark ranked 3rd for iodine, mercury, and 
dioxin + dl-PCBs. The Chinese mainland was the main importer by mass 
of all nutrients and contaminants, followed by the Russian Federation 
(except for iodine) and the United Kingdom (iodine). Germany, Nigeria, 
the Netherlands, and Japan ranked as the third-highest importers, with 
rankings varying between nutrients and contaminants.

3.2. Fish trade, intake, and exposure rates

The middle-bound percentage of imported fish for direct domestic 
human consumption (ΓMB) differed greatly between fish groups and 
importers (Table S8). For demersal fish, ΓMB;demersal ranged from 0.3% 
(Falkland Islands [Malvinas]) to 100.0% (e.g., Bermuda, Chad, and 
South Sudan), while for pelagic fish, ΓMB;pelagic ranged from 0.4% (Nor
way) to 100.0% (Cayman Islands). The main fish importer, the Chinese 
mainland, had low ΓMB;pelagic (1.0%) but high ΓMB;demersal (82.2%).

Imported calcium, iron, and zinc contributed little to domestic intake 
(Contrie;MB < 1:00%), while iodine, selenium, and EPA + DHA had 
moderate to high contributions. The top three Contrie;MB were from 
Portugal (1.41%), Lithuania (1.35%), and the United Kingdom (1.07%) 
for iodine, Lithuania (6.14%), Ukraine (2.34%), and Malta (2.27%) for 
selenium, and Lithuania (62.75%), Ukraine (23.40%), and Moldova 

(23.00%) for EPA + DHA (Fig. 3, Table S9a). Among these top im
porters, only the United Kingdom (iodine) and Ukraine (selenium, 
EPA + DHA) imported large nutrient masses. In contrast, for the top 
nutrient importer, the Chinese mainland, the imported iodine, selenium, 
and EPA + DHA contributed little to domestic intake (0.12%, 0.06%, 
and 0.12%, respectively). For all importers, trade pathways contributed 
little to moderately to domestic total mercury exposure 

Table 1 
Accumulative trades of fish (2010− 2020) from the top three exporting and 
importing countries/regions, expressed in million tonnes (Mt) of fillet weight.

Species Exporter Export 
biomass

Importer Import 
biomass

Atlantic cod 
(Mt)

Russian 
Federation

0.503 Chinese 
mainland

0.344

Norway 0.427 Netherlands 0.122
Denmark 0.148 Denmark 0.108

Total 1.17 Mt

Haddock (Mt) Norway 0.251 Chinese 
mainland

0.138

Russian 
Federation

0.072 United 
Kingdom

0.117

Denmark 0.029 Denmark 0.032
Total 0.402 Mt

Greenland 
halibut (Mt)

Denmark 0.099 Chinese 
mainland

0.073

Norway 0.055 Vietnam 0.042
Russian 
Federation

0.046 Japan 0.033

Total 0.253 Mt

Atlantic herring 
(Mt)

Norway 0.975 Chinese 
mainland

0.645

Russian 
Federation

0.862 Russian 
Federation

0.371

Denmark 0.364 Germany 0.281
Total 3.00 Mt

Atlantic 
mackerel (Mt)

Norway 1.70 Chinese 
mainland

0.514

United 
Kingdom

0.645 Russian 
Federation

0.435

Iceland 0.525 Japan 0.398
Total 4.15 Mt

Note: Trade includes all uses (food and non-food). Fish product included frozen, 
fresh, and chilled whole fish.

Table 2 
Accumulative trades of important nutrients and contaminants associated with 
fish fillets (2010–2020) from the top three exporting and importing countries/ 
regions.

Nutrient/ 
Contaminant

Exporter Export Importer Import

Calcium (NRV eq.) Norway 1.00 
billion

Chinese 
mainland

576 million

Russian 
Federation

682 
million

Russian 
Federation

308 million

United 
Kingdom

311 
million

Germany 197 million

Total 2.84 billion NRV eq.

Iron (NRV eq.) Norway 2.02 
billion

Chinese 
mainland

925 million

Russian 
Federation

891 
million

Russian 
Federation

596 million

United 
Kingdom

699 
million

Nigeria 414 million

Total 5.43 billion NRV eq.

Iodine (NRV eq.) Norway 10.9 
billion

Chinese 
mainland

6.37 billion

Russian 
Federation

6.40 
billion

United 
Kingdom

2.52 billion

Denmark 2.42 
billion

Netherlands 1.89 billion

Total 25.1 billion NRV eq.

Selenium (NRV eq.) Norway 28.6 
billion

Chinese 
mainland

13.5 billion

Russian 
Federation

12.6 
billion

Russian 
Federation

7.42 billion

United 
Kingdom

9.11 
billion

Nigeria 5.29 billion

Total 75.6 billion NRV eq.

Zinc (NRV eq.) Norway 1.93 
billion

Chinese 
mainland

915 million

Russian 
Federation

875 
million

Russian 
Federation

506 million

United 
Kingdom

618 
million

Nigeria 359 million

Total 5.11 billion NRV eq.

EPA + DHA (AI eq.) Norway 369 
billion

Chinese 
mainland

149 billion

United 
Kingdom

133 
billion

Russian 
Federation

104 billion

Russian 
Federation

120 
billion

Nigeria 78.4 billion

Total 964 billion AI eq.

Mercury (kg) Norway 141 Chinese 
mainland

77.3

Russian 
Federation

75.4 Russian 
Federation

31.0

Denmark 44.5 Netherlands 24.3
Total 382 kg

Dioxin + dioxin-like 
PCBs (mg TEQ)

Norway 254 Chinese 
mainland

128

Russian 
Federation

111 Russian 
Federation

71.0

Denmark 86.9 Japan 50.8
Total 715 mg TEQ

Note: Values are expressed as nutrient reference value (NRV) equivalents for 
calcium, iron, iodine, selenium, and zinc; average intakes (AI) equivalent for 
EPA + DHA; kg for mercury; and mg of total toxic equivalent (TEQ) for 
dioxin + dioxin-like PCBs. eq., equivalent.
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(ContriHg;MB < 4%) with the top three values from Azerbaijan (3.19%), 
Moldova (3.06%), and Ukraine (2.96%), among which only Ukraine had 
high mercury import (Fig. 3, Table S9b). Additionally, the top three 
upper-bound contributions to mercury exposure (ContriHg;UB) were 
Lithuania (6.00%), Georgia (3.46%), and Ukraine (3.21%). The main Hg 
importer, the Chinese mainland had very low ContriHg;MB (0.16%) and 
ContriHg;UB (0.41%).

3.3. Body size, nutrient yields, and contaminant exposure

Predicted mercury concentrations increased exponentially with fish 
length, whereas changes in essential elements were relatively linear 
(Fig. 1). Fish length did not determine which species were significant 
sources (contributing >15.0% NRV for 100 g fillet [standard portion 
hereafter], see Section 2.1), except for Atlantic mackerel where in
dividuals <32 cm from the Norwegian Sea were not significant sources 
of iodine. Contributions to NRV (%NRV) with increasing length for some 
species doubled (e.g., iodine in Barents Sea haddock: % 
NRVI,51.8cm = 180.0% [95% CIs = 136.0%–242.0%] and % 
NRVI,58.3cm = 405.0% [294.0%–553.0%]), some halved (e.g., calcium in 
North Sea Atlantic cod: %NRVCa,36.0cm = 2.2% [1.5%–3.0%] and % 
NRVCa,87.0cm = 0.8% [0.7 %–1.0%]), while some remained unchanged 
(e.g., selenium in Atlantic mackerel). For large-sized haddock (>50 cm), 
the iodine yields in a standard portion were likely above the tolerable 
upper intake limit for children and adolescents aged 1− 17 years 
(200− 500 μg/day).

Regardless of length, all species were significant sources of selenium 
but not calcium, iron, or zinc, and Atlantic cod and haddock were sig
nificant sources of iodine (Fig. 1). With a standard portion, Atlantic cod, 
haddock, and Greenland halibut contributed less than 4.0% NRVs for 
calcium, iron, and zinc. For Atlantic herring and mackerel, %NRV values 
were higher, but still <10.0%.

Within the investigated length ranges, model-predicted mercury 
concentrations were lower than the current maximum level (ML) values 
under EU Regulation 2023/915 [53] (Fig. 1), except for larger-sized 
Greenland halibut (approximately 90 cm) from the Norwegian Sea 

that might exceed the ML (0.5 mg/kg wet weight). As a result, 
consuming one standard portion per week of any investigated species 
within the investigated length ranges will likely not exceed the tolerable 
weekly intake (TWI) for methyl mercury (1.3 μg/kg body weight [54], 
assuming 70 kg of body weight and that all mercury is in the methylated 
form).

Total catch biomass of major Northeast Atlantic fish stocks changed 
between 2010 and 2020 (Fig. 4); and this was also the case for the 
weighted average concentrations of all elements and species. The 
greatest change in estimated concentrations was iodine in haddock and 
the concentration during 2016 (6.62 mg/kg) was more than twice the 
concentration in 2010–2011 (2.39− 3.19 mg/kg), reflecting significant 
annual variation.

4. Discussion

The NEAO fish trade pathways globalised high amounts of nutrients, 
including iodine, selenium, EPA + DHA. Although domestic direct 
consumption of traded fish varied among 155 importer countries/re
gions, these trade pathways contributed significantly to annual domestic 
EPA + DHA requirements for small-population importers (e.g., 
Lithuania) but not for high-population importers (e.g., the Chinese 
mainland). Traded amounts of mercury, dioxin + dl-PCBs from the 
NEAO fish were low, and associated pathway contributions to total 
domestic mercury exposures were <4%. Changes in fish body size 
affected nutrient and contaminant fillet concentrations and subse
quently trade dynamics of nutrients and contaminants. Our study pro
vides valuable insights regarding seafood globalization and marine fish 
trade that can be used to support adaptive management strategies for 
contaminants as well as nutrition-sensitive policies. Overall, our inves
tigation reports that trade is important for modulating nutrition in 
several countries/regions and that overall mercury and dioxin + dl-PCBs 
contaminant exposure rates were low.

Top producers of aquatic foods (e.g., Chinese mainland and Norway 
[55]) import pelagic fish largely for feed (Table S8) to produce higher 
sized/valued aquaculture species. While many of the nutrients will be 

Fig. 2. Accumulative trade of important nutrients and contaminants in fillet via NEAO fish trade during 2010–2020 from relevant exporters to top 10 importers. For 
importer ISO3 code, see Table S4a.
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consumed, nutrient loss is expected through inefficient conversion of 
feed to fish, limiting use of edible nutrients in wild-caught fishes [45]. 
This suggests that pelagic species including Atlantic herring and mack
erel can be more effectively utilized for human health which may be 
achieved through policies aimed at improving direct consumption (e.g., 
food literacy, local health and nutrition education) [56]. Additionally, 
because micronutrient deficiencies are common among exporters (e.g., 
iodine and iron [46]), utilising more local production for domestic 
consumption may help manage these deficiencies [57]. However, chal
lenges remain due to domestic production [3], affordability, decreases 
in consumption, and collapses of local marine fisheries in some coun
tries/regions [58].

The estimated contributions of fish trade to domestic intake and 
exposure (Contrie) were governed by total population size and demog
raphy compared to import mass or catch composition. Top importers 
such as the Chinese mainland and Nigeria had low Contrie due to the 
dilution effect of large human population sizes whereas importers with 
low populations (Lithuania, Portugal) had high Contrie despite lower 
traded nutrient masses (e.g., ContriSe;MB = 3:6% and ContriEPA+DHA;MB =

32:6% [Norway− Lithuania], ContriI;MB = 0:7% [Russian Feder
ation− Portugal]; Fig. 3, Table S9a). For importers with small pop
ulations, fish trade greatly supported essential nutrient intake, which 
was not the case for highly populated importers. Besides, for some 
highly populated countries/regions with high production, micronutrient 

Fig. 3. Mean annual contributions (Contrie, %) of important nutrients and mercury from imported fish fillets for direct human consumption to total annual domestic 
nutrient requirements and all-source mercury exposure. Top 20 importers (by Contrie) are shown for nutrients and top 50 for mercury. In each plot, mean annual total 
imported mass for direct human consumption is indicated on top, mean annual total imported mass for direct human consumption from each exporter is shown by the 
size of bubbles on the left, and Contrie,MB values are plotted on the right. The Contrie,LB and Contrie,UB are shown (horizontal bar) and the Contrie,UB value beyond the 
axis range is indicated in red.
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deficiencies were still prevalent (e.g., India [59,60]). While their total 
fish import from NEAO catch (10.8 t of fillet from the selected species 
between 2010 and 2020; Table S4) and export-production ratio of fish 
were low (FEs/P ≈ 15% per year; Table S5), increasing import and 
improving nutritional quality of fish feed thus increasing concentrations 
of nutrients in fish fillets [61,62] could be implemented. Another way to 
improve essential nutrient intake is to diversify use of non-fillet fish 
parts. For example, Nigeria allocated fish import mainly for direct 
consumption (ΓMB;demersal;Nigeria = 94:9% and ΓMB;pelagic;Nigeria = 80:3%; 
Table S8). Nevertheless, they also imported cod heads ([63], Table S10) 
which provide another vital source of several micronutrients and mac
ronutrients [64]. Such practice can further improve essential nutrient 
intake, while simultaneously reducing food waste in support of regional 
and global sustainability [65].

Landlocked countries/regions relied on marine fish trade from the 
NEAO catch to improve nutrient intake (e.g., Moldova, Belarus, and 
Kyrgyzstan; Fig. 3, Table S9a) even when some had low per capita fish/ 
seafood consumption (FAO Our World in Data). These supply chains are 
important and should be secured. For these importers with both low 
aquatic food production and micronutrient deficiencies, global fish trade 
appears to fail to deliver essential nutrients to those most in need [1]. 
For example, between 2010 and 2020, Cambodia only imported 0.23 t of 
whole Atlantic mackerel from Norway in 2017 (Table S4) which 
contributed little to domestic iodine requirements (Table S9a). Although 
Cambodia also imports aquatic foods from neighbouring exporters (e.g., 
Thailand and Vietnam; see relevant CHRTD data [41]), iodine deficiency 
is still prevalent. Increasing imports of iodine-dense fish could reduce 

deficiencies, however, would require nutrition-sensitive trade policies 
and international aid [1], and the trade-offs between the carbon foot
prints of associated species [2,66] and nutritional gain should not be 
overlooked.

Low to moderate mercury risks were found within trade pathways 
from the NEAO, even under worst-case scenarios (i.e., ContriHg;UB; 
Fig. 3). This was also the case when compared to exposure from total 
marine fish consumption (e.g., ContriHg;UB = 6:00% [all exporters- 
Lithuania]; Table S9b) or when considering potential economic losses 
[47]. Projected global anthropogenic mercury emissions may increase 
under certain scenarios (e.g., business as usual) potentially affecting 
human consumers [47]. However, all NEAO fish that we analysed had 
Se:Hg molar ratios >1 (Fig. S3) which suggests a positive health effect 
[9,10]. However, some limitations exist in this approach especially 
where human data is scarce, and further research into Se− Hg in
teractions human health impacts is required. The estimated uncertainty 
levels (i.e., LB, MB, and UB) of the nutrient contributions and mercury 
exposure from fish trade were much greater for some importers (e.g., 
Faroe Islands; Fig. 3), which is likely a result of a combination of low 
population, high import and domestic production (Table S5).

Global fish trade also serves as an important source of persistent 
organic pollutants (POPs) including PCB-153 [25]. In the present study, 
the total traded 715 mg TEQ of dioxin + dl-PCBs is equivalent to 357.5 
trillion TWIs (2 pg/kg body weight [67]), which is slightly higher than 
traded mercury (293.8 trillion TWIs). The associated contribution to the 
relevant TWI is low for all importers regardless of population. For 
example, the highest estimated annual exposure per capita for the 

Fig. 4. Catch biomass weighted element concentrations (mg/kg wet weight) and annual total catch biomass (t) of major stocks of Atlantic cod, Atlantic herring, 
Atlantic mackerel, and haddock in the Northeast Atlantic Ocean between 2010 and 2020. Locally weighted regression (Loess) was applied to visualise the annual 
trend. The blue vertical line indicates the year 2015. For the stock code, cod.27.1-2: Northeast Arctic cod; cod.27.1-2.coastN: Northern Norwegian coastal cod; 
had.27.1-2: Northeast Arctic haddock; had.27.46a20: haddock from North Sea, West of Scotland, and Skagerrak; her.27.1-24a514a: Norwegian spring-spawning 
herring; her.27.3a47d: autumn spawning herring from North Sea, Skagerrak, Kattegat, and Eastern English Channel; and mac.27.nea: mackerel from the North-
east Atlantic and adjacent waters.
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importers from the investigated trade pathways was 161 pg TEQ 
(Lithuania; Table S9c). This translates into 0.0063 pg TEQ/kg body 
weight per day (assuming 70 kg body weight), which is significantly 
lower than the mean estimated upper bound exposure in Europe (i.e., 
0.4− 2.6 pg TEQ/kg body weight per day [67]). However, no relevant 
human exposure data exists, thus, contribution to human exposures of 
these compounds via global fish trade could not be estimated.

Our study also highlights the importance of accounting for fish size 
within nutrition-sensitive approaches to food and environmental pol
icies. The size-specific nutrient and contaminant concentrations (Fig. 4) 
affected the nutrient yields from catch (Fig. S4) and possibly the yields 
via fish trade. Between 2011 and 2016, haddock export from Norway to 
the Chinese mainland decreased from 12.3 kt to 7.1 kt (Table S4a). 
However, the associated iodine yield increased from 30.1 kg to 47.0 kg 
when we applied weighted average concentrations to more accurately 
estimate nutrient yields. Also, the often-coarse grouping of “fish/sea
food” masks variation of nutrient/contaminant concentrations among 
species, leading to inaccuracies regarding actual intake of certain nu
trients and exposure to hazards, thus providing misleading information 
regarding risks and benefits. Apart from population-level implications, 
fish body size and geography of the ocean basin (e.g., origin) may also 
affect nutrient yields and contaminant exposures for a given portion size 
of fillet (100 g; Fig. 1). This can be particularly vital for specific 
vulnerable groups. For example, a standard portion of fillet from bigger 
sized haddock can provide a good amount of iodine (Fig. 1), which is 
particularly beneficial for population groups with high intake re
quirements (e.g., pregnant or lactating women; National Institutes of 
Health). However, the predicted fillet iodine concentrations of bigger 
haddock (Fig. 1) and the weighted average fillet iodine concentrations of 
haddock caught in the NEAO in certain years (Fig. 4), when converted to 
a standard portion, were quite close to the maximum upper levels for 
young children (National Institutes of Health). While this could be a 
potential concern [68], the risk of surpassing the upper levels remains 
low, since fish intake in children is generally low [69,70]. Such size- and 
species-variability should be communicated in dietary guidelines for 
fish/seafood, such as targeted advice for susceptible population groups 
(e.g., in Norway, pregnant women are advised to not consume 
Greenland halibut weighing more than 3 kg). Additionally, nutritional 
importance of fish should be more recognised in national dietary 
guidelines and although the concentrations of some essential elements 
may be low, they are comparable to other dietary sources [71] and may 
enhance the bioavailability of some nutrients [72].

Current fishery regulations and policies often do not consider 
nutrition, however, the maximum nutrient yield theory [18] advocates 
for combining different fish species to maximize nutrient yields from fish 
catches, and our study suggests that including fish size in relevant dis
cussion can further improve nutrient yields. In response to the 
body-size-shrinking [36,73], earlier-matured [74,75], yet 
stable-biomassed [36] global fish assemblages due to both climate 
change and anthropogenic impacts, we may adopt a more balanced 
exploitation pattern, where catches are proportional to size-based pro
duction [76,77]. While climate change is predicted to also affect global 
aquatic food systems in terms of nutrients [78,79], consuming smaller 
individuals may counteract the nutrient loss in the NEAO fisheries based 
on our findings. In the Barents Sea, with a warming trend in seawater 
over the past decades [80], smaller-sized individuals remained higher in 
certain nutrients and lower in mercury for all species compared with the 
bigger ones (Fig. 1), suggesting that the additive effects on improved 
nutrient intakes and reduced mercury exposures may manifest when 
harvesting smaller individuals. Overall, nutrient yields and fish body 
size should be considered in the context of human health, seafood safety, 
and sustainable fisheries, and how these may respond to a rapidly 
changing climate.

To improve the yield of EPA + DHA and other n-3 polyunsaturated 
fatty acids (n-3 PUFA), seasonality plays an important role and should be 
considered especially for pelagic fish [38]. Additionally, as 

concentrations of POPs can be high in fish with high fat content [33], 
trade-offs between the risks of POPs exposures and benefits of n-3 PUFA 
in fisheries and global trade should be considered.

5. Study limitations

We acknowledge that there are some limitations in our investigation. 
First, there were likely other important drivers affecting element con
centrations that were not included in the predictive models that need to 
be reconciled including spatial scale differences [81], oceanographic 
conditions, biogeochemical cycling [82], and population-specific vari
ation [30,83]. Second, trade data from different landing areas were not 
available, thus area-specific concentrations were not used here. Third, 
the FAOSTAT fish groups (i.e., pelagic and demersal) can lead to un
certainty in species-level Γ estimation since small pelagic species are 
more likely to be processed as feed [84] while large pelagic species are 
often consumed directly [85]. Fourth, we assumed that the allocation of 
elements to human consumers perfectly matched the nutrient average 
requirements (ARs) and adequate intakes (AIs), as well as Hg exposure, 
but this is often not the case due to unequal distributions of seafood to 
different population groups [86]. Fifth, apart from Hg, dioxin, and 
dl-PCBs, other emerging contaminants including microplastics (MP) and 
per- and polyfluoroalkyl substances (PFAS), which are also found in 
marine fishes, can pose a health threat to human consumers [87,88]. 
However, they are not included in the present study due to a lack of 
predictive models for MP or PFAS in NEAO fish. Also, a limitation of our 
analysis is that it does not consider temporal scale, and investigating 
global fish trade and associated analyses over time would likely provide 
valuable insights. Finally, when estimating stock-specific, size-based 
element yields, we applied the model-predicted mean concentrations 
due to inaccessibility of finer-resolution data (e.g., time and location of 
catch) and assumed the same length to weight relationship within spe
cies while growth rates likely vary substantially between stocks and 
across geographical areas [89].

6. Conclusions

Our study provides a novel approach to estimate risks and benefits of 
global fish trade on domestic populations by tracking nutrients and 
contaminants from the ocean to human consumers. NEAO fisheries are 
important for global food and nutritional security, however, the esti
mated contributions of nutrient intakes and contaminant exposures vary 
across countries/regions. We recommend to adopt nutrition-sensitive 
fish trade to prioritise the import of certain nutrient-dense fish species 
and use traditional nutritious fish for feed as human food to address 
malnutrition. Moreover, we recommend that more detailed nutritional 
benefits of fish and risks and benefits of fish consumption in relation to 
fish body size should be considered in public policy making (e.g., food 
trade, fishery regulations, national and regional dietary guidelines) for 
better and safer nutrient yields among global populations and to tackle 
relevant issues resulted from the decreasing resilience of the global food 
trade systems [90]. NEAO fisheries only represents a fraction of the 
world’s aquatic food production, our analyses can be refined and scaled 
up to a global level to further examine trade pathways and be incor
porated into future global food trade system analyses. This requires a 
more thorough understanding of regional nutrient concentration vari
ation, species-based bilateral trade information (e.g., ARTIS database 
[4]), local/domestic trade information [25], and higher resolution 
national/regional food balance data.

CRediT authorship contribution statement

Yiou Zhu: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Formal analysis, 
Data curation, Conceptualization. Quang Tri Ho: Writing – review & 
editing, Writing – original draft, Validation, Methodology, Investigation, 

Y. Zhu et al. Eco-Environment & Health 5 (2026) 100218

9 



Formal analysis, Data curation, Conceptualization. James P.W. Rob
inson: Writing – review & editing, Methodology, Investigation. Marian 
Kjellevold: Writing – review & editing, Writing – original draft, Meth
odology, Investigation. Ruirong Chang: Writing – review & editing, 
Methodology, Investigation, Formal analysis. Edvin Fuglebakk: 
Writing – review & editing, Methodology, Investigation, Formal anal
ysis, Data curation. Jianmin Ma: Writing – review & editing, Method
ology. Shijie Song: Writing – review & editing, Methodology. Lisbeth 
Dahl: Writing – review & editing, Writing – original draft, Investigation. 
Ole Jakob Nøstbakken: Writing – review & editing, Writing – original 
draft, Investigation, Conceptualization. Maria W. Markhus: Writing – 
review & editing, Writing – original draft, Investigation. Bente M. 
Nilsen: Writing – review & editing, Investigation. Tanja K€ogel: Writing 
– review & editing, Investigation. Anne-Katrine Lundebye: Writing – 
original draft, Investigation. Atabak M. Azad: Writing – review & 
editing, Investigation. Abimbola Uzomah: Writing – review & editing, 
Investigation. Jeppe Kolding: Writing – review & editing, Writing – 
original draft. Vidar S. Lien: Writing – review & editing, Methodology, 
Investigation. Martin Wiech: Writing – review & editing, Investigation. 
Yanxu Zhang: Writing – review & editing, Methodology, Conceptuali
zation. Amund Maage: Writing – review & editing, Supervision, Project 
administration, Funding acquisition, Conceptualization. Livar Frøy
land: Writing – review & editing, Supervision, Project administration, 
Funding acquisition. Michael S. Bank: Writing – review & editing, 
Supervision, Project administration, Methodology, Investigation, 
Funding acquisition, Formal analysis, Conceptualization.

Conflict of competing interest

Dr. Michael S. Bank is an Associate Editor at this journal and was not 
involved in the editorial review or the decision to publish this article. All 
other authors declare that they have no known competing financial in
terests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We thank Lise Madsen for initiating this work, Bjarte Bogstad for 
providing NEAO fishery catch data, and statistics team of FAO Fisheries 
and Aquaculture Division for assisting with the food balance sheet data. 
This work is funded by Institute of Marine Research. This project has 
also received funding from the European Union’s Horizon 2020 research 
and innovation MSCA-RISE program under grant agreement No. 
101007962 (merfish.eu).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.eehl.2026.100218.

References

[1] O. Geyik, M. Hadjikakou, B. Karapinar, B.A. Bryan, Does global food trade close the 
dietary nutrient gap for the world's poorest nations? Glob, Food Secur. 28 (2021) 
100490.

[2] B.S. Halpern, M. Frazier, J. Verstaen, P.-E. Rayner, G. Clawson, J.L. Blanchard, et 
al., The environmental footprint of global food production, Nat. Sustain. 5 (12) 
(2022) 1027–1039.

[3] C. Tu, J. Carr, S. Suweis, A data driven network approach to rank countries 
production diversity and food specialization, PLoS One 11 (11) (2016) e0165941.

[4] J.A. Gephart, R. Agrawal Bejarano, K. Gorospe, A. Godwin, C.D. Golden, R. 
L. Naylor, et al., Globalization of wild capture and farmed aquatic foods, Nat. 
Commun. 15 (1) (2024) 8026.

[5] K. Zhao, S.D. Gaines, J. García Molinos, M. Zhang, J. Xu, Effect of trade on global 
aquatic food consumption patterns, Nat. Commun. 15 (1) (2024) 1412.

[6] R.L. Naylor, A. Kishore, U.R. Sumaila, I. Issifu, B.P. Hunter, B. Belton, et al., Blue 
food demand across geographic and temporal scales, Nat. Commun. 12 (1) (2021) 
5413.

[7] C.D. Golden, J.Z. Koehn, A. Shepon, S. Passarelli, C.M. Free, D.F. Viana, et al., 
Aquatic foods to nourish nations, Nature 598 (7880) (2021) 315–320.

[8] C.C. Hicks, P.J. Cohen, N.A.J. Graham, K.L. Nash, E.H. Allison, C. D'Lima, et al., 
Harnessing global fisheries to tackle micronutrient deficiencies, Nature 574 (7776) 
(2019) 95–98.

[9] FAO, WHO, FAO/WHO background document on the risks and benefits of fish 
consumption. https://doi.org/10.4060/cd1548en, 2024. (Accessed 22 May 2025).

[10] W.H.O. FAO, Joint FAO/WHO expert consultation on the risks and benefits of fish 
consumption: meeting report, Rome, 9–13 October 2023. https://doi.org/10.4060 
/cd2394en, 2024. (Accessed 22 May 2025).

[11] K.L. Nash, M.A. MacNeil, J.L. Blanchard, P.J. Cohen, A.K. Farmery, N.A.J. Graham, 
et al., Trade and foreign fishing mediate global marine nutrient supply, Proc. Natl. 
Acad. Sci. U. S. A. 119 (22) (2022) e2120817119.

[12] Food and Agriculture Organization of the United Nations (FAO), International fund 
for agricultural development (IFAD), the united nations Children's fund (UNICEF), 
world food programme (WFP), world health organization (WHO), the state of food 
security and nutrition in the world 2023: urbanization, agrifood systems 
transformation and healthy diets across the rural-urban continuum. https://doi. 
org/10.4060/cc3017en, 2023. (Accessed 22 May 2025).

[13] N.M. Lowe, The global challenge of hidden hunger: perspectives from the field, 
Proc. Nutr. Soc. 80 (3) (2021) 283–289.

[14] X. Wang, Z. Dou, S. Feng, Y. Zhang, L. Ma, C. Zou, et al., Global food nutrients 
analysis reveals alarming gaps and daunting challenges, Nat. Food 4 (11) (2023) 
1007–1017.

[15] T.H. Tulchinsky, Micronutrient deficiency conditions: global health issues, Public 
Health Rev. 32 (1) (2010) 243–255.

[16] G.A. Stevens, T. Beal, M.N.N. Mbuya, H. Luo, L.M. Neufeld, Global micronutrient 
deficiencies research group, micronutrient deficiencies among preschool-aged 
children and women of reproductive age worldwide: a pooled analysis of 
individual-level data from population-representative surveys, Lancet Global Health 
10 (11) (2022) e1590–e1599.

[17] T. Beal, F. Ortenzi, Priority micronutrient density in foods, Front. Nutr. 9 (2022) 
806566.

[18] J.P.W. Robinson, K.L. Nash, J.L. Blanchard, N.S. Jacobsen, E. M, N.A.J. Graham, et 
al., Managing fisheries for maximum nutrient yield, fish fish, Oxf. Engl. 23 (4) 
(2022) 800–811.

[19] J.Z. Koehn, E.H. Allison, K. Villeda, Z. Chen, M. Nixon, E. Crigler, et al., Fishing for 
health: do the world's national policies for fisheries and aquaculture align with 
those for nutrition? Fish Fish. 23 (1) (2022) 125–142.

[20] X. Wang, C. Tu, S. Chen, S. Wang, Y. Fan, S. Suweis, et al., Quantifying global food 
trade: a net caloric content approach to food trade network analysis, Agric. Syst. 
230 (2025) 104475.

[21] S.W. Caito, B.P. Jackson, T. Punshon, T. Scrimale, A. Grier, S.R. Gill, et al., Editor's 
highlight: variation in methylmercury metabolism and elimination status in 
humans following fish consumption, Toxicol. Sci. 161 (2) (2018) 443–453.

[22] G.D. Stentiford, E.J. Peeler, C.R. Tyler, L.K. Bickley, C.C. Holt, D. Bass, et al., 
A seafood risk tool for assessing and mitigating chemical and pathogen hazards in 
the aquaculture supply chain, Nat. Food 3 (2) (2022) 169–178.

[23] B. Demelash Abera, M. Alefe Adimas, Health benefits and health risks of 
contaminated fish consumption: current research outputs, research approaches, 
and perspectives, Heliyon 10 (13) (2024) e33905.

[24] M. Bedi, N. von Goetz, C. Ng, Estimating polybrominated diphenyl ether (PBDE) 
exposure through seafood consumption in Switzerland using international food 
trade data, Environ. Int. 138 (2020) 105652.

[25] T. Huang, Z. Ling, J. Ma, R.W. MacDonald, H. Gao, S. Tao, et al., Human exposure 
to polychlorinated biphenyls embodied in global fish trade, Nat. Food 1 (5) (2020) 
292–300.

[26] Z. Xing, R. Chang, Z. Song, Y. Zhang, M. Muntean, K. Feng, et al., International 
trade shapes global mercury-related health impacts, PNAS Nexus 2 (5) (2023) 
pgad128.

[27] H. Zhou, S. Liang, L. Chen, M. Yang, Y. Li, X. Wu, Impacts of international food 
trade on methylmercury-related health risks, Cell Rep. Sustain 2 (2) (2025) 
100308.

[28] Q. Chen, Q. Wu, Y. Cui, S. Wang, Global seafood production practices and trade 
patterns contribute to disparities in exposure to methylmercury, Nat. Food 6 (5) 
(2025) 491–502.

[29] J.P.W. Robinson, D.J. Mills, G.A. Asiedu, K. Byrd, M.D.M. Mancha Cisneros, P. 
J. Cohen, et al., Small pelagic fish supply abundant and affordable micronutrients 
to low- and middle-income countries, Nat. Food 3 (12) (2022) 1075–1084.

[30] Y. Zhu, Q.T. Ho, L. Dahl, A.M. Azad, M.S. Bank, S. Boitsov, et al., Predicting 
essential and hazardous element concentrations in marine fish from the Northeast 
Atlantic Ocean: a Bayesian approach, Sci. Total Environ. 968 (2025) 178748.

[31] Q.T. Ho, M.S. Bank, A.M. Azad, B.M. Nilsen, S. Frantzen, S. Boitsov, et al., Co- 
occurrence of contaminants in marine fish from the North East Atlantic Ocean: 
implications for human risk assessment, Environ. Int. 157 (2021) 106858.

[32] A.M. Azad, S. Frantzen, M.S. Bank, L. Madsen, A. Maage, Mercury bioaccumulation 
pathways in tusk (Brosme brosme) from Sognefjord, Norway: insights from C and N 
isotopes, Environ. Pollut. Barking Essex 269 (2021) 115997.

[33] Q.T. Ho, S. Frantzen, B.M. Nilsen, O.J. Nøstbakken, A.M. Azad, A. Duinker, et al., 
Congener-specific accumulation of persistent organic pollutants in marine fish 
from the Northeast Atlantic Ocean, J. Hazard. Mater. 457 (2023) 131758.

[34] S.A. Berkeley, M.A. Hixon, R.J. Larson, M.S. Love, Fisheries sustainability via 
protection of age structure and spatial distribution of fish populations, Fisheries 29 
(8) (2004) 23–32.

[35] D. Pauly, V. Christensen, S. Gu�enette, T.J. Pitcher, U.R. Sumaila, C.J. Walters, et 
al., Towards sustainability in world fisheries, Nature 418 (6898) (2002) 689–695.

Y. Zhu et al. Eco-Environment & Health 5 (2026) 100218

10 

https://doi.org/10.1016/j.eehl.2026.100218
https://doi.org/10.1016/j.eehl.2026.100218
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref1
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref1
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref1
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref2
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref2
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref2
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref3
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref3
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref4
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref4
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref4
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref5
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref5
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref6
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref6
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref6
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref7
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref7
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref8
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref8
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref8
https://doi.org/10.4060/cd1548en
https://doi.org/10.4060/cd2394en
https://doi.org/10.4060/cd2394en
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref11
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref11
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref11
https://doi.org/10.4060/cc3017en
https://doi.org/10.4060/cc3017en
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref13
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref13
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref14
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref14
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref14
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref15
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref15
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref16
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref16
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref16
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref16
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref16
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref17
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref17
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref18
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref18
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref18
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref19
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref19
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref19
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref20
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref20
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref20
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref21
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref21
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref21
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref22
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref22
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref22
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref23
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref23
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref23
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref24
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref24
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref24
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref25
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref25
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref25
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref26
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref26
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref26
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref27
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref27
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref27
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref28
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref28
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref28
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref29
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref29
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref29
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref30
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref30
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref30
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref31
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref31
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref31
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref32
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref32
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref32
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref33
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref33
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref33
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref34
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref34
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref34
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref35
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref35


[36] I.S. Martins, F. Schrodt, S.A. Blowes, A.E. Bates, A.D. Bjorkman, V. Brambilla, et al., 
Widespread shifts in body size within populations and assemblages, Science 381 
(6662) (2023) 1067–1071.

[37] EU, Regulation (EU) no 1169/2011 of the European parliament and of the council 
of 25 October 2011 on the provision of food information to consumers, amending 
Regulations (EC) No 1924/2006 and (EC) No 1925/2006 of the European 
Parliament and of the Council, and repealing Commission directive 87/250/EEC, 
council directive 90/496/EEC, commission directive 1999/10/EC, directive 2000/ 
13/EC of the european parliament and of the council, commission Directives 2002/ 
67/EC and 2008/5/EC and commission regulation (EC) No 608/2004. https://eur 
-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02011R1169 
-20250401. (Accessed 22 May 2025).

[38] Q.T. Ho, L. Dahl, K. Nedreaas, A.M. Azad, M.S. Bank, F. Berg, et al., Modelling 
seasonal and geographical n-3 polyunsaturated fatty acid contents in marine fish 
from the Northeast Atlantic Ocean, Environ. Res. 252 (Pt 4) (2024) 119021.

[39] M. Van den Berg, L.S. Birnbaum, M. Denison, M. De Vito, W. Farland, M. Feeley, et 
al., The 2005 world health organization reevaluation of human and mammalian 
toxic equivalency factors for dioxins and dioxin-like compounds, Toxicol. Sci. 93 
(2) (2006) 223–241.

[40] UN Statistics Division, UNSD commodity trade (COMTRADE) database. http 
://comtrade.un.org/. (Accessed 30 July 2024).

[41] Chatham House, Resourcetrade.earth. https://resourcetrade.earth/, 2024. 
(Accessed 30 July 2024).

[42] Torry research station, yield and nutritional value of the commercially more 
important fish species. https://www.fao.org/4/t0219e/t0219e00.htm, 1989. 
(Accessed 30 July 2024).

[43] C. Agostoni, J. Bresson, S. Fairweather-Tait, A. Flynn, I. Golly, H. Korhonen, et al., 
Scientific opinion on the tolerable upper intake level of eicosapentaenoic acid 
(EPA), docosahexaenoic acid (DHA) and docosapentaenoic acid (DPA), EFSA J. 10 
(2012) 2815.

[44] FAO Fisheries and Aquaculture Division, Food balance sheets of aquatic products 
1961-2019 (FishstatJ). https://www.fao.org/fishery/en/topic/166235, 2023. 
(Accessed 14 October 2024).

[45] D.F. Willer, R. Newton, W. Malcorps, B. Kok, D. Little, A. Lofstedt, et al., Wild fish 
consumption can balance nutrient retention in farmed fish, Nat. Food 5 (3) (2024) 
221–229.

[46] S. Passarelli, C.M. Free, A. Shepon, T. Beal, C. Batis, C.D. Golden, Global estimation 
of dietary micronutrient inadequacies: a modelling analysis, Lancet Global Health 
12 (10) (2024) e1590–e1599.

[47] Y. Zhang, Z. Song, S. Huang, P. Zhang, Y. Peng, P. Wu, et al., Global health effects 
of future atmospheric mercury emissions, Nat. Commun. 12 (1) (2021) 3035.

[48] ICES, Arctic Fisheries Working Group (AFWG), ICES Sci. Rep. 3 (58) (2021) 817, 
https://doi.org/10.17895/ices.pub.8196.

[49] ICES, Working group on the assessment of demersal stocks in the North Sea and 
Skagerrak (WGNSSK), ICES Sci. Rep. 3 (66) (2021) 988, https://doi.org/10.17895/ 
ices.pub.8211.

[50] ICES, Working Group on Widely Distributed Stocks (WGWIDE), ICES Sci. Rep. 3 
(95) (2021) 874, https://doi.org/10.17895/ices.pub.8298.

[51] ICES, Herring assessment working group for the area south of 62◦ N (HAWG), ICES 
Sci. Rep. 3 (12) (2021) 779, https://doi.org/10.17895/ices.pub.8214.

[52] R. Froese, D. Pauly, FishBase. https://www.fishbase.org, 2025. (Accessed 11 
December 2024).

[53] EU, Commission regulation (EU) 2023/915 of 25 April 2023 on maximum levels 
for certain contaminants in food and repealing regulation (EC) No 1881/2006. htt 
ps://eur-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02023R0915 
-20251008. (Accessed 22 May 2025).

[54] D. Benford, S. Ceccatelli, B. Cottrill, M. DiNovi, E. Dogliotti, L. Edler, et al., 
Scientific opinion on the risk for public health related to the presence of mercury 
and methylmercury in food, EFSA J. 10 (2012) 2985.

[55] FAO, The State of World Fisheries and Aquaculture 2024 – Blue Transformation in 
Action, FAO, 2024, https://doi.org/10.4060/cd0683en. (Accessed 22 May 2025).

[56] H.A. Vidgen, D. Gallegos, Defining food literacy and its components, Appetite 76 
(2014) 50–59.

[57] A. L€ofstedt, B. Scheliga, M. Aceves-Martins, B. de Roos, Seafood supply mapping 
reveals production and consumption mismatches and large dietary nutrient losses 
through exports in the United Kingdom, Nat. Food 6 (3) (2025) 244–252.

[58] C.-B. Braham, M. Ahmed-Jeyid, J. Bensbai, F. Ngoum, A. Corten, J. Gascoigne, 
Overexploitation of round Sardinella may lead to the collapse of flat Sardinella: 
what lessons can be drawn for shared stocks, Fish. Res. 269 (2024) 106873.

[59] T.B. Qazi, T.Z. Malik, S.M.S. Khan, M.A. Qurieshi, M.I. Pandit, I. Haq, et al., Burden 
of goitre and urinary iodine status among primary school children in Kashmir, 
India-evidence from a population-based iodine deficiency disorder survey, Indian 
J. Endocrinol. Metab. 28 (2) (2024) 177–183.

[60] S.K. Singh, R. Singh, S.K. Singh, A.K. Pandey, S. Jaiswal, P.K. Rai, Thyroid 
dysfunction in India: what is different, Int. J. Adv. Med. 11 (3) (2024) 286–290.

[61] J.R. Bogard, S. Farook, G.C. Marks, J. Waid, B. Belton, M. Ali, et al., Higher fish but 
lower micronutrient intakes: temporal changes in fish consumption from capture 
fisheries and aquaculture in Bangladesh, PLoS One 12 (4) (2017) e0175098.

[62] K. Kwasek, A.L. Thorne-Lyman, M. Phillips, Can human nutrition be improved 
through better fish feeding practices? a review paper, Crit. Rev. Food Sci. Nutr. 60 
(22) (2020) 3822–3835.

[63] R. Subasinghe, S. Siriwardena, K. Byrd, C. Chan, K. Shikuku, N. Tran, et al., Nigeria 
fish futures. Aquaculture in Nigeria: Increasing Income, Diversifying Diets and 
Empowering Women. Report of the Scoping Study, 2021. https://hdl.handle.ne 
t/20.500.12348/4951. (Accessed 22 May 2025).

[64] E. Adeyeye, A. Olaleye, Proximate composition and energy contributions from fat 
and protein in the body parts of stockfish (Gadus morhua), ChemSearch J. 13 (1) 
(2022) 120–127.

[65] B. Ye, Q. Xiong, J. Yang, Z. Huang, J. Huang, J. He, et al., Adoption of region- 
specific diets in China can help achieve gains in health and environmental 
sustainability, Nat. Food 5 (9) (2024) 764–774.

[66] M. Bianchi, E. Hallstr€om, R.W.R. Parker, K. Mifflin, P. Tyedmers, F. Ziegler, 
Assessing seafood nutritional diversity together with climate impacts informs more 
comprehensive dietary advice, Commun. Earth Environ. 3 (2022) 188.

[67] EFSA Panel on Contaminants in the Food Chain (CONTAM) H. Knutsen, 
J. Alexander, L. Barregård, M. Bignami, B. Brüschweiler, et al., Risk for animal and 
human health related to the presence of dioxins and dioxin-like PCBs in feed and 
food, EFSA J. 16 (11) (2018) e05333.

[68] J.A. Pennington, A review of iodine toxicity reports, J. Am. Diet. Assoc. 90 (11) 
(1990) 1571–1581.

[69] M. Kjellevold, M.W. Markhus, S.N. Sleire, L. Dahl, Seafood intake in accordance 
with the dietary recommendations contribute significantly to the iodine intake in 
5-year-old children–a cross-sectional study from Bergen, Norway, Nor. Tidsskr. 
Ernæring 23 (1) (2025) 20–29.

[70] L. Nel, P.M. Emmett, J. Golding, C.M. Taylor, Seafood intake in children at age 7 
years and neurodevelopmental outcomes in an observational cohort study 
(ALSPAC), Eur. J. Nutr. 64 (3) (2025) 120.

[71] R. Blomhoff, R. Andersen, E. Arnesen, J. Christensen, H. Eneroth, M. Erkkola, et al., 
Nordic Nutrition Recommendations 2023: Integrating Environmental Aspects, 
Nordic Council of Ministers, Copenhagen, 2023, https://doi.org/10.6027/ 
nord2023-003. (Accessed 22 May 2025).

[72] F. Consalez, M. Ahern, P. Andersen, M. Kjellevold, The effect of the meat factor in 
animal-source foods on micronutrient absorption: a scoping review, Adv. Nutr. 
Bethesda Md 13 (6) (2022) 2305–2315.

[73] D. Pauly, W.W.L. Cheung, Sound physiological knowledge and principles in 
modeling shrinking of fishes under climate change, Glob. Change Biol. 24 (1) 
(2018) e15–e26.

[74] A.M. de Roos, D.S. Boukal, L. Persson, Evolutionary regime shifts in age and size at 
maturation of exploited fish stocks, Proc. Biol. Sci. 273 (1596) (2006) 1873–1880.

[75] D. Pauly, Why do fish reach first maturity when they do? J. Fish. Biol. 101 (2) 
(2022) 333–341.

[76] S. Zhou, J. Kolding, S.M. Garcia, M.J. Plank, A. Bundy, A. Charles, et al., Balanced 
harvest: concept, policies, evidence, and management implications, Rev. Fish Biol. 
Fish. 29 (3) (2019) 711–733.

[77] S.M. Garcia, J. Kolding, J. Rice, M.-J. Rochet, S. Zhou, T. Arimoto, et al., 
Reconsidering the consequences of selective fisheries, Science 335 (6072) (2012) 
1045–1047.

[78] W.W.L. Cheung, E. M, M.A. Oyinlola, J.P.W. Robinson, N.A.J. Graham, V.W. 
Y. Lam, et al., Climate change exacerbates nutrient disparities from seafood, Nat. 
Clim. Change 13 (11) (2023) 1242–1249.

[79] M. Tigchelaar, W.W.L. Cheung, E.Y. Mohammed, M.J. Phillips, H.J. Payne, E. 
R. Selig, et al., Compound climate risks threaten aquatic food system benefits, Nat. 
Food 2 (9) (2021) 673–682.

[80] M.S. Bank, Q.T. Ho, R.B. Ingvaldsen, A. Duinker, B.M. Nilsen, A. Maage, et al., 
Climate change dynamics and mercury temporal trends in Northeast Arctic cod 
(Gadus morhua) from the Barents Sea ecosystem, Environ. Pollut. Barking Essex 
338 (2023) 122706.

[81] A.M. Azad, S. Frantzen, M.S. Bank, B.M. Nilsen, A. Duinker, L. Madsen, et al., 
Effects of geography and species variation on selenium and mercury molar ratios in 
Northeast Atlantic marine fish communities, Sci. Total Environ. 652 (2019) 
1482–1496.

[82] L. Caputi, Q. Carradec, D. Eveillard, A. Kirilovsky, E. Pelletier, J.J. Pierella 
Karlusich, et al., Community-level responses to iron availability in open ocean 
plankton ecosystems, Glob. Biogeochem. Cycles 33 (3) (2019) 391–419.

[83] Y. Zhu, A.M. Azad, M. Kjellevold, C. Bald, B. I~narra, P. Alvarez, et al., Differences in 
nutrient and undesirable substance concentrations in Maurolicus muelleri across the 
Bay of Biscay, Norwegian fjords, and the North Sea, Front. Mar. Sci. 10 (2023) 
1213612.

[84] M.A. Peck, J. Alheit, A. Bertrand, I.A. Catal�an, S. Garrido, M. Moyano, et al., Small 
pelagic fish in the new millennium: a bottom-up view of global research effort, 
Prog. Oceanogr. 191 (2021) 102494.

[85] J.A. Sanni, G.O. Sanni, R.R. Awoniyi, R. Osanyinlusi, Y.E. Richards, Proximate and 
mineral composition of Atlantic mackerel (Scomber scombrus) and Atlantic horse 
mackerel (Trachurus trachurus), Biol. Med. Nat. Prod. Chem. 12 (2) (2023) 
457–461.

[86] L.S.O. Liverpool-Tasie, A. Sanou, T. Reardon, B. Belton, Demand for imported 
versus domestic fish in Nigeria, J. Agric. Econ. 72 (3) (2021) 782–804.

[87] M. Smith, D.C. Love, C.M. Rochman, R.A. Neff, Microplastics in seafood and the 
implications for human health, Curr. Environ. Health Rep. 5 (3) (2018) 375–386.

[88] K.Y. Christensen, M. Raymond, M. Blackowicz, Y. Liu, B.A. Thompson, H. 
A. Anderson, et al., Perfluoroalkyl substances and fish consumption, Environ. Res. 
154 (2017) 145–151.

[89] A.H. Olafsdottir, A. Slotte, J.A. Jacobsen, G.J. Oskarsson, K.R. Utne, L. Nøttestad, 
Changes in weight-at-length and size-at-age of mature Northeast Atlantic mackerel 
(Scomber scombrus) from 1984 to 2013: effects of mackerel stock size and herring 
(Clupea harengus) stock size, ICES J. Mar. Sci. 73 (4) (2016) 1255–1265.

[90] C. Tu, S. Suweis, P. D'Odorico, Impact of globalization on the resilience and 
sustainability of natural resources, Nat. Sustain. 2 (4) (2019) 283–289.

Y. Zhu et al. Eco-Environment & Health 5 (2026) 100218

11 

http://refhub.elsevier.com/S2772-9850(26)00005-0/sref36
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref36
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref36
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02011R1169-20250401
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02011R1169-20250401
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02011R1169-20250401
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref38
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref38
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref38
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref39
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref39
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref39
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref39
http://comtrade.un.org/
http://comtrade.un.org/
https://resourcetrade.earth/
https://www.fao.org/4/t0219e/t0219e00.htm
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref43
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref43
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref43
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref43
https://www.fao.org/fishery/en/topic/166235
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref45
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref45
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref45
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref46
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref46
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref46
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref47
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref47
https://doi.org/10.17895/ices.pub.8196
https://doi.org/10.17895/ices.pub.8211
https://doi.org/10.17895/ices.pub.8211
https://doi.org/10.17895/ices.pub.8298
https://doi.org/10.17895/ices.pub.8214
https://www.fishbase.org
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02023R0915-20251008
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02023R0915-20251008
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri&equals;CELEX:02023R0915-20251008
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref54
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref54
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref54
https://doi.org/10.4060/cd0683en
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref56
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref56
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref57
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref57
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref57
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref58
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref58
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref58
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref59
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref59
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref59
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref59
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref60
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref60
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref61
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref61
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref61
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref62
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref62
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref62
https://hdl.handle.net/20.500.12348/4951
https://hdl.handle.net/20.500.12348/4951
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref64
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref64
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref64
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref65
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref65
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref65
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref66
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref66
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref66
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref67
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref67
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref67
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref67
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref68
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref68
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref69
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref69
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref69
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref69
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref70
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref70
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref70
https://doi.org/10.6027/nord2023%2D003
https://doi.org/10.6027/nord2023%2D003
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref72
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref72
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref72
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref73
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref73
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref73
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref74
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref74
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref75
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref75
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref76
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref76
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref76
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref77
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref77
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref77
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref78
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref78
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref78
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref79
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref79
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref79
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref80
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref80
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref80
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref80
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref81
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref81
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref81
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref81
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref82
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref82
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref82
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref83
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref83
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref83
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref83
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref84
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref84
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref84
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref85
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref85
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref85
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref85
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref86
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref86
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref87
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref87
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref88
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref88
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref88
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref89
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref89
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref89
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref89
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref90
http://refhub.elsevier.com/S2772-9850(26)00005-0/sref90

	Global marine fish trade networks track international pathways of nutrients and contaminants
	1. Introduction
	2. Methods
	2.1. Model-predicted nutrient and contaminant concentrations
	2.2. Nutrients, contaminants, and global fish trade
	2.3. Fish import variation and human consumption
	2.4. Global fish trade and human health indicators
	2.5. Fish body size variation and element yields

	3. Results
	3.1. Trade of fish nutrients and contaminants
	3.2. Fish trade, intake, and exposure rates
	3.3. Body size, nutrient yields, and contaminant exposure

	4. Discussion
	5. Study limitations
	6. Conclusions
	CRediT authorship contribution statement
	Conflict of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


