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Abstract The international food trade poses food safety risks through the collateral 32 

transport of persistent organic pollutants (POPs). Here we assess the human exposure 33 

to a representative polychlorinated biphenyl (PCB) congener, PCB-153, through 34 

consumption of marine fish traded globally. Higher PCB exposure was identified in 35 

Europe, historically a major PCB use region with extensive fishery and fish export, than 36 

other places of the world, making higher contribution to the estimated daily intake (EDI) 37 

of PCB-153 via fish consumption of residents in those countries importing fish from 38 

Europe. Our results reveal that 84% of PCB-153 exposure in Sub-Saharan fish 39 

consumers is attributed to fish imported from Europe. In contrast, European fish 40 

consumers face reduced exposure to PCB-153 by consuming fish imported from 41 

countries fishing in less contaminated waters. We find that farmed salmon involved in 42 

global trade fed with marine ingredients from PCB-153 contaminated seawaters results 43 

in high PCB exposure. Our finding demonstrates that food trade is an important 44 

pathway of POPs between food origins and consumption. 45 

 46 

Main 47 

A large body of evidence has accumulated showing that humans and animals are 48 

subject to health risks due to exposure to toxic chemicals released to the environment. 49 

Chemicals that are persistent, bioaccumulative, and toxic are of particular concern 50 

because wide dispersal into global receptors in soil, air, and water leads to subsequent 51 

contamination of food webs1. In cases where large quantities of persistent organic 52 

pollutants (POPs) have been released (e.g., polychlorinated biphenyls (PCBs)), the 53 



concentrations found in predatory animals are sufficient to put wildlife, humans and 54 

ecological integrity at risk2. Large reservoirs of some POPs, like PCBs, remain in  55 

aquatic sediment and soil for decades after they have been banned from use where they 56 

continue to be taken up by plants and animals. Owing to the persistence of large 57 

reservoirs of these chemicals in aquatic sediments, soils, and snow/ice, and continuing 58 

exchange between these media, concentrations of POPs in predatory species, especially 59 

those from aquatic environments, remain high3. Current use of many restricted 60 

chemicals and the development of new chemicals are of further concern4,5. Over 90% 61 

of human exposure to PCBs occurs by ingestion of chemically contaminated food 62 

items5,6, many of them of animal origin. The ingestion of sufficient quantities may lead 63 

to neurological, reproductive, carcinogenic, and immunological effects7. PCB levels in 64 

seafood are generally higher than those in meat and can be 4-fold higher than those in 65 

rice5,6. The level of exposure depends on the quantity of contaminated seafood 66 

consumed. Considering that seafood is a prominent component of the human food chain, 67 

there should be a concern about seafood from origins where PCB concentrations are 68 

known to be higher.  69 

Extensive investigations of long-range atmospheric and oceanic transport of POPs 70 

show that many of these chemicals end up in remote receptor regions where they 71 

become magnified into food webs supporting humans8,9. Yet, it remains unclear to what 72 

extent POPs then become further distributed within the marine food trade. Local and 73 

regional fish are caught in large fisheries and are transported in pathways set by global 74 

economies and food requirements. For those foods harvested in regions contaminated 75 



by POPs, the food trade likely provides a direct and efficient pathway from harvest to 76 

consumption10. Efforts have been made to track food contamination from its origin 77 

using models and model simulations11,12. However, these models usually are empirical 78 

and of sufficiently coarse spatial resolution that they cannot provide an accurate global 79 

picture of the fish import/export among countries relative to the trade within countries 80 

at the national scale, or assume that POPs concentrations in diets come from the local 81 

and remote sources. Here, we incorporate a food-trade pathway into a global-scale 82 

atmospheric transport model for POPs (Methods). As a first step to quantify human 83 

exposure arising from the global food trade, this study implemented global fish trade 84 

data from the UN Global Comtrade (https://comtrade.un.org) and global marine fish 85 

catch data (Methods) in a coupled POPs atmospheric transport, multi-compartment 86 

exchange and marine food web model. This model was then used to predict exposure 87 

to marine fish embodied in global trade contaminated by a representative PCB congener, 88 

PCB-153. PCB-153 is one of the best characterized POPs with respect to 89 

physicochemical properties and emission estimates. Extensive investigations for PCB-90 

153 provided abundant datasets which could be used to verify and compare the results 91 

from this study11,12. Due to its high lipophilicity13,14, recalcitrance to metabolism in 92 

higher organisms14, and high abundance in commercial PCB mixtures (e.g. 4.3% in 93 

Aroclor 1254 and 10.2% in Aroclor 1260)15, PCB-153 has higher detection frequencies 94 

than other PCB congeners in the environment and in humans in many places across the 95 

globe16,17, such as in the United States of America (USA) where PCB-138, 153, and 96 

180 contributed 65% of total PCB body burdens17. PCB-153 is also among six PCB 97 



congeners having marked effects on animal and human health17, particularly in marine 98 

food webs. Higher PCB-153 or hexa-PCB homologs detected in fish can be attributed 99 

to the greater octanol-water partition coefficient logKOW, ranging from 6.3 – 8.4 or 7.0 100 

for hexa-PCB homologs, and bio-concentration factor logBCF (4.66 – 5.3 for fish) or 101 

5.4 (fish) for hexa-PCB homologs. These values are larger than tri-PCB (logKOW = 5.8, 102 

logBCF = 4.2 for fish) and tetra-PCB (logKOW=6, logBCF=4.6 for fish), suggesting 103 

stronger partitioning of PCB-153 into fish tissue13,14. As a result, fish consumption is 104 

an important route of human exposure to PCB-153. The present study aims to inform 105 

fish consumers of the exposure to PCBs associated with consumption of marine fish 106 

caught and imported from various marine locations, rather than attempt to assess the 107 

risk because a risk assessment of PCB-153 or any chemical, or mix of chemicals 108 

involves the complete identification of the chemical hazards and probabilities of 109 

exposure to that hazard. In this context, we shall quantify the potential for the 110 

international food trade to contribute to exposure of human fish consumers to PCBs, 111 

focusing this initial effort on PCB-153. 112 

Below, our results refer to annual mean PCB-153 concentrations in air, water, 113 

sediment, and fish species on a spatial resolution of 1o×1o latitude/longitude across the 114 

global oceans averaged over modeled daily concentrations, and their potential influence 115 

on human health via 7 selected major marine fish species (Methods, Supplementary 116 

Text 1-5, Supplementary Fig. 1-8, Supplementary Table 1-4). The modeled mean 117 

levels of PCB-153 embodied in traded fish species were then used to calculate the EDI. 118 

To isolate the impact of the global fish trade on human exposure, we compared two 119 



distinct model scenarios. Scenario 1 incorporates international fish trade, hereafter 120 

referred to as “Trade” simulation whereas Scenario 2 neglects fish trade, referred to as 121 

“NO-Trade” simulation. Here we specify that all marine fish are harvested locally for 122 

coastal countries and are not involved in  fish trade for land-locked countries (or zero 123 

fish trade), assuming the same quantity of fish consumption between the two scenarios 124 

and that the fish is traded only once with no further trade for deep-processed fish. 125 

PCB-153 concentrations in environmental media 126 

Model simulations for 2012 show higher PCB-153 concentrations in air and higher 127 

deposition (Supplementary Fig. 9) in Western Europe (WE) and the eastern seaboard 128 

of the USA, in line with higher emissions of this PCB congener from these two 129 

regions18. Higher average PCB-153 concentrations were simulated for water and 130 

sediment off the west and east coasts of the North Atlantic Ocean compared with the 131 

coasts of North Pacific and Indian Oceans, agreeing with observations19-21. PCB-153 132 

entering oceans via surface runoff is discussed in Methods and Supplementary text 3.   133 

As a result of the higher water and sediment concentrations, the simulated 134 

concentration of PCB-153 averaged in all selected fish species was considerably higher 135 

for European coastal waters (Atlantic and Mediterranean) than for the rest of the global 136 

ocean (Supplementary Fig. 10). Therefore, fish from European coastal waters 137 

exported in global trade presented the greatest burdens of PCB-153. 138 

Exposure to PCB-153 embodied in the global marine fish trade 139 



 140 

 141 

Fig. 1 Estimated daily intake (EDI (ng/kg b.w./day)) and fractions of PCB-153 in 142 

2012. (a) EDI due to locally caught and traded fish intake for an average adult with 65 143 

kg body weight, estimated using the Devine formula22 from for different countries; (b) 144 

pie chart in Fig. 1b shows percentage of the EDI induced by consuming different 145 

marine fish species imported from 14 regions (Supplementary Fig. 11) across the 146 

globe (%). The color shading of background map shows EDI due to locally caught and 147 

traded fish intake for an average adult from 14 regions. The color bars on the bottom of 148 

Fig. 1b show different fish species.  149 



The “Trade” simulations (Fig. 1a) show higher EDIs (ng/kg b.w./day) in WE and 150 

Northeast Asia, with the highest ranked countries being Malta (1.52), Estonia (1.28), 151 

Denmark (1.26), Netherlands (1.17), Lithuania (1.17), and Italy (0.9). These high EDIs 152 

directly reflect the higher PCB-153 concentrations in the fish consumed 153 

(Supplementary Fig. 10) and the high fish consumption in these countries 154 

(Supplementary Fig. 13). According to Breivik et al.23,24, the total global production 155 

of PCBs (1.324 million tonnes between 1930 and 1993), occurred mostly in WE, 156 

followed by the USA, Japan, and the former Soviet Union. Accordingly, WE emitted 157 

the largest amount of PCBs, followed by the USA, Eastern Europe, Japan, South Korea, 158 

and other countries18, which can be identified by high levels of PCB-153 measured near 159 

the coasts of these countries (Supplementary Fig. 9). The residents of WE tended to 160 

consume more marine fish than others, leading to higher EDI values (Fig. 1a). Figure 161 

1b shows the percentage of the EDI induced by consuming different marine fish. In the 162 

majority of countries, except for Sub-Saharan Africa, and the USA, the EDI was mainly 163 

from intake of marine fish species other than the seven major fish species (referred to 164 

as “other marine fish” hereafter). Especially, other marine fish contributed more than 165 

75% to the total fish consumption (TFC) EDI in the Middle East and North Africa, 166 

Latin America, Southeast Asia, the rest of the World, and China (Supplementary Fig. 167 

13). Partly owing to greater production as shown in Supplementary Fig. 14, cod-like 168 

fish contributed 47.8% to TFC EDI in the USA, 26.9% in Northeast Asia, and 14.9% 169 

in WE. Supplementary Fig. 14f shows that global salmon were produced in high 170 

latitude areas of the Northern Hemisphere, resulting in a high exposure of salmon 171 



consumers to PCB-153 in these areas. Among the seven fish categories, salmonids  172 

were mostly farmed and fed using feed containing lessmarine ingredient, and therefore 173 

were not strictly in the marine food web. . It is important to note that the TFC EDI 174 

fraction via tuna & billfish consumption accounted for 69.2% of the TFC EDI in Sub-175 

Saharan Africa, which was attributed to tuna & billfish import from WE 176 

(Supplementary Fig. 15). A recent study yielded model results with considerably 177 

lower concentrations of PCB-153 in human milk than found in samples from West 178 

African countries. The low model results were attributed to ignoring imported fish 179 

consumption from Europe, especially since marine fish consumption accounted for 180 

over 50% of PCB exposure in African residents25. The “other marine fish” category 181 

contributes more than 75% to the TFC EDI in the Middle East and North Africa, Latin 182 

America, Southeast Asia, the rest of the World, and China. 183 

Impact of global marine fish trade on human health exposure 184 

185 



 186 

Fig. 2 Estimated daily intake (EDI ng/kg b.w./day) and fractions of PCB-153 via 187 

fish intake in 2012. (a) EDI from No-trade simulation; (b) fractions of “Trade” 188 

scenario simulated EDI to the “NO-Trade” scenario simulated EDI, estimated as (ΔEDI 189 

× 100)/EDIT,  where ΔEDI = EDIT-EDINT,  referring respectively to Trade and NO-190 

Trade simulated EDI. ΔEDI is equivalent to the intake due to consumption of fish 191 

acquired through global trade.  192 

 193 

The “NO-Trade” simulations quantified the contribution of all marine fish 194 

consumption from local production to human exposure to PCB-153. When global trade 195 

was not accounted for in the model, WE countries and South Korea had the greatest 196 

exposure to PCB-153 via fish consumption, caused by its high levels (Supplementary 197 

Fig. 10) in fish and high population densities. In WE countries, the highest EDI (ng/kg 198 

b.w./day) occurred in Denmark (1.91), followed by Sweden (1.87), Netherlands (1.79), 199 

Italy (1.65), and France (1.61). Slightly lower EDI value was identified in South Korea 200 

(is 0.96±0.46) as compared with these WE countries (Fig. 2a). The similarity in EDI 201 



spatial distribution between “Trade” results (Fig. 1a) and “NO-Trade” results (Fig. 2a) 202 

was not unexpected because there were high fish PCB-153 concentrations in coastal 203 

waters of Europe (Supplementary Fig. 9), and high fish consumption in these countries 204 

(Supplementary Fig. 13). To see more clearly the contribution that global fish trade 205 

makes, we provide in Supplementary Fig. 16 the difference between “Trade” and 206 

“NO-Trade” results (defined as ΔEDI=EDI1-EDI2= EDIGT). In countries proximate to 207 

major PCB emission sources and with greater EDI values of PCB-153 via fish 208 

consumption, the EDIGT values are negative and small. This implies that the fish 209 

consumers in these countries would benefit from the global fish trade through 210 

increasing consumption of imported marine fish from cleaner marine environments and 211 

decreasing consumption of local fish caught near PCB-153 sources, in line with the 212 

findings reported by previous studies12,26. In contrast, the EDIGT values of PCB-153 in 213 

most countries engaged in the global fish trade are positive (Fig. 2b), indicating 214 

increasing exposure from PCB-153. The percent contributions to EDI through 215 

consumption of fish traded globally (Fig. 2c) show large reductions for Nordic Europe, 216 

Middle Eastern and Northeast Asian countries: -214% in Belgium, -210% in United 217 

Arab Emirates, -137%, Kuwait -112% in France, -88% in Sweden, -83% in Italy, and -218 

54% in South Korea. For the rest of the world, globally traded fish increase the EDI 219 

(Fig. 2b). The largest percent increase occurs in landlocked countries (e.g., Central and 220 

North African countries, Austria, Czech Republic, Chad, Niger) that have no marine 221 

fish fisheries. Large percent EDI increases (90-100%) can also be found in African 222 

countries that import a substantial percentage of the fish consumed (Seychelles (90%), 223 



Mauritania (52%), Mauritius (60%), Benin (42%), Cameroon (53%)) (Fig. 2c). 224 

Greenland, Australia, China, and several countries in Africa, Latin America, and central 225 

Europe have a large EDIGT owing to, according to the UN Comtrade reported data, 226 

imported fish with higher PCB-153 concentrations. 227 

 228 

Fig. 3 Transfer of the EDI of PCB-153 embodied in global marine fish trade among 229 

the fourteen regions in 2012. Each cell in the column of matrix shows percentage of 230 

EDI (%) due to fish consumption from 14 regions (Supplementary Fig. 11). The 231 

diagonal, containing grey cells, highlights the percent EDI in each region due to local 232 

marine fish consumption (marine fish caught in the same region). The simulated TFC 233 

EDI for each region via total fish ingestion (local and imported) is shown at the top of 234 

the matrix and ingestion of fish caught in the same region and consumed by all regions 235 
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on the right of the matrix.  236 

 237 

The model results (Figs. 1&2) can also be displayed as EDI embodied in inter-238 

regional import/export of marine fish species (Fig. 3 and Supplementary Fig. 12) 239 

estimated by reference to the 2012 global fish trade data matrix from UN Comtrade. 240 

Figure 3 shows the percentage of the EDI via fish intake for the year 2012 that derived 241 

from the consumption of fish imported from elsewhere for any given region. Examining 242 

the first column in Fig. 3, we see that China got 60.9% of its PCB-153 EDI by 243 

consuming locally-caught fish. Fish imported from WE supplied 20.3% and the other 244 

12 regions together supplied the remaining 18.8%. For Sub-Saharan Africa, we found 245 

the greatest percent impact from imported fish: 84% of the EDI came from the fish 246 

imported from Western and Nordic Europe compared to <2% from local fish. In return, 247 

WE got a miniscule percent (0.01%) of its EDI from fish imported from Sub-Saharan 248 

Africa. Supplementary Fig. 12a further shows that WE resulted in the biggest EDI at 249 

0.42 ng/kg b.w./day induced by fish export to other regions, followed by the USA (0.16), 250 

China (0.06), and Northeast Asia (0.05). The EDI via fish export and intake from these 251 

four regions accounted for 87% of global TFC EDI in traded fish in 2012. The marine 252 

fish captured in these regions contributed greater EDI of PCB-153 to other regions. For 253 

example, as the largest fish export region, WE contributed 73.4% to the TFC EDI 254 

embodied in PCB-153 contaminated fish intake in Eastern Europe, 47.5% to Central 255 

and Northern Asia, and 32% to Russia (Fig. 3). Likewise, the USA contributed 49% to 256 

TFC EDI in Latin America, 22% to Canada, and 22% to rest of the World. China and 257 



Northeastern Asia also posed 26% and 19% of TFC EDI to rest of the World.  258 

In 2012, Western and Nordic Europe, China, Russia, Latin America, and the USA 259 

were the major exporters of marine fish, and China and Africa were the major importers 260 

(Supplementary Fig. 15). Accordingly, WE, the USA, and China were also net 261 

exporters of marine fish through global fish trade, yielding net EDI of 0.37, 0.14, and 262 

0.006 ng/kg b.w./day to those countries importing marine fish from these three countries, 263 

respectively (Fig. 4a). Other regions as net fish importers provided sinks for marine 264 

fish and got EDI embodied in imported marine fish. Similar to the %EDIGT displayed 265 

by country in Fig. 2b, the regional %EDIGT values for Northeast Asia (-61%), the USA 266 

(-43%), and WE (-37%) show that populations in these countries have reduced exposure 267 

to PCB-153 due to the export of locally caught fish and the import of fish from countries 268 

located far from the major historical PCB emission sources. In contrast, the fish 269 

import/export balance resulted in an increased exposure to fish consumers in Central 270 

and Northern Asia (100%), Sub-Saharan Africa (89%), Australia and Greenland (87%), 271 

Latin America (84%), and South Asia (47%). WE, as a large exporter of marine fish 272 

(Supplementary Fig. 15) caught regionally in waters subject to relatively large PCB-273 

153 deposition, also contributed to the largest EDI (Fig. 4a): 0.18 ng/kg b.w./day to 274 

Eastern Europe, 0.1 ng/kg b.w./day to Sub-Saharan Africa, 0.04 ng/kg b.w./day to 275 

Russia, and 0.03 ng/kg b.w./day to China. Through its wide export of marine fish, the 276 

USA contributed EDI of 0.04 ng/kg b.w./day to Canada, 0.03 ng/kg b.w./day to WE, 277 

and 0.03 ng/kg b.w./day to Latin America. Although China was the biggest importer of 278 

marine fish from the USA among those countries importing marine fish from the USA, 279 



the EDI in China was little impacted owing to relatively lower PCB-153 concentrations 280 

in the seawater near the USA as compared to that in European coastal waters 281 

(Supplementary Fig. 9) and lower quantity of imported fish from the USA than from 282 

the Europe (Supplementary Figs. 15 and 17). Figure 4 also shows that WE and the 283 

USA were two major contributors to EDI embodied in global fish trade when all 284 

targeted marine fish species were accounted for. The EDI induced by other fish trade in 285 

the rest of world is less than 0.1 and 0.001 for selected six fish species trade. Due to 286 

lower PCBs contamination in the Southern Hemisphere’s oceans, Latin America, Sub-287 

Saharan Africa, and rest of the World got only 12%, 2%, and 11%, respectively, of their 288 

PCB-153 EDI by consuming locally-caught fish. Overall, the global fish trade induced 289 

EDI from Western and Nordic Europe increased the exposure to PCB-153 in the 290 

importing countries (Figs. 3 and 4a). In particular, the summed mean EDI via fish 291 

consumption in China and the other 13 regions from the fish caught in China is 0.14 292 

ng/kg b.w./day (Fig. 3 right hand column) compared to 0.93 ng/kg b.w./day for WE. 293 



 294 

Fig. 4 EDI embodied in PCB-153 via international fish trade between 14 regions 295 

(ng/kg b.w./day) during 2012. The 14 regions (Supplementary Fig. 11) highlighted 296 

in the figure were chosen based on similarity in EDI and geographical proximity. Red 297 

indicates regions of net EDI via fish export, blue of net EDI via fish import through 298 

global trade. Arrows indicate EDI�0.001ng/kg b.w./ day for anchovies, herring-likes, 299 

cod-likes, flatfish, salmon, and tuna & billfish, and �0.01ng/kg b.w./ day for other fish 300 

and total fish. 301 

 302 

Temporal Change in fish trade, PCB-153 level, and exposure 303 



 304 

Fig. 5 Normalized EDI (Estimated Daily Intake) fraction for PCB-153 via marine 305 

fish consumption between 2003 and 2012, defined by EDI = (EDI2012 – 306 

EDI2003)/EDI2003, where EDI2012 and EDI2003 are the simulated EDIs for PCB-153 307 

ingestion via marine fish consumption in 2012 and 2003. 308 

 309 

Modeled PCB-153 concentrations in air and seawater, which declined between 310 

2003 and 2012, reflect the general post phase-out decline of PCB concentrations 311 

globally27. We would, therefore, expect a similar decline in exposure from PCB-153 312 

transferred in the fish trade. We calculated the normalized  EDI fraction for the annual 313 

mean PCB-153 concentration averaged over all selected marine fish species between 314 

2003 and 2012, defined as (EDI2012 – EDI2003)/EDI2003. As shown in Fig. 5, for many 315 

regions, especially those close to historical sources of PCBs (e.g., Europe, USA, 316 

Canada, Australia, northeast Asia), the normalized  fraction is negative, indicating 317 

declining exposure from PCB-153 between 2003 and 2012. In contrast, for many 318 

African countries, Central Asia and Mongolia, and Brazil, positive EDI fractions 319 

manifest increasing human exposure from PCB-153 via marine fish consumption which 320 



runs counter to the declining trends of PCB-153 in the environment. Some of these 321 

countries have increased EDI by over factor of 5.6 between 2003 and 2012. This finding, 322 

however, mirrors the increasing reliance on imported marine fish by these countries 323 

during this time interval (Supplementary Fig. 18a). In a few countries like China, India, 324 

and Russia, enhanced marine food imports are accompanied by positive EDI fraction. 325 

This apparent contradiction likely arises from increasing fish exports during the same 326 

period, which resulted in a net fish-trade surplus (Supplementary Fig. 18b).  327 

 328 

Exposure to PCB-153 from farmed fish in global trade 329 

Global aquaculture production has grown substantially during the last decades28. 330 

Having significantly higher lipid content than wild fish, farmed salmon farmed salmon 331 

also tend to carry markedly higher burdens of PCBs than the wild ones29. Given that 332 

farmed fish are becoming increasingly important sources of seafood, accounting for 333 

almost 50% of the world seafood intake in 201030, a comprehensive assessment of 334 

human exposure to PCBs embodied in global fish trade should also consider the farmed 335 

fish pathway. Human exposure to these farmed fish species cannot be estimated using 336 

the marine food web model but can be calculated considering feeding strategies used 337 

by fish farms. Among farmed fish, salmonid aquaculture grew from 12,000 tonnes in 338 

1980 to 2.4 million tonnes in 201131, which accounted for 70% of the farmed fish 339 

market in the world32. More than 92% of salmonid aquaculture was farmed Atlantic 340 

salmon in 201333. Norway was the world’s largest producer of salmonids in 2012 341 

accounting for 60% of world total production, followed by Chile (19%), UK (8%), and 342 



Canada (5%). The remaining 8% was provided by rest of the world34 (Supplementary 343 

Fig. 19). In contrast, the proportion of global wild salmon production decreased from 344 

98% in 198032 to about 30% in 2012 in total salmon production30. In the past decades, 345 

the wild catch of salmonid fish species varied between 0.7 and 1 million tonnes32, and 346 

most wild salmonids were caught by North American, Japanese, and Russian fisheries35.  347 

Accounting for 69% of global total salmon production (wild + farmed) in 201232, 348 

Atlantic salmon was selected to assess human exposure to PCB-153 embodied in global 349 

salmon trade. To do so, we designated and performed three model scenarios, namely, 350 

wild salmon, farmed salmon fed by traditional feed made using marine ingredients such 351 

as fish oil and meal produced from pelagic feral fish, and farmed salmon fed by the 352 

alternative feed (the feed with lower marine ingredients), respectively. Figure 6 shows 353 

the modeled EDIs for PCB-153 via salmon ingestion (ng/kg bw/day) in those countries 354 

importing Atlantic salmon from Norway, Chile, UK, and Canada. As a largest exporter 355 

of Atlantic salmon (Fig. 6, Supplementary Fig. 20), Norway also contributed the 356 

largest EDIs via ingestion of salmon fed by the alternative feeding in 2012 to importers: 357 

0.92± 0.53 (mean ± SD, ng/kg b.w./day) in Sweden, 0.43± 0.25 in Denmark, 358 

0.23±0.13 in Finland, and 0.11±0.06 in Poland. As the second biggest exporter of 359 

Atlantic salmon (Fig. 6, Supplementary Fig. 20), however, Chile only contributed 0.02360 

±0.007 ng/kg b.w./day of EDIs to Japan, 0.007±0.004 to Brazil, and 0.005±0.002 to 361 

the USA, the three major importers of Atlantic salmon from Chile. The lower exposure 362 

in Atlantic salmon from Chile could be attributed to fish meals and oil originated from 363 

the cleaner marine environment around Chile and Peru. The highest exposure occurred 364 



in Atlantic salmon from the UK. Although only accounting for 5% of the world total 365 

Atlantic salmon export (Supplementary Fig. 20), the UK contributed 0.05±0.04 366 

ng/kg b.w./day EDI to Ireland, 0.02±0.01 to France, and 0.02±0.01 to Denmark, 367 

respectively, owing to higher PCB-153 levels in meal and oil used in Scottish salmon 368 

feeding (Supplementary Table 5-7). With more than 95% of Atlantic salmon exported 369 

to the USA, Canada contributed the EDI at 0.007±0.01 ng/kg b.w./day to the USA. 370 

 371 

Fig. 6 Modeled EDI for PCB-153 through salmon intake embodied in international 372 

Atlantic salmon trade (ng/kg b.w./day) in 2012. The map shows major countries 373 

exporting and importing Atlantic salmon (tonnes). The quantity of salmon export is 374 

scaled using the shallow to deep blue color bar on the bottom left and import is scaled 375 

using the deep green to shallow yellow color bar on the bottom right of the figure. Bar 376 

charts denote the estimated EDIs �0.001 ng/kg b.w./day of PCB-153 via salmon intake 377 



in those countries as major importers of Atlantic salmon fish from Norway, Chile, the 378 

UK, and Canada as major salmon exporters, simulated from the sensitivity model run.  379 

To examine the sensitivities of human exposure via intake of wild and farmed 380 

salmon, we firstly assumed that all Atlantic salmon were wild. Figure 6 shows that the 381 

modeled EDIs of farmed salmon fed by the traditional feed were considerably higher 382 

than those of wild salmon due to higher PCB-153 levels in the former (ng g-1 wet weight, 383 

Supplementary Table 8). The PCB-153 concentrations in farmed salmon from the 4 384 

countries in lipid weight (ng g-1 lipid weight) are provided in Supplementary Table 9. 385 

In particular, the EDIs of Chilean farmed salmon fed by traditional feed was 6.4-fold 386 

higher than Chilean wild salmon. It should be noted that PCB-153 levels in wild salmon 387 

in the present study were simulated using the marine food web model cascading the 388 

dietary structure of Atlantic salmon (see Supplementary Data 1). In contrast, farmed 389 

salmon were fed by fishmeal comprised of smaller feed-fish, such as mackerel, which 390 

were rich in fish oil and therefore prone to bioaccumulation of lipophilic contaminants 391 

like the PCBs36. Previous studies also have shown that farmed salmon have much 392 

higher concentrations of contaminants than wild salmon29,37,38. Hites et al. examined 393 

the levels of PCBs and organochlorine pesticides in over 2 metric tons farmed and wild 394 

salmon collected from all over the world and found that concentrations of these 395 

contaminants in farmed fish were eight times higher than that in wild salmon, 396 

particularly in Europe where contaminant loads were markedly higher than those in 397 

North and South America29. It has been shownthat traditional salmon feeds are the main 398 

source of POPs in farmed Atlantic salmon fillets39. Due to scarcity of fish meal and fish 399 



oil, the use of these two marine raw materials in feed production has been reduced and 400 

replaced by vegetable ingredients, reducing levels of dioxins and dioxin-like PCBs39,40. 401 

Figure 6 also shows that EDIs of PCB-153 through the consumption of salmon fed by 402 

alternative feed decreased markedly compared to that of salmon fed by traditional feed. 403 

In particular, the EDIs by taking in PCB-153 contaminated Scottish salmon fed by 404 

alternative feed were lower than that of wild salmon. As a potential source of organic 405 

chemicals, oily fish was also an important source of health promoting nutrients such as 406 

the very long chain omega-3 (VLC-n3) fatty acids41,42. The overall health effects of 407 

consumption of oily fish such as Atlantic salmon is, therefore, a trade-off between 408 

beneficial nutrients and potentially harmful compounds42. To reduce the contaminants 409 

level in fish meal and oil, several decontamination technologies were used in salmon 410 

feed production, such as activated carbon adsorption, steam deodorization, and short-411 

path distillation43,44. It is expected that global PCBs levels in both wild and farmed 412 

salmon will continue to decline in coming years along with declining PCBs in the 413 

environment and increasing reliance on vegetable ingredients and application of 414 

decontamination technologies. 415 

 416 

Discussion 417 

The global trade of marine fish contaminated by PCBs and other persistent toxic 418 

chemicals carries with it a human exposure risk. On the other hand, the fish trade 419 

benefits developed and developing countries by providing cheaper and off-season foods 420 

and by promoting the development of agricultural economies. The food-trade network, 421 



which has significantly altered global food supply during the past two decades, is 422 

complex due to processing of multiple food ingredients with components imported 423 

from many regions and countries. The rapidly expanding global food trade challenges 424 

food safety, a prominent example being potential contamination by pesticides and 425 

industrial chemicals that have been broadcast to the environment45,46. Concerns about 426 

residues of these toxic chemicals in food products undergoing global trade have resulted 427 

in high standards for food safety47,48. Here we have addressed the particular exposure 428 

associated with the trade of marine fish. Marine fish contamination takes place at origin 429 

because environmental compartments, including the ocean, contain legacy 430 

contaminants and these together with new and emerging contaminants continue to enter 431 

the ocean due to modern use and recycling. This contamination is biomagnified such 432 

that predatory fish tend to accumulate the highest concentrations among fish species; 433 

therefore food web structure and position in the food web structure become critical 434 

components of fish contamination. This set of circumstances makes regulation and 435 

monitoring for POPs residues difficult, and requires recourse to models incorporating 436 

environmental transport, exchange, phase partitioning, and food webs. Here, we have 437 

made a first attempt to quantify the human exposure from POPs carried within the 438 

global food trade, using an example PCB-153, and the year 2012. We have developed 439 

models to project the environmental aspects of PCB uptake in the ocean’s food webs, 440 

the human-related aspects of trading fish and the significance to humans by translating 441 

the results into estimated daily intakes of PCB-153 by humans. The models showed that 442 

mean EDI from PCB-153 via marine fish consumption was decreased by 61%, 43% 443 



and 37% respectively in Northeast Asia, the USA, and WE (Fig. 2b), which are 444 

proximate to the major PCB-153 emission sources, because these countries consumeed 445 

imported marine fish from distant regions less contaminated by PCB-153. In contrast, 446 

other regions distant from PCB sources have increased EDIs due to the import of fish 447 

from the more contaminated regions. The largest enhancement of exposure occurred in 448 

Central and Northern Asia where the EDI values were derived completely from the 449 

import of marine fish. In addition, the EDI in Sub-Saharan Africa, Australia and 450 

Greenland, and Latin America increased by 8.2, 6.97, and 5.28 fold respectively due to 451 

reliance on global trade compared with the EDI values that would result from just local 452 

fish consumption. As a result, these regions obtained, respectively, 98.2%, 89.4%, and 453 

87.8% of their EDIs from consumption of imported marine fishes from more 454 

contaminated regions. Leading among the exporting regions, WE contributed 83.6% to 455 

the EDI in Sub-Saharan Africa via consumption of PCB-153 contaminated marine 456 

fishes, 73.4% to Eastern Europe, 47.5% to Central and North Asia, and 32% to Russia. 457 

The approach and rationale developed here could be extended to other toxic 458 

chemicals (e.g., Hg, DDT, PBDEs) and other human food items (e.g., meat and poultry, 459 

domestic animal feed, and vegetable crops). Transparency in food safety is essential in 460 

food trade. Regular mandated food safety inspections, randomly conducted on a 461 

relatively small number of samples, are expensive even in developed countries48. In 462 

many developing countries, the international food safety standards and regulations are 463 

seldom enforced and sometimes revoked49. Based on past increases in trade volume and 464 

complexity, and an evolving industry bringing into use of new chemicals, the challenges 465 



of regulation will only get worse. The model developed here provides a useful tool to 466 

determine the origin of toxic chemicals in traded food, and to scale the level of exposure 467 

inherent in specific trade pathways. Quantifying these pathways informs stakeholders 468 

and trade agencies about the large-scale risks in food trade and thereby informs a more 469 

efficient food inspection process50. We emphasize that the present study paints a picture 470 

of the exposure from a single compound, PCB-153, traded among countries via 471 

commercial fish. Unlike the traditional long-range transport routes through the 472 

atmosphere and oceans, this pathway is aimed directly at human consumption. Given 473 

the lack of domestic trade data, particularly in developing countries, simulation of toxic 474 

chemicals transported domestically is presently not practicable. More precise prediction 475 

of the food trade related exposure could be significantly improved by implementation 476 

of combined domestic and international food trade into our model. Such a dataset could 477 

also provide a more robust basis to validate the model assessment. 478 

 479 

Methods 480 

Analytical framework 481 

The model applied here includes three major components (Supplementary Fig. 1). First, a 482 

modified version of the CanMETOP (Canadian Model for Environmental Transport of 483 

Organochlorine Pesticides)51,52 together with a high-resolution emission inventory map18 was used 484 

to produce an estimate of the spatial distribution of PCB-153 in the atmosphere, soil, sea water, 485 

sediment, and phytoplankton. Second, we calculated PCB-153 concentration in marine fish using a 486 

marine food web model. Third, the redistribution of PCB-153 via the international marine fish trade 487 

was estimated, which was then used to project the exposure  to humans through consumption via 488 

this pathway. The model framework yielded “gridded” PCB-153 concentrations in air, seawater, soil, 489 

and aquatic sediment on a 1º×1º latitude/longitude resolution. The gridded concentrations in water 490 

and sediment across the global oceans were then implemented into the marine food web model with 491 

the same spatial resolution to predict PCB-153 levels in the targeted marine fish. The various fish 492 



catch data for different countries on a 0.5º×0.5º latitude/longitude resolution were provided by Sea 493 

Around Us which were subsequently extrapolate into the 1º×1º latitude/longitude resolution. Given 494 

that salmon is a major farmed and commercial fish widely consumed in many countries, human 495 

exposure to PCB-153 via the intake of traded farmed salmon as compared to traded wild salmon 496 

was simulated. PCB-153 loading to coastal waters via tributary runoff and its contribution to the 497 

total PCB loadings were also investigated. 498 

Modified CanMETOP model 499 

The CanMETOP is a three-dimensional atmospheric transport model coupled with a dynamic 500 

fugacity-based soil-air exchange model, and a water-air exchange model based on the two-thin film 501 

theory51. The model was originally developed for application to regional scale atmospheric transport 502 

and has been extended to the global scale to investigate the intercontinental long-range transport of 503 

POPs with the spatial resolution of 1° latitude by 1° longitude52. The model has been applied 504 

extensively to simulate atmospheric transport and deposition, as well as the multi-phase exchange 505 

of POPs among different environmental compartments53. Here, we have upgraded and improved the 506 

water-sediment-phytoplankton exchange modules in the CanMETOP. In marine ecosystems, 507 

phytoplankton is often considered as the bottom trophic level into which organic chemicals in the 508 

water must be exchanged before they can be passed up the food web to fish54. We coupled the water-509 

sediment-phytoplankton modules based on a fugacity approach55 using CanMETOP. The model was 510 

integrated from 2002 to 2012 to permit the accumulation of PCB-153 in the global marine 511 

environment. Details are presented in Supplementary text 1.  512 

Marine food web model 513 

For trophic levels higher than phytoplankton, organic chemicals accumulate in lipid tissue 514 

mostly from dietary uptake and secondarily from an exchange with the water56. Therefore, predator–515 

prey relationships are crucial to characterize contamination patterns scaled from individual prey 516 

items to the ecosystem level and to predict bioaccumulation and biomagnification within ecological 517 

networks57. Marine food webs can be extraordinarily complex, with thousands of species ranging 518 

from single-celled organisms to fishes and whales connected by an intricate web of predator–prey 519 

interactions. Given large knowledge gaps, it was impossible to include all species and feeding 520 

relationships in the food web model. In this work, we applied a model with simplified and practical 521 

trophic structure and feeding relationships which took into consideration the toxicokinetics of 522 

chemical uptake, elimination, and bioaccumulation in individual organisms and trophic dynamics 523 

of the aquatic food web58. First, the concentration of PCB-153 in zooplankton and benthic 524 

invertebrates was calculated by assuming equilibrium partitioning between water and zooplankton 525 

or sediment pore water and benthos58. Then, based on the feeding relationships, PCB-153 in 38 526 

marine fishes was estimated. Input into the food web model included PCB-153 concentrations in 527 

water, sediment, and phytoplankton, obtained from the water-air, sediment-water, and 528 

phytoplankton-water exchange modules in the CanMETOP (details are presented in 529 

Supplementary text 2). 530 

PCBs entering coastal waters via runoff 531 



Atmospheric deposition and riverine runoff have been regarded as the main pathways and 532 

sources of PCBs in marine basins59,60. In a review article, Preston reported that the atmosphere input 533 

80% ΣPCB to the world oceans since PCBs were mostly released in the atmosphere61. Extensive 534 

investigations into pathways of PCBs to the North American Great Lakes identified that atmospheric 535 

deposition was the dominant loading pathway for PCBs62. Here we modeled tributary runoff in a 536 

typical case to examine the relative significance of the individual PCB loading pathway (particle 537 

and diffusive gas phase deposition, and runoff) to coastal waters of Shanghai, a coastal megacity of 538 

China. The results reveal that tributaries runoff contributed <5% of PCB loading to offshore water 539 

(Supplementary text 3, Supplementary Figs. 2 and 3). 540 

 541 

PCB-153 concentration in marine fish species in countries 542 

The coupled CanMETOP and marine food web models predicted global PCB-153 543 

concentrations in 38 marine fish species on a grid resolution of 1° latitude × 1° longitude. The Sea 544 

Around Us provided the spatial fish production data for the 7 fish categories including anchovies, 545 

herring-like, cod-like, flatfish, salmon, tuna & billfish, and the other fish for different country on a 546 

grid resolution of 30-min for different country (http://www.seaaroundus.org). Based on feeding 547 

behavior and spatial production data from the Sea Around Us, 38 fish species were categorized into 548 

7 groups, with each group comprising several fish species (see Supplementary Data 1). We then 549 

added up the gridded catch data of 38 fish species in their corresponding fish categories (7 groups) 550 

to obtain the catch of the 7 fish categories for different countries on a resolution of 1°�1o lat/long 551 

(Supplementary Fig. 14). Finally, we calculated PCB-153 concentration in 7 fish categories for 552 

each country as follows: 553 

��,�,� =
�
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���                         (1) 554 
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���                           (2) 555 

where P is production of marine fish (tonnes). i is 38 fish species, j is 7 fish categories. The subscript 556 

p is a cell with a resolution of 1° latitude × 1° longitude, and q is country or region. m is number of 557 

fish species for each fish category (see Supplementary Data 1) and n is number of cells for country 558 

or region q.  559 

The global spatial distribution of PCB-153 level in the 7 fish categories with a spatial resolution 560 

of 1° latitude × 1° longitude is shown in Supplementary Fig. 10. 561 

 562 

Potential health exposure embodied in global marine fish trade 563 

The estimated daily intakes (EDI, ng/kg b.w./d) of PCB-153 via fish consumption can be 564 

calculated by 565 

���� = ����/�                       (3) 566 

where Ci is PCB-153 level in a marine fish category i (ng g-1), Ii is daily per capita consumption of 567 

ith marine fish i (g d-1), and W is the mean adult body mass, taken as 65 kg in the present study. 568 

The TFC EDI of PCB-153 induced by marine fish consumption is the sum of EDIi for 7 fish 569 

categories. The daily consumption of anchovies, herring-like, cod-like, flatfish, and tuna & billfish 570 



in each country in 2012 is obtained from global trade data in UN Comtrade (https://comtrade.un.org) 571 

and FAO (http://www.fao.org/fishery/statistics/software/fishstatj/en). Given that farmed salmon 572 

accounted for approximately 70% of total salmon production and landed values (wild + farmed) in 573 

the world in 2011, the daily salmon consumption in each country was validated by salmon 574 

production and trade values from FAO (http://www.fao.org/fishery/statistics/software/fishstatj/en). 575 

The per-capita daily consumption of the “other fish” category in each country was obtained by the 576 

per capita daily total consumption of seven marine fish categories (FAO, 577 

http://www.fao.org/faostat/en/#data/CL) minus the six marine fish categories. Per capita 578 

consumption of 7 marine fish species is shown in Supplementary Fig. 13. To discriminate the 579 

impact of the fish trade on exposure, we performed two model scenario simulations. Scenario 1 (S1,) 580 

incorporated international trade, referred to as “Trade” simulation, whereas Scenario 2 (S2) 581 

neglected fish trade but instead assumed that all marine fish were harvested and consumed locally 582 

for coastal countries and were not involved in (zero) fish trade for land-locked countries, referred 583 

to as “NO Trade” simulation. Based on the UN Comtrade global fish trade matrix, almost all 584 

commercial marine fish species were involved in the global trade. 585 

 586 

Model evaluation and uncertainty 587 

To establish the level of confidence in the present model investigation, we have carried out 588 

extensive model performance evaluations and validations via statistical error analysis for modeled 589 

and sampled PCB-153 concentration data in air, seawater, sediment, and fish. Overall, the results 590 

show good agreements between modeled and measured data. Details are presented in 591 

Supplementary Text 4, Supplementary Figs. 4-7, and Supplementary Tables 7 and 8.  592 

Our model results were subject to uncertainties from various input variables, including global 593 

PCB-153 emission inventory, the simulation of three model combining environmental fate, marine 594 

food web, and human exposure assessment. The simulation of the environmental fate model was 595 

subject to errors in inputs of emission and physicochemical properties of chemicals according to 596 

previous studies63. We assigned an uncertainty of factor 10 to PCB-153 emissions proposed by 597 

Breivik et al.64 and Wöhrnschimmel et al.65. The coefficient of variation (CV) of physicochemical 598 

properties ranged from 4.8% to 34.7% (Supplementary Table 1). By sensitivity analysis, the 599 

uncertainty of the marine food web model, and human exposure assessment were mainly derived 600 

from weight, lipid content, diet compositions of various fish species, lipid content in fish diets used 601 

in the marine food web model, and per capita marine fish consumption by country (see 602 

Supplementary Data 1). Since Monte Carlo and other sensitivity models are computational 603 

prohibitive, we used a first-order error propagation approach to calculate the model uncertainties in 604 

terms of the method presented in Huang et al.66. Based on the aggregation of the uncertainties above, 605 

we estimate an overall uncertainty of EDI with factors of 9.3-12.1 for different regions in 2012. In 606 

addition, the statistical data used in our study, including spatial production of different fish, and 607 

global fish trade matrix by different fish can also produce uncertainties for our model results. These 608 

uncertainties were not considered in the present study due to data unavailability. Further details of 609 



uncertainty analysis are presented in Supplementary Text 5 and Supplementary Fig. 8. 610 
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 809 

 810 

Extended Data Fig. 1 | Modeled concentrations (for 2012) of PCB-153. a, Atmospheric gas (pg 811 

m-3), b, atmospheric particle phase (pg m−3), c, water (ng L-1), and d, sediment (ng g-1 ww). 812 



813 

Extended Data Fig. 2 | Modeled PCB-153 concentrations in marine fish (ng g-1 ww) for various 814 

categories. a, Total fish, b, anchovies, c, herring-likes, d, cod-likes, e, flatfish, f, salmon, g, tuna & 815 

billfish, and h, other fishes. 816 

817 



Extended Data Fig. 3 | The map of 14 regions regrouped from countries involved in the global 818 

fish trade. The map provides a key to the color scheme. 819 

820 

Extended Data Fig. 4 | Global production (tonnes/cell) for selected marine fish at a 1° longitude 821 

by 1° latitude resolution in 2012. a, Total fish. b, Anchovies. c, Herring-like fish. d, Cod-like fish. 822 

e, Flatfish. f, Salmon. g, Tuna and billfish. h, Other fishes. 823 

 824 



 825 

Extended Data Fig. 5 | Exports of various marine fish categories (1000 tonnes) through global 826 

trade in 2012. The color shading in each region indicates the total export of marine fish. The width 827 

of the arrows represents the relative marine fish exports ≥ 1000 tonnes for anchovies (b), ≥ 10,000 828 

tons for herring-like (c), cod-like (d), flatfish (e), salmon (f), and tuna & billfish (g), and ≥ 829 

100,000 tons for total fishes (a) and other fishes (h) in 2012. 830 

 831 

 832 



Extended Data Fig. 6 | Difference of EDI between Trade and NO-Trade model runs. The 833 

difference is estimated by EDIDF = EDIT-EDINT, referred to as Trade and NO-Trade simulated 834 

EDI, which is equivalent to the intake due to consumption of fish acquired through global trade. 835 

 836 

 837 

Extended Data Fig. 7 | Interregional EDI transfers embodied in the global marine fish trade 838 

illustrated as a Circos type graph. Numbers in brackets indicate EDIs of PCB-153 in each region 839 

(Extended Data Fig. 3). The width of each band represents the magnitude of EDI and the band 840 

color represents the net inflow of EDI. The colors of outer circular rings correspond to the regions 841 

marked. 842 

 843 



 844 

Extended Data Fig. 8 | Percent change between 2003 and 2012. a, Marine fish imported and b, 845 

marine fish exported for various countries and regions. Percent was calculated as (I2012 – 846 

I2003)/I2003×100, where I2012 and I2003 are marine fish imported or exported in 2012 and 847 

2003. 848 

 849 

 850 



Extended Data Fig. 9 | Production (tonnes, bars) and percentage (pie chart) of farmed Atlantic 851 

salmon by countries. Farmed Atlantic salmon production in 2012 from 9 countries (red bars) and 852 

their respective contribution to global total farmed salmon production (%, pie chart). 853 

 854 

 855 

Extended Data Fig. 10 | Export of Atlantic salmon from major countries with salmonid 856 

aquaculture (tonnes). a, Norway, b, Chile, c, UK, and d, Canada. The colors in the ring chart 857 

represent the percentage of Atlantic salmon produced and exported from these 4 countries to those 858 

countries importing Atlantic salmon. 859 
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Supplementary Note 1. PCB-153 concentrations in environmental media 

Model simulations for 2012 show higher PCB-153 concentrations in air and higher 

deposition (Extended Data 1) in Western Europe (WE) and the eastern seaboard of the 

USA, in line with higher emissions of this PCB congener from these two regions1. Higher 

average PCB-153 concentrations were simulated for water and sediment off the west and 

east coasts of the North Atlantic Ocean compared with the coasts of North Pacific and 

Indian Oceans, agreeing with observations2-4. PCB-153 entering oceans via surface runoff 

is discussed in Methods of main text and Supplementary Note 6. As a result of the higher 

water and sediment concentrations, the simulated concentration of PCB-153 averaged in 

all selected fish species was considerably higher for European coastal waters (Atlantic and 

Mediterranean) than for the rest of the global ocean (Extended Data 2). Therefore, fish 

from European coastal waters exported in global trade presented the greatest burdens of 

PCB-153. 

 

Supplementary Note 2. PCB-153 exposure in traded fish-other details 

The “Trade” simulations (Fig. 1a) show higher EDIs (ng/kg b.w./day) in WE and  

Northeast Asia, with the highest ranked countries being Malta (1.52, 95% confidence  

interval (95% CI): 0.13-17.21), Estonia (1.28, 95% CI: 0.13-12.25), Denmark (1.26, 95%  

CI: 0.12-13.65), Netherlands (1.17, 95% CI: 0.1-14.18), Lithuania (1.17, 95% CI: 0.11- 

12.03), and Italy (0.9, 95% CI: 0.09-8.8). These high EDIs directly reflect the higher PCB-

153 concentrations in the fish consumed (Extended Data 2) and the high fish consumption 

in these countries (Extended Data 10). According to Breivik et al.5, 6, the total global 

production of PCBs (1.324 million tonnes between 1930 and 1993), occurred mostly in 

WE, followed by the USA, Japan, and the former Soviet Union. Accordingly, WE emitted 

the largest amount of PCBs, followed by the USA, Eastern Europe, Japan, South Korea, 

and other countries1, which can be identified by high levels of PCB-153 measured near the 

coasts of these countries (Extended Data 1). The residents of WE tended to consume more 

marine fish than others, leading to higher EDI values (Fig. 1a).  

When global trade was not accounted for in the model, WE countries and South Korea 

had the greatest exposure to PCB-153 via fish consumption, caused by its high levels 

(Extended Data 2) in fish and high population densities. The similarity in EDI spatial 

distribution between “Trade” results (Fig. 1a) and “NO-Trade” results (Fig. 2a) was not 

unexpected because there were high fish PCB-153 concentrations in coastal waters of 
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Europe (Extended Data 1), and high fish consumption in these countries (Extended Data 

10). 

The model results (Figs. 1&2) can also be displayed as EDI embodied in inter- 

regional import/export of marine fish species (Fig. 3 and Extended Data 6) estimated by 

reference to the 2012 global fish trade data matrix from UN Comtrade. In 2012, Western 

and Nordic Europe, China, Russia, Latin America, and the USA were the major exporters 

of marine fish, and China and Africa were the major importers (Extended Data 4 and 

Supplementary Fig. 3). Accordingly, WE, the USA, and China were also net exporters of 

marine fish through global fish trade, yielding net EDI of 0.37 (95% CI: 0.04-3.82), 0.14 

(95% CI: 0.01-1.64), and 0.006 (95% CI: 0.001-0.072) ng/kg b.w./day to those countries 

importing marine fish from these three countries, respectively (Fig. 4a). Other regions as 

net fish importers provided sinks for marine fish and got EDI embodied in imported marine 

fish. Similar to the %EDIGT displayed by country in Fig. 2b, the regional %EDIGT values 

for Northeast Asia (-61%), the USA (-43%), and WE (-37%) show that populations in these 

countries have reduced exposure to PCB-153 due to the export of locally caught fish and 

the import of fish from countries located far from the major historical PCB emission 

sources. Although China was the biggest importer of marine fish from the USA among 

those countries importing marine fish from the USA, the EDI in China was little impacted 

owing to relatively lower PCB-153 concentrations in the seawater near the USA as 

compared to that in European coastal waters (Extended Data 1) and lower quantity of 

imported fish from the USA than from the Europe (Supplementary Fig. 3 and Extended 

Data 4). Figure 4 also shows that WE and the USA were two major contributors to EDI 

embodied in global fish trade when all targeted marine fish species were accounted for. The 

EDI induced by other fish trade in the rest of world is less than 0.1 and 0.001 for selected 

six fish species trade. Overall, the global fish trade induced EDI from Western and Nordic 

Europe increased the exposure to PCB-153 in the importing countries (Figs. 3 and 4a). In 

particular, the summed mean EDI via fish consumption in China and the other 13 regions 

from the fish caught in China is 0.14 (95% CI: 0.01-1.65) ng/kg b.w./day (Fig. 3 right hand 

column) compared to 0.93 (95% CI: 0.09-9.5) ng/kg b.w./day for WE. 

 

Supplementary Note 3. Human exposure to PCB-153 via farmed Atlantic salmon 

trade 

3.1 Production and export of farmed Atlantic salmon 
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The export of Atlantic salmon from Norway, Chile, UK, and Canada is collected from 

the Seafood Research Report published by Pareto Securities in 20167. The Atlantic salmon 

export from Chile and UK to various countries is collected from Globefish Highlights 

published by FAO in 20158. The Atlantic salmon exported from Norway and Canada to 

various countries is collected from the UN Comtrade (https://comtrade.un.org), which is 

verified with total export data reported in Seafood Research Report7. Extended Data 9 

presents the export of Atlantic salmon from Norway, Chile, UK, and Canada, respectively, 

to various countries. 

 

3.2 PCB-153 level in farmed Atlantic salmon 

With a congener-specific uptake and elimination rate constant at a certain feeding rate 

and dietary concentration (Cfeed), the concentration of a chemical in a farmed fish (Cfish) at 

a given time can be calculated as9,10 

�������� = 
��
�� ������1 − �������� + �������������         (S36) 

where Cfish is the chemical level in farmed salmon (ng g-1 wet weight); Cfeed is the chemical 

level in salmon feed (ng g-1 wet weight); F is feeding rate (g feed g-1 fish d-1); a is the 

uptake rate of chemical (%); Cfish0 is initial chemical concentration in salmon (ng g-1 wet 

weight); k is the elimination constant (k-1); and γ is the growth rate (d-1). Compared with 

sampled data, this model yields more accurate PCB-153 levels in farmed salmon fish than 

the food web model presented above because farmed salmon fish fed by feed ingredients 

do not follow the marine food bioaccumulation mechanism.      

In the kinetic model simulating the feed-to-fillet transfer of dioxins and PCBs in feeds 

to farmed Atlantic salmon, the PCBs level in farmed salmon through feed intake at a steady 

state is given by11,12  

����� = ��������                           (S37) 

where � is the accumulation efficiency (%), or the net effect of dietary absorption and 

elimination for salmon. If the feed composition and PCB concentrations are known, eq. 

(S37) can be rewritten as 

����� = ∑ ������ !������,�
#
�$%                      (S38) 

where Ftotal is a total feed intake rate for farmed salmon (kg feed kg-1 fish); fi is feed 

composition (%); and Cfeed, i is the PCB-153concentration level in feed ingredient i (ng g-1 

wet weigh). 
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Since the health risk of a chemical occurs by ingesting edible part of salmon 

contaminated by the chemical, the accumulation efficiency for feed-to-fillet transfer is used 

to estimate PCB-153 level in salmon fillets. Compared to the whole fish, lipophilic organic 

contaminant concentrations in salmon fillets are lower due to the high contamination of 

adipose fat in the viscera13,14. In eq (S38), δ for the feed-to-fillet transfer of PCB-153 is 

0.47± 0.0149, Ftotal is the feed conversion ratio (FCR), which is the amount of feed (in 

kilograms) required to produce 1 kg of farmed animal15-17. Since global salmon feed 

ingredients in the 1990 were dominated by traditional feed, we assumed a FCR of 1.718. In 

2012, this value dropped to 1.3 due to the changes in feed ingredients from traditional to 

alternative feed19. To investigate the impact of feed composition (fi) on the PCB-153 level 

in farmed salmon, two feed compositions, traditional feed and alternative feed, were 

modeled and compared. For traditional feed of Atlantic salmon, global average salmon feed 

ingredients composed of 59% fish meal, 24% fish oil, and 17% vegetable oil20 were used 

in the calculation of PCB-153 contamination. The alternative feed composition for Atlantic 

farmed salmon in Norway, Chile, UK, and Canada in 2012 are presented in 

Supplementary Table 1. Fish oil and fish meal are the main sources for POPs in salmon 

feeds and farmed salmon23-26; therefore, seasonal changes in these sources affect POPs 

loads in farmed salmon27 as does the geographical locations from which the feed 

derives11,14. The origin of fish meal and fish oil used in salmon feed in these four countries 

is listed in Supplementary Table 2. The PCB-153 concentrations in fish meal and fish oil 

used in salmon feed in Norway, Chile, UK, and Canada were collected from the literature 

and are listed in Supplementary Table 3. As seen, fish meal and oil produced from pelagic 

fish species from the Nordic region have higher concentrations than those from the 

Southern Hemisphere. Due to the absence of sufficient data on the origin of fish meal and 

fish oil for salmon producing and exporting countries, the fish meal and fish oil produced 

in Northern countries and the Southern Hemisphere were used as upper and lower bounds 

of farmed salmon feeds to calculate PCB-153 level in farmed salmon for Norway and the 

UK. Given that PCB-153 concentrations in plant matter (vegetable products such as 

vegetable oil, protein, and meal) used to produce farmed salmon feeds are considerably 

lower than those in fish meal and fish oil, and that plant matter is provided by many 

countries15,21,33-35, PCB-153 levels in plant products used to feed Atlantic salmon in 

Norway were also used in the remaining three countries. With these hypotheses, we 

performed model simulations. The modeled PCB-153 levels in salmon fillets in Norway, 



6 

 

Chile, UK, and Canada are presented in Supplementary Tables 4 and 5, which also lists 

sampled data. The results show that the modeled PCB-153 concentration in farmed salmon 

is comparable to measured data. 

 

Supplementary Note 4. Modified CanMETOP model 

4.1. Model description and input parameters 

The CanMETOP is a three-dimensional atmospheric transport model coupled with a 

dynamic 4D fugacity-based soil-air exchange model, and a water-air exchange model based 

on the two-thin film theory36. The horizontal spatial resolution of the modified CanMETOP 

on the global scale is 1°×1° latitude/longitude with 14 vertical layers at 0, 1.5, 3.9, 10, 100, 

350, 700, 1200, 2000, 3000, 5000, 7000, 9000, and 11000 m. Three-dimensional 

atmospheric advection, eddy diffusion, and dry/wet deposition processes are included in 

the model, as are the exchange at the interfacial boundaries of air-water, air-soil, and air-

snow/ice, and degradation in air, soil, and water. The soil compartment also accounts for 

organic chemical diffusion and leaching processes. The model, originally developed for 

modeling environmental fate and atmospheric transport of POPs on a regional scale, was 

subsequently extended to a global scale to investigate the intercontinental long-range 

transport of POPs with a spatial resolution of 1° latitude by 1° longitude37. The model has 

previously been applied extensively to simulate atmospheric transport and deposition, 

source-receptor relationships, as well as the multi-environmental compartment (air, soil, 

water, snow/ice, vegetation) exchange of POPs38. In a marine ecosystem, phytoplankton is 

often regarded as the bottom trophic level into which organic chemicals in the water must 

be exchanged before they can be passed up the food web to fish39. We couple the water-

sediment-phytoplankton modules based on a fugacity approach40 using CanMETOP. The 

model is integrated from 2002 to 2012 to permit the accumulation of PCB-153 in the global 

marine environment. It is noted that the water compartment in CanMETOP is described by 

a mass balance approach, which does not include stratification in surface ocean and deeper 

ocean water in the model. Hence, the model is not able to trace the exchange and diffusion 

of a chemical within oceans. Nevertheless, compared with deep oceans, a large body of 

evidence has shown considerably higher levels of PCBs in coastal waters where the 

majority of fishery activities (90%) take place. 

Meteorological data (including winds, atmospheric pressure, temperature, 

precipitation) were obtained from the National Center for Environmental Prediction 
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(NCEP) reanalysis (6-hourly objectively analyzed data) with a spatial resolution of 1°×1° 

latitude/longitude (https://www.esrl.noaa.gov/psd/data/gridded/reanalysis). These data 

were interpolated to time steps of 20 min. The coarse resolution NCEP winds, and 

temperature data in the surface boundary layer (≤100m) interpolated to the high-resolution 

CanMETOP model grids were adjusted using the Monin-Obukhov similarity theory in the 

constant flux layer. Terra in height and surface roughness length, obtained from the CMC 

(Canadian Meteorological Centre) were also interpolated into each model grid. A global 

PCB-153 emission inventory (https://projects.nilu.no/globalpcb) accounting for e-waste 

exports and imports from 2002 to 2012 with a spatial resolution of 1°×1° latitude/longitude 

recently developed by Breivik et al.1 and the physicochemical properties of PCB-153 

(Supplementary Table 6) were used as input to CanMETOP.  

 

4.2. Updated modules in CanMETOP 

To obtain PCB-153 concentrations in aquatic sediment and phytoplankton, water-

sediment and water-phytoplankton exchange modules were coupled with the air-water 

exchange module in CanMETOP using a fugacity approach. The mass balance equations 

for water, sediment and phytoplankton modules are formulated as follows44: 

(�)�
��*
�+

= ,�-�!- − !�� − !�./-�012 + 03�)1           (S1) 

(-)-
4!-
4� = ,�-�!� − !-� + ,�-�!� − !-� + ,3-�!3 − !-� 

+!�05/�)� − !604/7)6                                   (S2) 

(�)�
��8
�� = ,�-�!- − !�� + !-0�/�)- − !�05/�)�       (S3) 

(3)3
��9
�� = ,3-�!- − !3� − !3:3)3�; <

<� =�         (S4) 

where: 

,�- = >?/-)-                       (S5) 

,�- = >�/�)-                         (S6) 

,3- = >3�:3=)3                     (S7) 

:3 = @3A3(-                       (S8) 

where fi is the fugacity of an organic chemical in ith phase (Pa). Vi is the volume of ith 

phase (m3). Zi is the fugacity capacity of the organic chemical in in ith phase (mol m-3 Pa-

1). D values describe transport and transformation between phases (mol Pa-1 d-1). Except 
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for diffusion and transport between phases, the growth dilution of phytoplankton for 

organic chemical, !3:3)3�; <
<� =�, is also taken into consideration. The other parameters 

and variables in equations (S1) - (S8) are defined in Supplementary Table 7. Based on the 

fugacity capacity (mol m-3 Pa-1) of a phase, Zi, estimated using equations (S1) - (S4), PCB-

153 concentrations (Ci, mol m-3) in an environmental compartment, i, can be calculated by 

�� = )�!�.                           (S9) 

 

Supplementary Note 5. Marine food web model 

5.1. PCB-153 in zooplankton 

The uptake and bioaccumulation of PCB-153 in zooplankton occurs mainly through 

the exchange between organisms and seawater51,52. Equilibrium partitioning of PCB-153 

into zooplankton can be derived as: 

�B = C�- × EB × �FG                       (S10) 

where Cz (ng kg-1) is PCB-153 concentration in zooplankton, CWD is the truly dissolved 

phase PCB-153 concentration in water (ng L-1), and Lz is the lipid fraction of zooplankton53. 

CWD can be calculated as follows54:  

�FG = �F × HI�                      (S11) 

HI� = 1/�1 + C�- × [LM]/4OP)             (S12) 

where CW is total PCB-153 concentration in water (ng L-1) obtained from CanMETOP 

simulation. BSF is the bioavailable solute fraction for chemical in water. [OM] is the 

concentration (kg L-1) of organic matter in the water. dOM is the density of the organic matter 

(kg L-1).  

5.2. PCB-153 in benthic invertebrates 

    PCB-153 concentrations in benthic invertebrates are accumulated via the equilibrium 

partitioning of PCB-153 between lipids within the organism, the organic carbon fraction 

(OC) of sediments, and the interstitial water55,56. Assuming a partition equilibrium, PCB 

concentration in benthic invertebrates can be defined by: 

�Q × 4 /EQ = �� × 4�R/L�                    (S13) 

where Cb and Cs is PCB-153 concentrations in benthic invertebrates (ng g-1) and sediments 

(ng g-1), respectively. dl is the density of lipids in benthos (=0.9 kg L-1)53, Lb is the lipid 

fraction in benthos (=0.2 kg lipid/kg organism)53, doc is the density of the organic carbon 

fraction of the sediments, which is approximately the same with dl
54, and OC is the organic 
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carbon fraction in sediments (=0.02 kg OC/kg sediment)46. 

5.3. PCB-153 in fish 

In the present study we have segregated 38 commercially important global marine fish 

species into seven categories: anchovies, herring-like, cod-like, flatfish, salmon, tuna & 

billfish, and the other fish. Whereas each group included several species, PCB-153 

concentrations in all 38 species were modeled separately. Detailed lipid contents and 

weights of these marine fish species are provided in Supplementary Data 1.  

The uptake of PCB-153 by fish occurs predominantly from the water via gills, within 

the gastrointestinal tract (GIT) through food consumption, and via chemical absorption 

through the skin. PCB-153 elimination by fish includes loss via the gills, execretion with 

fecal matter, and metabolic transformation57-59. It should be noted, however, fish have no 

notable capability to degrade PCB-153. In addition, PCB concentration within the fish may 

be reduced by growth dilution. A food web model for fish that accounts for these various 

factors can then be defined as53,60; 

�ST
�� = >%�- + >� ∑�=���,�� − �>U + >� + >V + >W���         (S14) 

where Cw is the concentration of PCB-153 in water (ng L-1), Cd,i is the concentration in prey 

item i (ng kg-1), Cf is the concentration in fish (ng kg-1), k1 is the rate constant for uptake 

from water via gills (L kg-1day-1), kd is the rate constant for chemical uptake from food (kg 

food/kg fish/day), Pi is the fraction of the diet consisting of prey item i (see Supplementary 

Data 1), k2 is the rate constant for the elimination via gills to water (d-1), ke is the rate 

constant for the elimination by fecal ingestion (d-1), km is the rate constant for metabolic 

transformation of chemicals (d-1), and kg is the rate constant for growth dilution (d-1). The 

lipid content of a fish’s diet was used to calculate the concentration of a chemical in prey 

item i (Cd,i, ng kg-1), as presented in Supplementary Data 1. 

The fish uptake of chemicals can be also estimated using the steady-state form of Eq. 

14, defined as61  

�� = �XSY�Z ∑�[\SZ,\��
]�^�_�`

                 (S15) 

The gill uptake rate constant, k1, is associated with the gill ventilation rate Gv (L d-1) 

and uptake efficiency of the targeted chemical across the gill surface60; 

>% = �a-b?�/c                      (S16) 

where W is the wet weight of the whole fish body (kg) (see Supplementary Data 1). For 

fish, Ew can be expressed as a function of Kow
61; 
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a- = �1.85 + 155/C�-��%                  (S17) 

Gv in Eq. S15 can be approximately derived from an allometric relationship based on 

wet weight and dissolved oxygen concentration Dox (mg O2 L-1)62. 

b? = �980 ∗ c�.jk�/,�l                     (S18) 

The rate constant for chemical elimination via fish respiration is expressed as the gill 

elimination rate constant (d-1)52,63, defined as; 

>U = >%/�EQ ∗ C�-�                        (S19) 

where Lb is whole fish body lipid fraction (%) (see Supplementary Data 1). 

Measurements show that the fecal elimination rate constant, ke (d-1), is approximately 

3 to 553,63. Referring to Gobas et al.53, we choose ke to be a factor of 4 smaller than kd; 

>� = 0.25 ∗ >�                         (S20) 

The rate at which the chemical is absorbed from the diet or the dietary uptake rate 

constant (kg kg-1 d-1) is defined as53. 

>� = �� ∗ a�/c                      (S21) 

Although Ed varies considerably from 0 to 100% in various diets and between 0 to 90% 

in fish, it is approximately 50% for those chemicals with a log Kow between 6 and 753,64-66. 

Based on the lipid-water, two-phase resistance model, which hypothesizes that dietary 

transfer occurs as transport across aqueous and lipid (or membrane) phases, Ed is given 

by54,60 

a� = �5.1 ∗ 10�n ∗ C�- + 2��%                (S22) 

    For the feeding rate, Fd, we adopted a simple bioenergetics relationship recommended 

by Weininger67, given by; 

�� = 0.022 ∗ c�.nk ∗ �op� 0.06 ∗ r-�               (S23) 

The growth dilution rate constant kg
 is given by68 

kg=0.0005*W-0.2   for temperatures around 10ºC      (S24) 

kg=0.00251*W-0.2  for temperatures around 25ºC      (S25) 

A metabolic transformation rate constant, km, can be used to measure metabolic 

elimination. Given that fish have an extremely limited capability to biotransform PCB-153, 

km can be assumed to be 062. 

 

Supplementary Note 6. PCB-153 entering coastal waters via surface runoff  

The major pathways of PCBs to the oceanic environment include atmospheric 

processes, tributary runoff, and final effluent discharge from wastewater treatment plants 
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(WWTPs). It has been reported that 60% PCBs can be removed by waste treatment 

processes69,70. With the application of secondary biofiltration, the 90% of PCB can be 

removed71. Melymuk et al. also found that WWTPs contributed <5% of PCBs loadings 

from the Toronto City to Lake Ontario. Tributary runoff of PCBs as another pathway 

contributed less than the 30% of PCB loading from the Toronto City to Lake Ontario72. 

Whereas, the tributary runoff of PCBs in rural areas to oceans is lower than that in urban 

area. As a case, we estimate PCB-153 loading from Shanghai, China, to the nearby coastal 

waters. We compare the contributions of modeled dry particle deposition, wet deposition, 

gas absorption, and tributary runoff to PCB-153 loading to the offshore water of Shanghai. 

Supplementary Figure 4 illustrates the two model grid cells covering Shanghai, Suzhou, 

and the adjacent East China Sea (ECS), including the Huangpu River and the Yangtze River 

running to the ECS. The area selected here is relatively smaller than a field sampling 

study73 but includes Shanghai city clusters as primary PCB emission sources74. The cell on 

the left (Shanghai city clusters) is the source region and the right cell covers the offshore 

region. Supplementary Figure 5 shows modeled diffusive gas deposition, total (dry + wet) 

particle deposition, and tributary runoff of PCB-153 (kg/yr) to the coastal water (cell 2). 

The deposition fluxes are output directly from the CanMETOP simulated results. The 

tributary runoff from the Shanghai city clusters to coastal water is obtained using a runoff 

model which takes into consideration the PCB emission (usage) from Shanghai city cluster, 

and the rivers draining into the coastal waters (by multiplying measured concentration in 

river water73 with the average water flow rate). A sensitivity model test is also carried out 

by assuming the area of all rivers in the grid cell 1 to be 1% and 10% of the total area of 

cell 1, respectively, thereby to examine the potential contribution of the riverine input of 

PCB-153 from cell 1 to its loading to the coastal water (the model grid cell 2) via tributary 

runoff. As seen from Supplementary Fig. 5, gas absorption made the largest contribution 

(84 and 80% in the two sensitivity model tests) to PCB-153 total loading to the coastal 

water (cell 2), followed by the total deposition (~10%), and the tributaries runoff at 1% and 

5% in the two model sensitivity tests. Overall, our results show that the atmospheric 

loadings dominate PCB-153 entering into the coastal water in Shanghai, in line with the 

previous findings by Morris and Lester71 and Melymuk et al.72. 

 

Supplementary Note 7. Model performance evaluation and validation 
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To establish the level of confidence in the present model investigation, we conducted 

extensive model validation and evaluation by comparing modeling results with measured 

data for PCB-153 concentrations in air, water, sediment, and fish. We collected sampled 

PCB-153 concentrations worldwide from literature and major PCB sampling programs. 

The scatter plot with the 1:1 correspondence line, together with the 1/n and n times lines, 

is used to display the comparison between simulated and measured PCB-153 

concentrations. The fraction of prediction with a factor n (FACn)75 as a count of the fraction 

of points within 1/n and n times of the measured data is also employed in our evaluation 

metrics. FACn is defined as: 

1 st ≤ �/�s ≤ s                      (S26) 

Two most commonly used metrics, the mean bias (MB), and the mean error (ME) are 

also used to quantify the departures of simulated concentrations from measured data. Mean 

bias and mean error are defined as: 

 MB = 1/N ∑ M�
<
�$% − L�                      (S27) 

ME = 1/N ∑ |M� − L�|<
�$%                      (S28) 

where Mi is ith (i = 1, . . ., N, where N is the number of the simulated data) modelled 

concentration. Oi is ith (i = 1, . . ., N, where N is the number of the measured data) measured 

concentration.  

To provide a measure of the relative differences between the model predictions and 

the observations, the normalized mean bias (NMB) and the normalized mean error (NME) 

are estimated. These two metrics are defined as: 

NMB = ∑ P\{
\|X �O\
∑ O\{

\|X
                        (S29) 

NMB = ∑ |P\�O\|{
\|X

∑ O\{
\|X

                       (S30) 

To determine spatial patterns and investigate long-range transboundary transport, 

several international monitoring programs for POPs have been established since the 1990s 

under the umbralla of EMEP (Co-operative Programme for Monitoring and Evaluation of 

the long-range transmissions of air pollutantsin Europe), IADN (Integrated Atmospheric 

Deposition Network)76, AMAP (Arctic Monitoring and Assessment Programme)77, and 

GAPS (Global Atmospheric Passive Sampling). Among them, the EMEP and IADN 

programs provide most comprehensive and longest time series measurement data for POPs 

since the early 1990s. The daily air concentrations of PCB-153 were collected every 6 days 

or one month in the EMEP program and every 12 days in the IADN program. The daily 
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concentration time series in gas and particle phases of PCB-153 of these two programs 

from 2002 to 2012 were used in the evaluation of modeled atmospheric concentrations. 

The sampling locations are shown in Supplementary Fig. 6a and Supplementary Table 

8. Detailed information of measured data for air is provided in Supplementary Data 2.  

Supplementary Figure 6b shows that simulated air concentration of PCB-153 match 

reasonably well with the measured data at a correlation coefficient of r =0.62 (p<0.001) 

and normalized mean bias = 3.27%. Supplementary Table 9 shows that FAC10 is 92.69, 

manifesting that 92.69% of the simulated air PCB-153 concentrations is within 0.1 and 10 

times of measured concentrations. Supplementary Figure 6c illustrates the comparisons 

of simulated and measured site-specific changes in air concentrations of PCB-153. The 

result shows that simulated mean concentrations from 2002 to 2012 are 1.7, 3.0 and 1.9 

times higher than the sampled data at Sleeping Bears Dunes (SBD), Burnt Island (BNT), 

and Pallas. The model reproduces well the measured concentrations with weekly or 

monthly time series at other IADN master sampling sites, expect for Sturgeon Point (STP), 

where the simulated mean concentration from 2002 to 2008 was 3.6 times lower than 

measured concentration. The model overestimates daily air concentrations of PCB-153 

from 2002 to 2009 by about two orders of magnitude at Zeppelin monitoring station, but 

matches well with the measured time series from 2010 to 2012. Supplementary Figure 6c 

also shows that our model captures observed seasonal concentration cycle with a peak in 

summer months and a trough in the wintertime. Supplementary Table 9 further shows that 

MB and NMB between simulated and measured PCB-153 air concentration with all 

samples (N=3475) is 0.045 ng m-3 and 3.27%, suggesting that, overall, the model slightly 

overestimated PCB-153 air concentrations at most sampling sites. Given the NMB of 3% 

and FAC2 of 40% (Supplementary Table 9), we could conclude that our model 

performance is good75. Friedman and Selin78 have compared their modeled PCB-153 air 

concentration using Geos-Chem atmospheric chemistry model with monthly and 

seasonally average concentrations at the arctic Zeppelin site and the Great Lakes Burnt 

Island site. Their result shows a correlation coefficient of 0.73 and bias at -0.53. Comparing 

with their result, our modelling result evaluation against more sampling data yields lower 

mean bias.   

Measured data for PCB-153 concentrations in seawater, sediment, and marine fish are 

collected from the International Council for the Exploration of the Sea (ICES) and literature 

(sampling locations are marked in Supplementary Fig. 7a for water, Supplementary Fig. 



14 

 

8a for sediment, Supplementary Fig. 9a for fish, and Supplementary Table 8). Detailed 

information of measured data for water, sediment, and fish is provided in Supplementary 

Data 2. As shown, modeled concentrations match reasonably well with the measured data 

at a correlation coefficient of r =0.74 (p<0.001) for water (Supplementary Fig. 7b), r 

=0.52 (p<0.001) for sediment (Supplementary Fig. 8b), and r =0.53 (p<0.001) for fish 

(Supplementary Fig. 9b). Supplementary Figure 7c and Supplementary Figure 8c 

show that the model reproduces well the measured concentrations at five water monitoring 

sites and four sediment sampling sites for PCB-153. The model overestimated PCB-153 

mean water concentration at the W6 site from 2010 to 2012, but within the same order of 

magnitude. The model also reproduces the decline in measured concentrations in water and 

sediment. Supplementary Table 9 shows that 87.6% and 81.4% of simulated PCB-153 

concentrations in water and sediment are within 0.1 and 10 times of measured 

concentrations, respectively. The MB and NMB between simulated and measured PCB-

153 concentration in water for all sample size (N=210) is 0.23 pg L-1 and 11.14%, again 

suggesting the good model performance75. The model appeared to underestimate PCB-153 

concentration in sediment at most sampling sites characterized by negative MB (-0.16 ng 

g-1 ww) and NMB (-28.4%).  

Supplementary Figure 9c shows the comparisons between the modeled and 

measured concentrations of PCB-153 in twelve marine fish species. Results show that the 

modeled concentrations are associated well with the measured concentrations for almost 

all fish species (p < 0.01 for herring, perch, sole, and cod, p < 0.05 for flounder, and salmon, 

and p < 0.5 for other fish species, except for plaice), suggesting that the model is able to 

predict nicely the trend of measured PCB-153 concentrations in fish, though on average, 

the modeled concentrations were slightly higher than measured concentrations in cod, 

flounder, perch, plaice, and sole, and lower than measured concentrations in eel, mackerel, 

tuna, and anchovy. Supplementary Figure 9d shows that the model reproduces reasonably 

well the annual variation in PCB-153 concentrations in fish from 2002 to 2012. As seen, 

PCB-153 levels increased from 2002 to 2006, and decreased thereafter. Supplementary 

Table 9 shows that 91.2% of simulated PCB-153 concentrations in fish are within 0.1 and 

10 times of the measured data. MB and NMB values between measured and sampled PCB-

153 concentrations in fish are -0.34 ng g-1 ww and -11.54%, respectively, indicating that 

the model underestimate somewhat the PCB-153 concentrations in fish, but overall the 

simulated concentrations match reasonably well in terms of the air quality model evaluation 
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criteria41.  

It is important to note that most of the measured data were collected from coastal 

waters where both atmospheric deposition and runoff from land may contribute to PCB-

153 concentration. Since tributary runoff made insignificant contribution to total PCB-153 

loadings (Supplementary Fig. 5), we examine only modeled atmospheric concentration 

and gaseous diffusive deposition35,79. The differences between modeled and sampled 

results could also be resulted from a spatial mismatch between sampling sites and the model 

grid with the area of 1o×1o latitude/longitude. This size of a model grid cell in many cases 

covers both coastal land and water, leading to a deviation depending on where within the 

grid a sampling site was located. Detailed information of measured data for air, water, 

sediment, and fish are provided in Supplementary Data 2. 
 

Supplementary Note 8. Uncertainties and limitations 

    Monte Carlo analysis, a method often used to quantify uncertainties in health and 

environmental risk assessments80, requires parameterization of the degree of uncertainty 

and the shape of input distributions associated with each input parameter. Here, we 

combined the CanMETOP model, marine food web model, and health risk assessment 

models. The global CanMETOP model, by itself, includes complex dynamical and physical 

processes, such as deposition and precipitation scavenging, horizontal and vertical 

advection, turbulent diffusion, and exchange between environmental media. The model 

complexity and implementation of the CanMETOP model precludes an estimate of 

uncertainty using Monte Carlo analysis. Instead, we used a first-order error propagation 

approach8 to calculate the uncertainties in modeled concentrations (Cfout) in the various 

environmental compartments and within marine food web. Specifically, uncertainties were 

calculated by propagating input parameter (Cfi) uncertainties using the formula; 

2 2exp (ln )out i i

i

Cf Cf S= ×∑                      (S31) 

where Cfout and Cfi are the confidence factors that span the 95% confidence interval around 

the median of a log-normally distributed variable, and Si is the relative sensitivity of the 

model output subject to changes in input parameter i.  

Cfout indicates to what extent X might deviate from the median (u)42,81: 

p}~�������� � �
S���+

< � < � ∙ �!����                (S32) 
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The relationships between Cf and standard deviation (�) of a log-normal distribution 

are8 

�! = �U�                        (S33) 

The coefficient of variation CV is given by  

�( = ���] − 1                     (S34) 

which is also defined as the ratio of the standard deviation to the mean. Further details in 

the estimation of CF and CV are referred to references 8, 9, and 47. 

The sensitivity, S is calculated by 

( ) ( )= /O IS
O I

∆ ∆                    (S35) 

where△I and △O are the relative changes in input (I) and output (O) parameters of interest, 

respectively. The average sensitivity of increasing and decreasing an input parameter was 

calculated by varing each input parameter by ±10%. 

Due to the large number of input parameters used in this study, only those significantly 

affecting modeling results were taken into consideration. The uncertainties in PCB-153 

concentrations in environmental compartment simulated by the CanMETOP come 

predominantly from uncertainties in emission inventories, physicochemical properties, and 

the model representation of chemical and processes. A factor 10 of uncertainties was 

assigned for PCB-153 emission which was suggested in Breivik et al.82 and 

Wöhrnschimmel et al.43 For the uncertainties associated with physicochemical properties 

of PCB-153, Cf values recommended by Macleod et al.42 and Wöhrnschimmel et al.43 were 

used (Supplementary Table 6). Uncertainties associated with weight and lipid content of 

various fish species, diet compositions, and lipid content in fish diets used in the marine 

food web model were estimated as follows. The Cf for the weight and lipid content of 

sixteen fish species, and the lipid content in the diet (prey items) of the 38 commercial 

marine fishes were collected from the literature (Supplementary Data 1). The CV for the 

diet composition of the selected fish was neglected in this study. However, to reduce the 

error and uncertainty in the aquatic food web model associated with diet composition, 2-4 

different diets for sixteen fish species were included (Supplementary Data 1). Due to the 

lack of uncertainty information for marine fish consumption by country, we assumed a 15% 

CV for this parameter. This choice was partly based on a reported annual per capita seafood 

consumption of 20-25 kg in Ghana83, and 12-16 kg in New Zealand84. Supplementary 

Figure 10 illustrates the total uncertainty of globally averaged EDI from NO-TRADE 
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simulation was a factor of 10.4, and the EDI in 14 regions are within factors of 9.3−12.1. 

The PCB-153 emission yields the largest uncertainty to EDI, contributing more than 85% 

to total uncertainty of EDI. The lipid contents of fish diets also contributed approximately 

10% to the total uncertainty of EDI. Other parameters contributed less than 2% to the 

uncertainty of EDI.  
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Supplementary Figures 

 

 
Supplementary Figure 1. The map of 14 regions regrouped from countries involved in 
the global fish trade. The map provides a key to the color scheme. 
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Supplementary Figure 2. A schematic diagram showing the model components for 
atmospheric transport, phase partitioning between the various environmental media, and 
the marine food web developed for the present study. 
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Supplementary Figure 3. Matrix for percent of commercially caught marine fish for each 
of 14 regions (Supplementary Fig. 1) caught locally (diagonal grey squares) or imported 
from other regions (diagonal, white - red squares) in 2012. The quantity of consumed 
marine fish (1000 tons) for each region caught locally and imported from other regions is 
shown at the top of the matrix. The quantity of marine fish caught locally for each region 
and consumed or exported to other regions is shown on the right of the matrix. 
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Supplementary Figure 4. Selected two cells covering Shanghai City (Cell 1) and adjacent 
costal water (Cell 2) of the Eastern China Sea. The photo is downloaded from the Google 
Map without copyright requested.  

 

Supplementary Figure 5. Estimated loadings of PCB-153 (kg/yr) to cell 2 via total 
deposition, diffusive gaseous deposition, and tributary runoff. (a) The area of all rivers in 
the grid cell 1 is 1% of the total area of the cell 1; (b) the area of all rivers in the grid cell 
1 is 5% of the total area of the cell 1. 
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Supplementary Figure 6. Comparison between modeled and measured air concentrations 
of PCB-153. (a) Sampling sites assembled from various field campaigns by different 
research groups and from literature. (b) Scatter plot of modeled and measured air 
concentrations of PCB-153. The solid black line represents a 1:1 relationship, and the 
dashed black lines denote the boundaries where simulated concentrations are 0.1 and 10 

times of measured concentrations. The data are presented in log-scale. (c) Comparisons 
between modeled and measured air concentrations of PCB-153 at twelve sites, as marked 

with green triangle in Supplementary Fig. 6a from 2002 to 2012, where sampled time 
series data are available. The information of the ten sampling sites is listed in 

Supplementary Table 8. All measured air concentrations of PCB-153 are presented in 
Supplementary Data 2. 
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Supplementary Figure 7. (a) and (b), same as Supplementary Fig. 6 but for comparison 
between modeled and measured concentrations of PCB-153 in water. (c) Comparisons 
between modeled and measured concentrations of PCB-153 at six sampling sites as marked 
with green triangle in Supplementary Fig. 7a from 2009 to 2012. The box limits represent 
the 25th and 75th percentiles. The open square denotes arithmetic mean value, the solid 
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line stands for the group median, the whiskers extend to the 5th and 95th percentiles, and 
the diamonds represent outliers. Data marked by circles are shown as individual points 
because of small sample size (n≤4). Information of six sampling sites with time series data 
of PCB-153 is listed in Supplementary Table 8. All measured concentrations of PCB-153 
in water are listed in Supplementary Data 2. 
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Supplementary Figure 8. (a) and (b), same as Supplementary Fig. 6 but for comparison 
between modeled and measured concentrations of PCB-153 in sediment. (c) Same as 
Supplementary Fig. 7c but for sediment at four sampling sites marked by the green 
triangle in Supplementary Fig. 8a. The information of four sampling sites with time series 
is listed in Supplementary Table 8. All measured concentrations of PCB-153 in sediment 
are listed in Supplementary Data 2. 
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Supplementary Figure 9. Comparison between modeled and measured concentrations of 
PCB-153 in marine fish. (a) and (b), Same as Supplementary Fig. 6a and Supplementary 

Fig. 6b but for marine fish, respectively. (c) Comparison between the modeled and 
measured concentrations of PCB-153 in twelve marine fish species. The data are presented 

in log-scale. (d) Same as Supplementary Fig. 8c but for different marine fish species. 
Supplementary Fig. 9d1 shows comparisons between modeled and sampled 
concentrations of PCB-153 in six fish species, and Supplementary Figs. 9d2-d7 present 
comparison between modeled and sampled concentration of PCB-153 in each fish species. 
All measured concentrations of PCB-153 in marine fish species are listed in 
Supplementary Data 2. 

  

Supplementary Figure 10. Confidence factors that span the 95% confidence interval of 
EDI from No-trade simulation in different regions and the contribution (%) of the 

uncertainty from each input parameter given on the bottom of Supplementary Fig. 10 to 
the total uncertainty of EDI. Shown is the parameters that exceed 1% contribution to total 
uncertainty. 
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Supplementary Tables 1 

 2 

Supplementary Table 1. Atlantic salmon feed composition in different country 3 

Country Feed composition Year Source In this study 

Norway 

13% fish meal, 9% fish oil, 21% veg oil, 49% veg meal, 8% other raw 

materials 
2017 20 

20% fish meal, 12% fish oil, 

18% plant oil, 37% plant 

meal, 13% other materials 

20% fish meal, 12% fish oil, 68% vegetal raw materials 2012 21 

20% fish meal, 11% fish oil, 37% plant protein, 18% plant oil, 11% 

starch, 3% micro ingredients 
2012 25 

26-30% fish meal, 17-19% fish oil, 11-13% rapeseed/canola oil, 8-12% 

meat and bone meal, 10-14% wheat, 3-4% wheat gluten meal, 7-9% 

sunflower seed meal 

2008 19 

25% fish meal, 15% fish oil, 15% rapeseed/canola oil, 12% soybean 

meal, 12% wheat, 20% other plant protein sources 
2010 19 

Chile 

9% fish meal, 7% fish oil, 20% Avian meal, 18% veg oil, 30% veg meal, 

16% other raw materials 
2017 20 

20% fish meal, 10% fish oil, 

18% animal by-products, 

25% plant meal, 16% veg oil, 

11% other materials 

25% fish meal, 12% fish oil, 12% rapeseed/canola oil, 20% plant meal, 

17% poultry by-products 
2008 18 

20-25% fish meal, 15% fish oil, 25% plant protein sources, 10-20% 

animal by-products 
2010 19 

UK 

25% fish meal, 15% fish oil, 60% other raw materials 2014 11 

25% fish meal, 24% fish oil, 

40% plant meal, 5% plant oil, 

6% other materials 

25.9% fish meal, 22% fish oil, 44.8% vegetable proteins/fillers, 4.1% 

vegetable oils, 1.5% Vitamin and minerals 
2014 22 

25% fish meal, 27.5% fish oil, 7.7% wheat, 15% wheat gluten, 10% 

soybean meal, 6.56% soy protein concentrate, 5.72% corn gluten meal, 

2.5% premixes 

2009 19 

35% fish meal, 25% fish oil, 5% rapeseed/canola oil, 10% soybean 

meal, 10% wheat, 5% sunflower seed meal, 5% rapeseed/canola meal, 

3% field pea meal, 5% faba bean meal 

2008 19 

35% fish meal, 25% fish oil, 12% wheat, 28% other materials 2010 19 

Canada 

25-35% fish meal, 15-25% fish oil, 3-10% soybean meal, 12-18% 

wheat, 10-40% corn gluten meal, 3-10% rapeseed/canola meal, 10-15% 

poultry oil, 15-25% poultry by-product meal, 5-12% hydrolyzed feather 

meal, 6-8% blood meal 

2008 19 

25% fish meal, 15% fish oil, 

35% plant meal, 25% animal 

by-products 

 4 

Supplementary Table 2. Origin and species used for fish meal and oil in farmed 5 

salmon feed 6 

 Fish meal Fish oil References 

Norway Norway/Iceland/Peru Norway/Iceland/Peru 

8, 19, 28, 29 
Chile Chile/Peru Chile/Peru 

UK Peru/Norway/Denmark Peru/Norway/Denmark 

Canada Chile/Peru Chile/Peru 

 7 

Supplementary Table 3. PCB-153 concentration in salmon feed ingredients (ng g-1). 8 

The values in brackets are coefficient of variation (%). 9 

 
Concentration 

(ng g-1) 
Year source References 

Concentration 

(ng g-1) 
Year source References 

Fish meal 

2.0 2008 Denmark 

30 

1.93 2008 Norway 

30 2.25 2007 Denmark 1.52 2007 Iceland 

1.68 2008 Denmark 2.62 2002 Iceland 
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3.98 2008 Denmark 0.62 2002 Norway 

2.62 2008 Portland 1.58 2002 Iceland 

2.39 2008 Portland 2.1 (4) 2006 Norway 31 

2.12 2007 Portland 0.17 (16) 2006 Peru 32 

3.67 2007 German     

Fish oil 

12.79 2008 Denmark 

30 

17.64 2002 Norway 30 

8.47 2008 Denmark 42 (6) 2006 Norway 32 

9.43 2002 Iceland 6.5 (19) 2006 
southern 

hemisphere 
31 

Vegetable meal 

mixture 
0.2 (13) 2006 

Wheat (Norway), 

Wheat gluten 

(Denmark), Corn 

gluten (USA), 

Soybean meal 

(Norway) 

30  

Vegetable oil 

mixture 
2.2 (7) 2006 

Linseed oil 

(Germany), Palm 

oil (Norway), 

Rapeseed oil 

(Denmark) 

29  

 10 

Supplementary Table 4. PCB-153 level in Atlantic salmon in Norway, Chile, UK, and 11 

Canada (ng g-1 wet weight) 12 

 Modeled Measured 

 Wild Traditional feed Ingredient feed Ingredient feed Year References 

Norway 1.01±0.54 2.84±1.99 1.33±0.78 2.03 2007-2009 35 

Chile 0.23±0.13 1.43±0.41 0.66±0.23    

UK 1.07±1.06 2.84±1.99 2.1±1.42 2.78 1999 24 

Canada 0.55±0.34 1.43±0.41 0.66±0.12    

 13 

 14 

Supplementary Table 5. PCB-153 level in Atlantic salmon in Norway, Chile, UK, and 15 

Canada (ng g-1, lipid weight) 16 

 Modeled Measured 

 Wild Traditional feed Ingredient feed Ingredient feed Year References 

Norway 12.55±6.71 17.32±12.13 11.64±6.82 15.74 2007-2009 35 

Chile 3.57±2.02 10.14±2.91 5.12±1.78    

UK 17.83±9.17 24.27±17.01 19.81±13.4 29.9 1999 24 

Canada 8.54±5.28 11.04±2.17 5.55±1.01    

 17 

 18 

 19 

 20 

 21 

 22 
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Supplementary Table 6. Physicochemical properties of PCB-153 used in the modeling 23 

study41 24 

Parameters Value Cf Parameters Value Cf 

Molecular mass (g/mol) 360.88 1 Liquid vapor pressure (Pa) 1.57×10-4 1.5 

Molar volume (cm3/mol) 237.4 1 Water solubility (g/m3) 0.0002 1.5 

Melting point (oC) 103.5 1 Log Koa -6.02+4696/T (K) 1.5 

Entropy of Fusion (J/mol K) 56.5 1 Log Kow (298 K) 6.87 1.1 

Degradation rate constant in air (s-1) 1.45×10-7 2 Log Koc (298 K) 6.2 1.5� 

Degradation rate constant in soil (-1) 1.17×10-9 2 Log H* (Pa m3/mol) 12.72-3407/T (K) 1.5� 

Degradation rate constant in water(s-1) 1.57×10-9 2 BCF (298 K) 4.84 1 

Degradation rate constant in sediment (s-1) 1.17×10-9 2    

Koa, Kow, and Koc are octanol-air, octanol-water, and organic carbon sorption partition coefficient, 25 

respectively. H is Henry’s law constant. BCF is the bioconcentration factors. Cf is confidence factor 26 

obtained from literature42,43. 27 

 28 

Supplementary Table 7. Summary of parameters, units, values, and their derivation 29 

where appropriate for the fugacity equations 30 

Par Parameter Description Derivation Value Unite Source 

Vw Volume of water AwDw  m3  

Vs Volume of sediment AwDs  m3  

Vp 
Phytoplankton volume at 

steady state 
ξ3A3= ∗ (-  m3  

Aw
* Air-water interface area 

The fraction of 

water area in a 

grid cell with 1° 

lat × 1° long 

 m2  

As 
Sediment-water interface 

area 

Area of grid with 

1° lat × 1° long 
 m2  

Dw 
Depth of ocean water 

exchanging POPs with air 
 100 m 44 

Ds 
Depth of sediment 

exchanging POPs with water 
 0.05 m 44 

Za Fugacity capacity for air 1/RTa  mol m-3 Pa-1  

Zq 
Fugacity capacity for 

aerosols 
KpTspZa  mol m-3 Pa-1  

Kp 
Particle-gas partition 

coefficient (m3 μg-1) 
   from CanMETOP 

Tsp 
Total suspended particulate 

concentration (μg m-3) 
   from CanMETOP 

. 
Volume fraction occupied by 

aerosols 
   from CanMETOP 

Uq Precipitation rate   m h-1 
see CanMETOP model 

description 

Up Dry deposition velocity    from CanMETOP 

Q Aerosol scavenging ratio  5×105  45 

R Idea gas constant  8.314 Jmol-1K-1  

Ta Air temperature   K from CanMETOP 

T Ocean temperature   K 
https://modis.gsfc.nasa.gov/ 

data/dataprod/mod28.php 

Zw Fugacity capacity for water 1/H  mol m-3 Pa-1  
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H Henry's law constant   Pa m3mol-1 see Supplementary Table 6 

Zs 
Fugacity capacity for 

sediment 
C�R!�R:�/�  mol m-3 Pa-1  

Koc 
Organic carbon/water 

partition coefficient 
  - see Supplementary Table 6 

Kow 
Octanol/water partition 

coefficient 
  - see Supplementary Table 6 

foc 
Fraction of organic carbon in 

sediment 
 0.02  46 

:� Density of sediment  2.3 Kg L-1 47 

Zp 
Fugacity capacity for 

phytoplankton 
KowZw  mol m-3 Pa-1  

kv 

Air-water 

volatilization/sorption mass 

transfer coefficient 

 0.000117 m h-1 44 

kt 
Sediment-water diffusion 

mass transfer coefficient 
 0.0001 m h-1 47 

kpu 
Phytoplankton-water uptake 

rate constant 
 4.57 h-1 48 

kpd 
Phytoplankton-water 

depuration rate 
>3�)-/)3  h-1  

Ur Sediment resuspension rate  1.1×10-8 m h-1 40 

Ud Sediment deposition rate  4.6×10-8 m h-1 40 

P 
Phytoplankton 

concentration  
  mg m-3 49 

A3 
Phytoplankton mass-volume 

conversion 
 5.33×10-8 m3 mg N-1 44 

@3 
Phytoplankton lipid 

proportion 
 0.1 - 44 

N 
Total concentration of 

nutrients 
 3.5 mg N m-3 44 

; 
Maximum phytoplankton 

growth rate 
 0.04125 h-1 50 

k 
Phytoplankton nutrient half-

saturation 
 19.1 mg N m-3 44 

*The fraction of water area in a grid cell is estimated using land/sea mask  31 

 32 

Supplementary Table 8. Sampling sites where time series measurement for air, water, 33 

and sediment are available 34 

Air 

Sites 
Eagle Harbor 

(EGH) 

Sleeping Bears 

Dunes 

(SBD) 

Sturgeon Point 

(STP) 

Burnt Island 

(BNT) 

Point Petre 

(PPT) 
Egbert (EGB) 

Lat/Lon 
47.46 N 

88.15 W 

44.76 N 

86.06 W 

42.69 N 

79.05 W 

45.83 N 

82.95 W 

43.84 N 

77.15 W 

44.23 N 

79.78 W 

Sites Zeppelin Pallas Aspvreten Råö 
Birkenes/ 

Birkenes II 

 Cleveland 

(CLEV) 

Lat/Lon 
78.91 N 

11.89 E 

68.00 N 

24.24 E 

58.80 N 

17.38 E 

57.39 N 

11.9 E 

58.38N 8.25E 

58.39N 8.25E 

41.49N 

-81.68W 

Water 

Sites W1 W2 W3 W4 W5 W6 

Lat/Lon 
53.67�54.33 N 

5.67�6.50 E 

53.67�54.18 N 

6.50�7.43 E 

54.68�55.28 N 

6.78�7.50 E 

54.00�54.25 N 

8.10�8.39 E 

54.66�55.05N 

7.50�8.20 E 

54.63�54.93 N 

13.50�14.28 E 

Sediment Sites S1 S2 S3 S4   
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Lat/Lon 
51.55�52.30 N 

3.51�4.40 E 

53.54�54.38 N 

7.65�8.49 E 

42.06�42.44 N 

8.65�9.12 W 

36.58�37.14 N 

6.63�7.30W 

  

 35 

Supplementary Table 9. Correlation coefficient, FAC, bias, and error statistics for 36 

comparison between modeled and measured concentrations for air, water, sediment, and 37 

fish 38 

 N r p FAC2 (%) FAC5 (%) FAC10 (%) MBa MEa NMB (%) NME (%) 

Air 3475 0.69 <0.001 40.04 80.06 92.69 0.045 1.017 3.27 74.74 

Water 210 0.74 <0.001 40.95 74.76 87.62 0.227 2.074 8.41 76.9 

Sediment 457 0.52 <0.001 32.60 67.40 81.40 -0.162 0.50 -28.4 87.3 

Fish 346 0.47 <0.001 33.69 70.33 91.21 -0.343 2.862 -11.54 96.25 

Note: a unit is pg m-3 for air, pg L-1 for water, and ng g-1 ww for sediment and fish. 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 
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Supplementary Data 1. Species name, lipid contents, weights, and diet compositions 60 

represented in global marine food web. 61 

 62 

Supplementary Data 2. Comparisons between modeled and measured PCB-153 63 

concentrations in air, water, sediment, and fish. 64 

 65 

  66 
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