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Research

Human exposure to methylmercury (MeHg)
causes a variety of adverse health effects,
including developmental delays in children of
exposed mothers (Cohen et al. 2005) and
deficits in neurocognitive function in adults
(Yokoo et al. 2003). Blood MeHg concentra-
tions in individuals are strongly correlated
with the frequency and types of seafood con-
sumed (Mahaffey et al. 2004). However, even
for pregnant women, consuming seafood has
a variety of health benefits when dietary
MeHg intake is known to be low (e.g.,
Daniels et al. 2004; Mozaffarian and Rimm
2006). Regulatory agencies rely on informa-
tion about how individuals are exposed to
MeHg to evaluate trade-offs among health
benefits from fish consumption and potential
risks of MeHg exposure. 

In the United States, MeHg risk manage-
ment takes the form of both advisories recom-
mending limits on amounts of high-Hg fish
consumed and regulations that control emis-
sions from human sources. Assessing the effec-
tiveness of both strategies in terms of changes
in human exposure requires data on a) geo-
graphic supply regions for fish consumed by
the U.S. population, and b) concentrations of
Hg in fish and shellfish.

Comparing the supply of fisheries products
for all individuals from the commercial market
(18.9 g/person/day, 2000–2002) [National

Marine Fisheries Service (NMFS) 2003] to the
total intake from dietary recall surveys
(16.9 g/person/day, uncooked fish weight,
1994–1996, 1998) [U.S. Environmental
Protection Agency (EPA) 2002] shows that
mean consumption estimates are comparable
in magnitude. Hence, across the entire U.S.
population, most seafood consumed comes
from the commercial market. Estuarine and
marine fish and shellfish dominate the edible
supply of fish in the commercial market, com-
prising > 90% of the market share (Carrington
et al. 2004). Thus, dietary intake of MeHg
from estuarine and marine seafood accounts
for most exposure in the U.S. population. 

Although many studies have investigated
how variability in amounts and types of fish
consumed affects MeHg exposure, few
addressed uncertainties resulting from natural
stochasticity in MeHg concentrations within
seafood categories in the commercial market.
Instead, most studies rely on Food and Drug
Administration (FDA) survey data to charac-
terize Hg concentration distributions (e.g.,
Carrington and Bolger 2002; Carrington et al.
2004; Mahaffey et al. 2004; Tran et al. 2004).
However, FDA survey data are usually aggre-
gated into one mean Hg concentration for
each commercial market category. This can be
problematic because each market category
(e.g., fresh and frozen tuna) may describe a

number of different biological species (e.g., for
tuna: albacore, bigeye, bluefin, skipjack,
yellowfin) with different growth rates and
dietary preferences that affect Hg bioaccumu-
lation. In addition, fish and shellfish in the
commercial market consist of domestic land-
ings from the Atlantic and Pacific oceans and
imported species from a variety of countries. 

Many researchers have reported geo-
graphic variability in Hg concentrations
among commercially important fish and
shellfish species. For example, various tuna
species caught in the Atlantic, Pacific, and
Mediterranean oceans have significantly dif-
ferent length- and weight-normalized tissue
Hg residues (Adams 2004; Anderson and
Depledge 1997; Brooks 2004; Morrisey et al.
2004; Storelli et al. 2002). In addition,
although imported shrimp make up a large
fraction of domestic seafood consumption
(NMFS 2003), Hg concentrations reported
by the FDA are typically below detection lim-
its (FDA 2006a, 2006b). However, measured
Hg concentrations in shrimp caught in a vari-
ety of countries vary by an order of magni-
tude (Minganti et al. 1996; Plessi et al. 2001;
Ruelas-Izunza et al. 2004). Although high Hg
concentrations can sometimes be attributed
to sampling at contaminated sites (Chvojka
et al. 1990) or age and size classes of fish not
commonly found in the commercial seafood
market, Burger et al. (2005) also found signif-
icant differences between nationwide FDA
values and Hg levels in fish sold in seafood
markets in the New Jersey region. Based on
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these data, we can hypothesize that variability
in Hg intakes within each species category in
the commercial market is not adequately cap-
tured by grouping Hg concentrations in fish
caught in geographically diverse regions into a
single population mean. Better resolution in
Hg concentration data used for exposure
assessments may be obtained by grouping sur-
vey data by the origin of each marine and
estuarine seafood product in the commercial
market.

This study assessed how estimated Hg
exposure from estuarine and marine seafood
in the U.S. population is affected by variabil-
ity in Hg concentrations among different sup-
ply regions. To do this, supply of fisheries
products were divided into categories based
on the geographic sources of seafood in the
commercial market consumed by the U.S.
population. Expected Hg intake rates for dif-
ferent age groups, such as children and
women of childbearing age, were modeled
using Hg concentration data from each sup-
ply region, market share, and total consump-
tion of each species from the NMFS (2001,
2002, 2003). Data from the U.S. Department
of Agriculture’s Continuing Survey of Food
Intake by Individuals (CSFII) (U.S. EPA
2002) and the National Health and Nutrition
Examination Survey (NHANES) (NCHS
2006) provided information on variability in
consumption patterns and body weights in
the U.S. population. Distributions of intakes
calculated in this study from geographically
explicit Hg data were compared with values
obtained using FDA Hg concentrations to
assess whether variability in Hg concentra-
tions by species and geographic regions signif-
icantly affects per capita intakes used to
evaluate risks associated with Hg exposure.
Geographically referenced exposure data pro-
vide a building block for quantitatively assess-
ing how global changes in environmental Hg
concentrations will affect human exposure to
Hg in the United States.

Methods

Species considered in this analysis comprise
77% of the total domestic landings reported
by the NMFS for the years 2000–2002 and
> 90% of the edible supply of fisheries prod-
ucts (NMFS 2001, 2002, 2003). The remain-
ing domestic landings are freshwater species
or are used for industrial purposes (i.e., fish
oils, bait, animal meal). 

Total dietary intake of Hg in the U.S.
population from estuarine and marine fish and
shellfish was modeled using data on the supply
of fisheries products in the commercial market
and their corresponding Hg concentrations.
The supply of fisheries products is divided into
four main categories, whereas Hg concentra-
tion data are split into three geographic desig-
nations. A fourth category was needed for

supply because a portion of domestic landings
(landings of fish and shellfish reported by
domestic vessels) are actually harvested from
the high seas (beyond the 200-mi exclusive
economic zone marking U.S. waters) and at
foreign ports. Hence, supply categories
include a) Atlantic landings, b) Pacific land-
ings, c) high seas and foreign ports landings,
and d) imported seafood products that were
not caught by U.S. vessels. Distributions of
Hg concentration data for the Atlantic,
Pacific, and “imported” seafood products were
collected from a broad literature survey that
included state and government databases
(Table 1). Where primary data were available,
distributions were fitted to the observed con-
centration values for different species. In cases
where only means and SDs were reported,
generic lognormal distributional forms were
assumed, as in other studies (e.g., Carrington
and Bolger 2002; Carrington et al. 2004).

Supply of fisheries products. I used data on
domestic landings, imports, exports, and
re-exports reported by the NMFS (2001,
2002, 2003) to estimate the supply of fishery
products from each region. All data were aver-
aged over 3 years (2000–2002) to eliminate
harvesting anomalies that might have occurred
in an individual year. This study used NMFS
data to estimate per capita consumption and
to link each fisheries product back to its geo-
graphic origin. Annual consumption for the
whole population, calculated using NMFS
data, is also useful for inferring longer-term
fish consumption trends that may not be cap-
tured by shorter dietary recall surveys such as
NHANES (NCHS 2006) and CSFII (U.S.
EPA 2002).

For each species considered, I calculated
supply using information on domestic land-
ings, imports, exports, and re-exports. To
determine supply, exports were subtracted
from edible weights of domestic landings, and
re-exports (exports of imported products) were
subtracted from imports. All landings were
compiled for each individual species of fish or
shellfish and then aggregated into commercial
market categories, such as salmon, crab, shark,
and tuna, that consist of multiple species. I
converted domestic landings reported in live
(whole fish) weights (NMFS 2006) to edible
weights using information on the disposition
of domestic landings (e.g., production of fillets
and steaks, canned products, cured products)
(NMFS 2001, 2002, 2003) and conversion
factors for individual species and processed
seafood products. Conversions of live weight
to edible weight were obtained from ranges in
edible yields for each fish species and seafood
product reported by several data compilations
[Crapo et al. 1993; Food and Agriculture
Organization of the United Nations (FAO)
1989, 2004; Pacific Seafood Group 2006;
Rick et al. 2002]. Although edible yields used

in the present study represent averages or best
estimates from these compilations, actual edi-
ble yields vary depending on factors such as
condition of the fish and processing technique
(Crapo et al. 1993; FAO 1989). Domestic
landings were divided by ocean (Atlantic or
Pacific) and by distance from shore. Distance
from shore where harvest occurred provides
data on quantity of fish caught in U.S. waters
relative to those landed outside of the 200-mi
exclusive economic zone (high seas) and for-
eign ports. I estimated market share (percent)
from the total supply of estuarine and marine
seafood for each category in the commercial
market. Total supply of each fisheries product
was scaled to match per capita consumption
reported by the NMFS (2001, 2002, 2003),
after accounting for the market share occupied
by freshwater species based on Carrington
et al. (2004). Results provide a total quantity
of seafood consumed by the U.S. population
for each source category (i.e., Atlantic, Pacific,
high seas and foreign ports, and imports).

Hg concentration data. I obtained infor-
mation on the distribution of Hg concentra-
tions in the commercial market from a variety
of literature sources as well as from state and
federal databases (Table 1). In cases where a
variety of biological species are lumped into a
single market category, Hg concentrations have
been weighted by the fraction of landings of
each species in each particular harvesting
region. For example, reported domestic land-
ings of 19 different species make up the com-
mercial market category “crabs” (NMFS
2006). Based on total landings, important crab
species in the commercial market are Atlantic
rock (Cancer irroratus), blue (Callinectes
sapidus), dungeness (Cancer magister), king
(Paralithodes camtschatica), Florida snow claws
(Menippe mercenaria), and snow/tanner
(Chinoecetes spp.). Hg concentrations from
Atlantic Ocean harvests were characterized
using available data for the species harvested in
that region (e.g., Atlantic rock, blue, and
Florida stone claws) weighted by the portion of
landings accounted for by each species. For
some species (e.g., orange roughy, skate, tile-
fish), no additional data other than FDA
reported values (FDA 2006a, 2006b) were
available (see Table 1 for details). In these
cases, FDA data were used as a default. For
comparative purposes between the present
analysis and intakes calculated using FDA
mean concentrations (FDA 2006a, 2006b),
species reported as nondetects by the FDA
were assigned a default value of 0.01 mg/kg.
This default value was generally lower than Hg
concentrations reported by other studies
(Table 1). 

One uncertainty in Hg concentration data
for each species that has not been accounted
for in this study is the fraction of total Hg pre-
sent as MeHg in edible tissue (%MeHg).

Sunderland

236 VOLUME 115 | NUMBER 2 | February 2007 • Environmental Health Perspectives



Although previous research by Bloom (1992)
suggested that 95% of Hg in selected fish and
invertebrates is MeHg, selected studies that
have continued to measure MeHg in estuarine
and marine species show considerable variabil-
ity in %MeHg among different harvesting
regions (e.g., Baeyens et al. 2003; Forsyth
et al. 2004; Mason et al. 2006). Presently, data
on %MeHg are insufficient to characterize

regional variability among commercial species.
Hence, I have not applied corrections for the
fraction of total Hg present as MeHg.

Statistical analyses and per capita intake
estimates. For each species, variability in Hg
concentrations reported in the literature was
summarized using the mean ± SD and
median of the observed data. I used Hg con-
centration distributions for each species as

input values or uncertainties in the exposure
model used to calculate total Hg intake for
the population from estuarine and marine
seafood. Supply of each seafood category was
multiplied by the corresponding distribution
of Hg concentrations using a Monte Carlo
analysis to give percentiles of predicted Hg
intakes. Intakes were then divided by the
average U.S. population to calculate baseline

Mercury exposure from estuarine and marine fish 
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Table 1. Hg concentration data (mg/kg) aggregated by geographic region. 

FDA Imports Atlantic Pacific 
Species (mean ± SD) No. References (mean ± SD) No. References (mean ± SD) No. References (mean ± SD) No. References

Anchovies 0.04 40 NMFS 1978 0.06 ± 0.01 53 Burger et al. 2005; No landings 0.04 ± 0.01 40 NMFS 1978
Capelli et al. 2004; 
Knowles et al. 2003

Herring 0.04 38 NMFS 1978 0.13 ± 0.03 14 Baeyens et al. 2003; 0.14 ± 0.06 15 U.S. EPA 2003 0.04 ± 0.02 131 U.S. EPA 2003
Legrand et al. 2005; 
Nakagawa et al. 1997

Sardine 0.02 22 FDA 2006a 0.03 ± 0.003 35 Knowles et al. 2003; No landings No landings
Nakagawa et al. 1997; 
Plessi et al. 2001

Shad 0.07 59 NMFS 1978 0.07 ± 0.01 59 NMFS 1978 0.02 ± 0.02 40 U.S. EPA 2003 0.07 ± 0.01 59 NMFS 1978
Bluefish 0.34 ± 0.13 52 FDA 2006a None consumed 0.45 ± 0.33 288 U.S. EPA 2003 No landings
Clamsa ND 6 FDA 2006a 0.06 ± 0.01 3 Plessi et al. 2001 0.01 ± 0.002 4 Legrand et al. 2005 0.01 ± 0.002 2 U.S. EPA 2003
Cod 0.10 ± 0.08 39 FDA 2006a 0.07 ± 0.01 19 Baeyens et al. 2003; 0.06 ± 0.02 21 Gobeil et al. 1997; 0.11 ± 0.03 28 U.S. EPA 2003

Nakagawa et al. 1997; Legrand et al. 2005
Plessi et al. 2001

Crabs 0.06 ± 0.11 63 FDA 2006a 0.10 ± 0.02 27 Dabeka et al. 2004; 0.26 ± 0.44 369 U.S. EPA 2003 0.15 ± 0.07 56 Dabeka et al. 2004;
Legrand et al. 2005; Bloom 1992; 
Plessi et al. 2001 U.S. EPA 2003; 

Hui et al. 2005
Croaker 0.07 ± 0.04 50 FDA 2006a None consumed 0.07 ± 0.08 315 U.S. EPA 2003 0.12 ± 0.10 45 U.S. EPA 2003
Haddock 0.03 ± 0.02 4 FDA 2006a 0.06 ± 0.01 31 Joiris et al. 1995; 0.03 ± 0.02 4 FDA 2006a No landings

Legrand et al. 2005 
Hake and 0.01 ± 0.02 11 FDA 2006a 0.13 ± 0.01 88 Baeyens et al. 2003; 0.07 ± 0.02 22 Burger et al. 2005; 0.01 ± 0.02 11 FDA 2006a
whitingb Capelli et al. 2004; U.S. EPA 2003

Plessi et al. 2001
Monkfish 0.18 81 NMFS 1978 0.13 ± 0.01 25 Baeyens et al. 2003; 0.18 ± 0.04 81 NMFS 1978 No landings

Knowles et al. 2003; 
Plessi et al. 2001

Flounderc 0.05 ± 0.05 23 FDA 2006a 0.05 ± 0.07 55 Burger et al. 2005 0.08 ± 0.04 60 U.S. EPA 2003 0.07 ± 0.07 58 Burger et al. 2005; 
U.S. EPA 2003

Plaicec 0.05 ± 0.05 23 FDA 2006a 0.05 ± 0.02 33 Baeyens et al. 2003 0.05 ± 0.02 33 Baeyens et al. 2003 No landings
Solec 0.05 ± 0.05 23 FDA 2006a 0.10 ± 0.10 64 Baeyens et al. 2003; No landings 0.06 ± 0.02 518 U.S. EPA 2003

Plessi et al. 2001 
Grouper 0.47 ± 0.29 43 FDA 2006a 0.34 ± 0.07 17 Al-Saleh and 0.36 ± 0.14 100 U.S. EPA 2003 0.47 ± 0.29 43 FDA 2006a

Al-Doush 2002; 
Knobeloch et al. 1995

Sea bass 0.22 ± 0.23 47 FDA 2006a 0.19 ± 0.12 29 Baeyens et al. 2003; 0.14 ± 0.04 14 U.S. EPA 2003 0.22 ± 0.23 47 FDA 2006a
Knowles et al. 2003; 
Legrand et al. 2005; 
Nakagawa et al. 1997

Rockfishd 0.22 ± 0.23 47 FDA 2006a None consumed No landings 0.29 ± 0.22 314 U.S. EPA 2003
Halibut 0.25 ± 0.23 46 FDA 2006a 0.23 ± 0.05 11 Knowles et al. 2003; 0.25 ± 0.23 46 FDA 2006a 0.28 ± 0.09 11 U.S. EPA 2003

Plessi et al. 2001
Scorpionfishe 0.29 78 NMFS 1978 0.11 ± 0.003 7 Nakagawa et al. 1997; No landings 0.22 ± 0.05 79 Bloom 1992; 

Plessi et al. 2001 NMFS 1978
Lobster 0.17 ± 0.09 16 FDA 2006a 0.10 ± 0.005 13 Knowles et al. 2003; 0.28 ± 0.15 106 NMFS 1978; 0.17 ± 0.09 16 FDA 2006a

Legrand et al. 2005; U.S. EPA 2003
Plessi et al. 2001

Mackerel, allf 0.15 432 NMFS 1978; 0.15 ± 0.10 432 NMFS 1978; 0.22 ± 0.16 877 NMFS 1978; 0.09 ± 0.06 30 NMFS 1978; 
U.S. EPA 2000 U.S. EPA 2000 U.S. EPA 2003 U.S. EPA 2000

Marlina 0.49 ± 0.24 16 FDA 2006a 0.49 ± 0.24 16 FDA 2006a No landings 0.57 ± 0.41 39 Brooks 2004
Musselsg NA NA NA 0.03 ± 0.009 80 Baeyens et al. 2003; 0.08 ± 0.09 729 U.S. EPA 2003 0.03 ± 0.02 330 U.S. EPA 2003

Dabeka et al. 2004; 
Knowles et al. 2003; 
Plessi et al. 2001

Oysters ND 34 FDA 2006a 0.01 ± 0.01 27 Dabeka et al. 2004 0.07 ± 0.09 2,082 U.S. EPA 2003 0.06 ± 0.03 63 U.S. EPA 2003
Ocean perch ND 6 FDA 2006a 0.09 ± 0.02 53 Joiris et al. 1995; 0.08 ± 0.02 50 Joiris et al. 1995 0.08 ± 0.02 50 Joiris et al. 1995

Plessi et al. 2001
Continued, next page



per capita intake (micrograms of Hg per per-
son per year). 

I analyzed the sensitivity of model results
(total Hg intake in the U.S. population)
using Crystal Ball 7.2.1 (Decisioneering,
Inc., Denver, CO) by ranking Hg distribu-
tions for each species by their importance
(contribution to overall variance) in intake
rates. Contributions to variance were calcu-
lated by squaring the rank correlation coeffi-
cients between every Hg concentration and

every estimated intake and normalizing the
results to 100%. 

Differences between Hg concentrations
and intakes for different supply regions and
those based on FDA Hg data (FDA 2006a,
2006b) were analyzed for statistical significance
using t-tests for paired means. 

To extrapolate per capita Hg intakes to
individual exposure, I used differences in fish
consumption, body weights, and meal sizes
from CSFII (U.S. EPA 2002) and NHANES

(NCHS 2006) to compute scaling factors that
account for demographic variability. Scaling
factors were multiplied by the mean
per capita Hg intake to allow for variability in
fish consumption rates. Average body weights
are based on NHANES survey data for
1999–2002 (NCHS 2006). Resulting vari-
ability in Hg intake estimates for each demo-
graphic group (micrograms of Hg per
kilogram body weight per day) facilitates
comparison with the U.S. EPA reference dose

Sunderland
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Table 1. Continued.

FDA Imports Atlantic Pacific 
Species (mean ± SD) No. References (mean ± SD) No. References (mean ± SD) No. References (mean ± SD) No. References

Orange roughy 0.54 26 FDA 2006a 0.55 ± 0.11 32 FDA 2006a; No landings No landings
Knowles et al. 2003

Pollock 0.06 37 FDA 2006a 0.03 ± 0.002 12 Knowles et al. 2003; 0.02 ± 0.01 115 U.S. EPA 2003 0.06 ± 0.03 37 FDA 2006a
Legrand et al. 2005; 
Plessi et al. 2001

Sablefish 0.22 102 NMFS 1978 0.22 ± 0.04 102 NMFS 1978 No landings 0.22 ± 0.04 103 Bloom 1992; 
FDA 2006a

Salmon, fresh 0.01 34 FDA 2006a 0.04 ± 0.01 69 FDA 2005; 0.13 ± 0.17 11 U.S. EPA 2003 0.04 ± 0.01 289 U.S. EPA 2003
Dabeka et al. 2004; 
Knowles et al. 2003; 
Legrand et al. 2005; 
Plessi et al. 2001

Salmon, canned ND 34 FDA 2006a 0.04 ± 0.01 32 Knowles et al. 2003 No landings 0.04 ± 0.01 289 U.S. EPA 2003
Scallops 0.05 66 NMFS 1978 0.06 ± 0.02 21 Legrand et al. 2005; 0.01 ± 0.003 12 Burger et al. 2005 0.04 ± 0.001 3 Bloom 1992

Nakagawa et al. 1997
Sea trout 0.25 27 FDA 2006a None consumed 0.21 ± 0.15 1,220 U.S. EPA 2003 No landings
Shrimp ND 24 FDA 2006a 0.03 ± 0.01 106 Al-Saleh and 0.04 ± 0.05 171 U.S. EPA 2003 0.03 ± 0.01 44 FDA 2005

Al-Doush 2002;
Burger et al. 2005; 
Dabeka et al. 2004; 
FDA 2005; 
Plessi et al. 2001

Skate 0.14 56 NMFS 1978 None consumed 0.14 ± 0.03 56 NMFS 1978 0.14 ± 0.03 56 NMFS 1978
Snapper 0.19 ± 0.12 25 FDA 2006a 0.21 ± 0.15 324 Burger et al. 2005; 0.28 ± 0.43 363 U.S. EPA 2003 0.25 ± 0.09 17 U.S. EPA 2003

Chvojka et al. 1990
Porgy NA NA NA None consumed 0.08 ± 0.07 14 U.S. EPA 2003 No landings
Sheepshead 0.13 59 NMFS 1978 None consumed 0.18 ± 0.20 268 U.S. EPA 2003 No landings
Squid 0.07 200 NMFS 1978 0.07 ± 0.01 200 NMFS 1978 No supply No supply
Shark 0.99 ± 0.63 351 FDA 2006a 0.99 ± 0.63 351 FDA 2006a 0.75 ± 0.70 585 U.S. EPA 2003 0.80 ± 0.37 35 U.S. EPA 2003
Swordfish 0.98 ± 0.51 618 FDA 2006a 1.03 ± 0.54 689 Bloom 1992; 0.98 ± 0.51 618 FDA 2006a 0.98 ± 0.51 618 FDA 2006a

Dabeka et al. 2004; 
FDA 2006a; 
Knowles et al. 2003; 
Nakagawa et al. 1997; 
Plessi et al. 2001

Tilefish 1.45 60 NMFS 1978 None consumed 1.45 ± 0.29 60 NMFS 1978 No landings
Tuna, canned 0.35 179 FDA 2006b 0.37 ± 0.12 318 Burger and 0.37 ± 0.12 318 Burger and 0.37 ± 0.12 318 Burger and 
albacore Gochfeld 2004; Gochfeld 2004; Gochfeld 2004; 

FDA 2006b; FDA 2006b; FDA 2006b; 
Forsyth et al. 2004 Forsyth et al. 2004 Forsyth et al. 2004;

Tuna, canned 0.12 131 FDA 2006b 0.11 ± 0.10 199 Burger and 0.11 ± 0.10 199 Burger and 0.11 ± 0.10 199 Burger and 
light Gochfeld 2004; Gochfeld 2004; Gochfeld 2004; 

Dabeka et al. 2004; Dabeka et al. 2004; Dabeka et al. 2004;
FDA 2006b FDA 2006b FDA 2006b

Tuna, fresh 0.38 131 FDA 2006b 0.48 ± 0.24 422 Burger et al. 2005; 0.28 ± 0.12 496 Adams 2004; 0.24 ± 0.10 555 Brooks 2004; 
and frozen Dabeka et al. 2004; Anderson and FDA 2006b; 

FDA 2006b; Depledge 1997; Morrissey et al.
Harding et al. 2005; FDA 2006b; 2004
Storelli et al. 2002; Harding et al. 2005; 
Storelli and U.S. EPA 2003
Marcotrigiano 2004

Whitefish 0.07 ± 0.05 25 FDA 2006a 0.07 ± 0.01 25 FDA 2006a No landings No landings

Abbreviations: NA, not applicable; ND, below detection limits. For comparative analysis, FDA nondetects were assigned a default value of 0.01 mg/kg. All FDA data are from FDA (2006a,
2006b). 
aFDA measured as methylmercury. bWhiting listed as below detection limits by FDA (n = 2); hake values were used for comparative analysis. cListed by FDA as flatfish, which includes
flounder, plaice, and sole. dIncludes seabass, striped bass, and rockfish. eIncludes lingcod. fMackerel concentrations for all species calculated by weighting Hg concentrations by percent
domestic landings for each species: king (8%), Spanish (6%), Atlantic (47%), chub (39%). gNo concentrations reported by FDA; the default of 0.01 mg/kg was used for comparative analysis.



(RfD) [National Research Council (NRC)
2000] for MeHg and the potential for adverse
health effects in the population. 

Results

Differences between seafood consumption rates
calculated in the present study using NMFS
data (NMFS 2001, 2002, 2003) and intake
data from CSFII (uncooked weight, all individ-
uals) (U.S. EPA 2002) shown in Figure 1A are
relatively small (relative error of absolute differ-
ences < 3%). These results indicate that NMFS

data compiled in this study provide a reason-
able inventory of fish consumption for all indi-
viduals in the United States. Differences are
most pronounced for estimated pollock con-
sumption. However, this variability may be
explained in part by greater uncertainty among
participants identifying highly processed prod-
ucts such as fish sticks and imitation meats,
which are frequently pollock.

For estuarine and marine species, tuna are
the dominant source of Hg intake across the
entire U.S. population, accounting for 39%

of total intake calculated from Hg concentra-
tion data compiled in the present study and
43% using FDA Hg concentration data
(FDA 2006a, 2006b) (Figure 1B). Intake
from tuna products in this category includes
fresh and frozen tuna (11%), canned light
tuna (18%), and canned albacore/white tuna
(10%). Other significant sources of Hg
include swordfish (8%), pollock (8%), shrimp
(5%), and cod (4.5%). 

When Hg data for each supply region
(imported, Atlantic, Pacific) and the FDA
(Table 1) are condensed into a single popula-
tion, the median values (Figure 2A) and mean
of means from each sample set are comparable
in magnitude. Accordingly, statistical tests
show that overall mean Hg concentrations for
each supply region do not differ significantly
from FDA (Table 1) values (p > 0.05, t-test,
paired means). In contrast, Figure 2B shows
the statistically significant differences between
Hg intake rates calculated using Hg concentra-
tion data for each supply area and those based
on FDA Hg data (Table 1) (p < 0.05, t-test,
paired means). These statistical differences are
even greater when comparing per capita intake
based on FDA Hg data to intake calculated
using the 90th percentile Hg concentrations
for species from each geographic region
(p < 0.01, t-test, paired means). Seafood cate-
gories with no geographically specific Hg data
other than FDA values were excluded from this
sample comparison. 

Model sensitivity analysis shows that vari-
ability in Hg concentrations in imported
canned light tuna has the greatest relative effect
on variance in forecasted total Hg intake.
Summed over all seafood categories and for all
geographic regions, modeled intake rates are
most sensitive to variability in Hg concentra-
tions in imported canned light tuna (64% of
the total variance), followed by imported fresh
and frozen tuna (11%), imported swordfish
(7%), Pacific pollock (6%), imported canned
albacore tuna (5%), Atlantic crab (3%), and
imported shrimp (1%). Variability in Hg con-
centrations in remaining seafood categories
accounts for the remaining variance in intakes.

Discussion

Population-wide Hg intake. Results for popula-
tion-wide Hg intakes from different seafood
categories (Figure 1B) are generally consistent
with estimates from other studies showing the
dominant role of both frequently consumed
species, such as canned tuna and pollock, and
high Hg species such as swordfish (Carrington
and Bolger 2002; Carrington et al. 2004) on
overall exposures. When considering trade-offs
among potential risks and benefits from seafood
consumption (Mozaffarian and Rimm 2006),
it is useful to note that most species, regardless
of geographic origin, are fairly low in Hg
(0.10–0.15 mg/kg) and contribute relatively
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Figure 1. Seafood consumption and total Hg intake from estuarine and marine fish and shellfish in the
commercial market. (A) Seafood consumption estimated in this study from NMFS fisheries supply data
compared with available data for marine and estuarine fish consumption from CSFII dietary survey data
[uncooked weights (U.S. EPA 2002]. (B) Percentage of total Hg intake (product of seafood supply and Hg
concentrations) for the top 15 seafood categories; intake is allocated by the source region for each of the
fisheries products [Atlantic, Pacific, imported (foreign sources), and high seas landings]. “Salmon”
includes both canned and fresh and frozen products; “Anchovies et al.” includes anchovies, herring, shad,
and sardines; “Flounders” includes flounder, plaice, and sole; “Haddock et al.” includes haddock, hake,
whiting, and monkfish; and “Grouper et al.” includes grouper and seabass (Table 1).
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Figure 2. Summary of Hg concentrations (A) and Hg intakes (B) for all estuarine and marine seafood cate-
gories in the commercial market compared with FDA concentrations and intakes calculated from FDA data
(Table 1). Abbreviations: alb, albacore/white; lt, light. The bottom and top of each box indicate 25th and
75th percentiles, respectively; the line within the box indicates the median; and whiskers indicate mini-
mum and maximum. Outliers (any point falling above the upper quartile minus 1.5 times the interquartile
range) are shown above the plots. In (B), intakes calculated from geographically grouped data are
denoted “This Study” for mean per capita intakes and “90th percentile” for intakes calculated from the
90th percentile mercury concentrations for each geographic region.
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small amounts to Hg exposure in the U.S.
population (Figure 2). Model sensitivity analy-
sis indicates that collecting additional moni-
toring data for tuna species common in the
commercial market, as well as swordfish,
shrimp, Pacific pollock, and Atlantic crabs,
would result in the greatest improvements in
per capita exposure estimates. 

In particular, additional data on differ-
ences in tuna concentrations among global
harvest regions are needed to improve the reli-
ability of Hg exposure estimates for public

health protection. Using average market sizes
of tuna to normalize measured Hg concentra-
tions constrains concentrations to ranges most
likely to be found in the market and consumed
(Table 2). For example, published regression
relationships for albacore tuna (Thunnus
alalunga) show that for the average market size
(12 kg), concentrations in tuna from the
Mediterranean Sea (0.87 mg/kg) are higher
than those in the Atlantic (0.47 mg/kg) and
Pacific (0.17 mg/kg) oceans (Table 2). This is
not unexpected because the Mediterranean is

naturally enriched in cinnabar deposits (Bacci
1989), and total and methyl Hg concentra-
tions in subsurface ocean water appear to be
higher than in the Atlantic or North Pacific
(Mason and Gill 2005). Preliminary data for
bluefin and yellowfin tuna are consistent with
trends observed for albacore tuna (Table 3).
However, few data describing the geographic
origin or species composition of tuna in
canned products are available, making it diffi-
cult to establish a relationship between Hg
concentrations in live tuna and those in
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Table 2. Summary statistics for all tuna species in the U.S. commercial seafood market.

Domestic Hg (mg/kg) global harvest (%)a

Species Market sizea Fresh (%)b waters (%)c Products Pacific Atl/Medd Indian

Albacore (Thunnus alalunga) 9–20 kg, 68 cm 9 < 1 Canned (white) and fresh/frozen 0.17 (67) Atl 0.47/Med 0.87 (25) (8)
Bigeye (Thunnus obesus) 15–20 kg, 90 cm 13 34 Fresh/frozen 0.29 (60) (25) (15)
Bluefin (Thunnus thynnus) ~ 7 kg 2 38 Canned (white) and fresh/frozen (40) 0.13e (60) (0)
Skipjack (Katsuwonus pelamis) ~ 3 kg, 35 cm 38 1 Canned (light) and fresh, smoked (67) 0.17 (13) (20)
Yellowfin (Thunnus albacares) 5–20 kg, 40–180 cm 34 7 Canned (light) and fresh, smoked 0.06 (60) Atl 0.31 (15) (25)

Abbreviations: Atl, Atlantic; Med, Mediterranean. Hg concentrations are for average market size of each species calculated from regression relationships published in the literature:
data for Pacific albacore tuna from Morrissey et al. (2004); Pacific yellowfin and bigeye data from Brooks (2004); Mediterranean albacore and bluefin data from Storelli et al. (2002);
Atlantic albacore and bluefin data from Anderson and Depledge (1997); Atlantic yellowfin data from Adams (2004); and Atlantic bluefin data from Harding et al. (2005). 
aData from Atuna (2006). bFraction of fresh and frozen tuna sold in the U.S. commercial seafood market by species; species other than those listed account for 4% of the supply.
cEstimated fraction of supply of fresh and frozen tuna for each species that is caught in domestic waters in the U.S. (within the 200-mi exclusive economic zone). dAtlantic and
Mediterranean tuna are merged into a single data set because they do not appear to be significantly different once normalized to weight. This may be an attribute of the highly migratory
nature of bluefin tuna; therefore, harvest areas do not necessarily reflect a dominant habitat for bluefin tuna (Block et al. 2001).

Table 3. Effect of variability in Hg concentrations and seafood consumption rates (percentiles) on Hg intakes (µg/kg body weight/day). 

Seafood Demographic group Estimated Hg intake (percentiles based on fish Hg concentration variability)a
consumptionb Sex, age (years) Avgerage bw (kg)c Mean FDA Mean 50th 75th 90th 95th 99th

Per capita All individuals 68.9 0.02 0.02 0.02 0.03 0.03 0.03 0.09
50th F and M, ≤ 14 33.7 0.02 0.02 0.02 0.03 0.03 0.03 0.09
50th F, 15–44 72.6 0.02 0.02 0.02 0.02 0.03 0.03 0.08
50th M, 15–44 84.4 0.02 0.02 0.02 0.03 0.03 0.03 0.09
50th ≥ 45 80.2 0.03 0.03 0.03 0.03 0.04 0.04 0.11d

90th ≤ 14 33.7 0.07 0.08 0.08 0.08 0.09 0.10d 0.29d

90th F, 15–44 72.6 0.07 0.08 0.07 0.08 0.09 0.10d 0.29d

90th M, 15–44 84.4 0.08 0.09 0.09 0.10d 0.11d 0.12d 0.35d

90th ≥ 45 80.2 0.09 0.10d 0.10d 0.11d 0.12d 0.14d 0.38d

95th ≤ 14 33.7 0.13d 0.15d 0.15d 0.16d 0.19d 0.20d 0.57d

95th F, 15–44 72.6 0.11d 0.12d 0.12d 0.13d 0.15d 0.16d 0.46d

95th M, 15–44 84.4 0.13d 0.14d 0.14d 0.15d 0.17d 0.19d 0.53d

95th F and M,≥ 45 80.2 0.13d 0.15d 0.15d 0.16d 0.18d 0.20d 0.57d

Abbreviations: bw, body weight; F, female; M, male. 
aExposures are calculated assuming species composition matches relative supply in the commercial seafood market; variability in measured Hg concentrations for each geographic
region (imported, Atlantic, Pacific) and within each species was modeled using 105 Monte Carlo trials. bModeled based on variability in CSFII data (1994–1996, 1998) for each age group
(U.S. EPA 2002). cBased on NHANES survey data 1999–2002 (NCHS 2006). dIntake rates that exceed the U.S. EPA RfD for MeHg (NRC 2000).

Table 4. Modeled effects (mean and percentiles) of variability in Hg concentrations on potential exposure for women of childbearing age. 

Meal size Modeled distribution of Hg intake (µg/kg bw/day)a
Fish meals/monthb,c (percentile)c,d Mean FDA Mean 50th 75th 90th 95th 99th

1–4 (46) 10th (5) < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.01–0.03
50th (23) 0.01–0.02 0.01–0.03 0.01–0.03 0.01–0.03 0.01–0.04 0.01–0.04 0.03–0.11
90th (5) 0.02–0.07 0.02–0.08 0.02–0.08 0.02–0.08 0.02–0.09 0.03–0.10 0.07–0.29

5–8 (13.5) 10th (1) 0.01–0.02 0.01–0.02 0.01–0.02 0.01–0.02 0.01–0.02 0.01–0.02 0.04–0.06
50th (7) 0.03–0.05 0.04–0.06 0.03–0.06 0.04–0.06 0.04–0.07 0.05–0.08 0.13–0.21
90th (1) 0.09–0.14 0.10–0.16 0.10–0.15 0.10–0.17 0.12–0.19 0.13–0.21 0.36–0.58

> 8 (9) 10th (< 1) > 0.02 > 0.02 > 0.02 > 0.02 > 0.02 > 0.03 > 0.07
50th (4.5) > 0.06 > 0.06 > 0.06 > 0.07 > 0.08 > 0.09 > 0.24
90th (< 1) > 0.15 > 0.18 > 0.17 > 0.20 > 0.21 > 0.23 > 0.66

Abbreviations: bw, body weight; Women of childbearing age are defined as being 15–44 years of age in the CSFII and 16–49 years of age in NHANES. All exposures above the U.S. EPA
RfD (NRC 2000) are shown in italics. 
aIntakes are calculated from average body weights from NHANES data (NCHS 2006). bNHANES 1999–2000 data are from Mahaffey et al. (2004). cThe percent of total respondents (n =
1,707) consuming fish at varying frequencies over 30-day period is shown in parentheses; individuals who reported no fish consumption are not shown. dData from Tran et al. (2004) for
all fish consumption by women of childbearing age from CSFII data between 1994 and 1998; based on survey data, meal sizes are as follows: 10th percentile = 33.6 g; mean = 115.3 g; 90th
percentile = 315.2 g.



canned tuna consumed in the United States.
Additional Hg concentration data resolved by
harvest region for tuna should be a priority for
future study, given the importance of variabil-
ity in tuna concentrations, especially canned
products, on overall Hg exposure levels.

Per capita Hg intakes and individual
exposure. Having established that geographic
variability of Hg concentrations in different
species affects per capita intakes, one naturally
desires a further analysis incorporating variabil-
ity in quantities of seafood and selections of
species chosen by individuals. Unfortunately,
available survey data [NHANES, CSFII
(NCHS 2006; U.S. EPA 2002)] do not yet
include the geographic origin of fish con-
sumed. Thus, dietary survey data alone do not
enable a combined analysis of geographic vari-
ability and individual diet choices of species.
However, using NMFS data compiled in the
present study, one can combine geographic
variability of Hg concentrations with individ-
ual choices of seafood quantity. This partially
accounts for observed differences between
nationwide averages and fish consumption
among populations susceptible to Hg exposure
(Moya 2004). 

To explore Hg intakes among high fish
consumers, the combined NMFS and CSFII
data (e.g., NCHS 2006; U.S. EPA 2002)
were applied to predict per capita Hg intakes
at various quantities of fish consumed.
Although it reflects a population average,
market share occupied by each species
(NMFS 2001, 2002, 2003) provides a proxy
for individual diet selection (Figure 1A). In
Table 3, the rows reflect percentiles of expo-
sures based on seafood Hg levels that vary
both geographically and across species. The
columns reflect variability in exposures as a
function of the quantity of seafood consumed
by different demographic groups. Table 3
shows that, at the 90th percentile consump-
tion rate, exposures based on fish Hg means
reported by the FDA (Table 1) would suggest
that any individual selecting this proxy diet
would be exposed to Hg at levels below the
U.S. EPA RfD (NRC 2000). However, expo-
sures based on geographic variability in fish
Hg suggest that a fraction of each demo-
graphic group will exceed the U.S. EPA RfD. 

To explore the impact of assuming this
proxy diet, these results can be compared with
exposure assessments that incorporate infor-
mation on diet selection variability. Relying
only on dietary survey data and fish Hg aver-
ages, a complementary analysis performed by
Tran et al. (2004) showed exposures for chil-
dren and women of childbearing age. Their
resulting 90th and 95th percentile exposures,
0.12 and 0.20 μg/kg/day, respectively, fall
within the ranges of exposure predicted by this
study for 90th and 95th percentile fish con-
sumers (0.07–0.29 and 0.11–0.46 μg/kg/day,

respectively). These ranges result from con-
sidering geographic variability in fish Hg
concentrations. To go beyond the present
analysis, one would need intake estimates
that combine fish harvest region with con-
sumption quantities and species selection.
Variability in fish Hg concentrations may
help to explain differences in mean and 90th
percentile blood Hg concentrations observed
for Atlantic coastal residents (2.7 and
7.7 μg/L, respectively) relative to those meas-
ured in Pacific coastal residents (1.7 and
4.7 μg/L, respectively) (Mahaffey 2005).

Table 4 shows the impact of variations in
fish Hg across harvest regions on estimated
exposures for women of childbearing age as a
function of meal frequency (NHANES
1999–2000) and meal size (CSFII 1994–1998)
(Mahaffey et al. 2004; U.S. EPA 2002).
Women of childbearing age and average
weight (73 kg) consuming more than eight
large fish meals (> 315 g/meal) per month are
expected to exceed the RfD. However, even at
more than eight meals per month, consuming
average portion sizes (115 g/meal) results in a
distribution of exposures in which all but the
99th percentile are below the RfD. These
results generally agree with empirical data on
blood Hg levels for 1999–2002, showing that
approximately 6% of U.S. women of child-
bearing age (3.8 million individuals) exceed
the U.S. EPA RfD for MeHg (Jones et al.
2004). Geographic variability in fish Hg mer-
its consideration in future efforts to under-
stand elevated blood Hg levels in human
populations. 

REFERENCES

Adams DH. 2004. Total mercury levels in tunas from offshore
waters of the Florida Atlantic coast. Mar Pollut Bull
49(7–8):659–663.

Al-Saleh I, Al-Doush. 2002. Mercury content in shrimp and fish
species from the Gulf coast of Saudi Arabia. Bull Environ
Contam Toxicol 68:576–583.

Andersen JL, Depledge MH. 1997. A survey of total and
methylmercury in edible fish and invertebrates from
Azorean Waters. Mar Environ Res 44(3):331–350.

Atuna. 2006. Tuna Species Datasheet. Available: http://www.
atuna.com/species/species_index.htm [accessed 1 October
2006]. 

Bacci E. 1989. Mercury in the Mediterranean. Mar Pollut Bull
20:59–63.

Baeyens W, Leermakers M, Papina T, Saprykin A, Brion N,
Noyen J, et al. 2003. Bioconcentration and biomagnifica-
tion of mercury and methylmercury in North Sea and
Scheldt Estuary Fish. Arch Environ Contam Toxicol
45(4):498–508. 

Block BA, Dewar H, Blackwell SB, Williams TD, Prince ED,
Farwell CJ, et al. 2001. Migratory movements, depth pref-
erences, and thermal biology of Atlantic bluefin tuna.
Science 293:1310–1314. 

Bloom NS. 1992. On the chemical form of mercury in edible fish
and marine invertebrate tissue. Can J Fish Aquat Sci
49:1010–1017.

Brooks B. 2004. Mercury levels in Hawaiian commercial fish.
In: Proceedings of the U.S. EPA National Forum on
Contaminants in Fish, 25–28 January 2004, San Diego, CA.
EPA-823-R-04-006. Washington, DC:U.S. Environmental
Protection Agency, 24–25.

Burger J, Gochfeld M. 2004. Mercury in canned tuna: white ver-
sus light and temporal variation. Environ Res 96:239–249.

Burger J, Stern AH, Gochfeld M. 2005. Mercury in commercial
fish: optimizing individual choices to reduce risk. Environ
Health Perspect 113:1–6. 

Capelli R, Drava G, Siccardi C, De Pellegrini R, Minganti V.
2004. Study of the distribution of trace elements in six
species of marine organisms of the Ligurian Sea (North-
Western Mediterranean)—comparison with previous find-
ings. Ann Chim 94(7–8):533–546.

Carrington CD, Bolger MP. 2002. An exposure analysis for
methylmercury from seafood for consumers in the United
States. Risk Anal 22(4):689–699.

Carrington CD, Montwill B, Bolger PM. 2004. An intervention
analysis for the reduction of exposure to methylmercury
from the consumption of seafood by women of childbearing
age. Regul Toxicol Pharmacol 4:272–280.

Chvojka R, Williams RJ, Fredrickson S. 1990. Methylmercury,
total mercury, and selenium in snapper from two areas of
the New South Wales Coast, Australia. Mar Pollut Bull
19(5):210–213.

Cohen JT, Bellinger DC, Shaywitz BA. 2005. A quantitative
analysis of prenatal methyl mercury exposure and cogni-
tive development. Am J Prev Med 29(4):353–365.

Crapo C, Paust B, Babbitt J. 1993. Recoveries and yields from
Pacific fish and shellfish. MAB-37. Fairbanks, AK:Alaska
Sea Grant College Program. 

Dabeka R, McKenzie AD, Forsyth DS, Conacher HBS. 2004.
Survey of total mercury in some edible fish and shellfish
species collected in Canada in 2002. Food Addit Contam
21(5):434–440.

Daniels, JL, Longnecker MP, Rowland AS, Golding J, ALSPAC
Study Team. 2004. Fish intake during pregnancy and early
cognitive development of offspring. Epidemiology
15(4):394–402.

FAO. 1989. Yield and Nutritional Value of the Commercially
More Important Fish Species. FAO Fisheries Technical
Paper 309. Rome:Food and Agriculture Association of the
United Nations.

FAO. 2004. Management of Tuna Fishing Capacity: Conservation
and Socio-economics. Second Meeting of the Technical
Advisory Committee of the FAO Project, 15–18 March 2004,
Madrid, Spain. FAO Fisheries Proceedings. No. 2.
Rome:Food and Agriculture Organization of the United
Nations, 59–114. 

FDA. 2005. Total Diet Study Statistics on Element Results.
Revision 3, Market Baskets 1991-3 through 2003-4. College
Park, MD:U.S. Food and Drug Administration. Available:
http://www.cfsan.fda.gov/~comm/tds-res.html [accessed
12 January 2006].

FDA (U.S. Food and Drug Administration). 2006a. Mercury
Concentrations in Fish: FDA Monitoring Program
(1990–2004). Available: http://www.cfsan.fda.gov/~frf/
seamehg2.html [accessed 20 January 2006]. 

FDA (U.S. Food and Drug Administration). 2006b. Mercury Levels
in Commercial Fish and Shellfish. Available: http://www.
cfsan.fda.gov/~frf/sea-mehg.html [accessed 14 March 2006]. 

Forsyth DS, Casey V, Dabeka RW, McKenzie A. 2004.
Methylmercury levels in predatory fish species marketed
in Canada. Food Addit Contam 21(9):849–856.

Gobeil C, Clermont Y, Paquette G. 1997. Concentration en mer-
cure, plomb et cadmium chez diverses especes de poisson
de fond, poisons pelagiques et de crustaces de l’estuaire
et de golfe du Saint-Laurent et du fjord du Saguenay. Rapp
Stat Can Sci Halieut Aquat 1011.

Harding G, Dalziel J, Vass P. 2005. Prevalence and bioaccumula-
ton of methylmercury in the food web of the Bay of Fundy,
Gulf of Maine. In: Proceedings of the 6th Bay of Fundy
Workshop, September 29–2 October 2004, Cornwallis, Nova
Scotia, Canada (Percy JA, Evans AJ, Wells PG, Rolston SJ,
eds). Dartmouth, Nova Scotia, Canada:Environment Canada,
Atlantic Region, 76–77.

Hui CA, Rudnick D, Williams E. 2005. Mercury burden in
Chinese mitten crabs (Eriocheir sinensis) in three tribu-
taries of southern San Francisco Bay, California, USA.
Environ Poll 133:481–487.

Joiris CR, Ali IB, Holsbeek L, Bossicart M, Tapia G. 1995. Total
and organic mercury in Barents Sea pelagic fish. Bull
Environ Contam Toxicol 55:674–681. 

Jones RL, Sinks T, Schober SE, Pickett M. 2004. Blood mercury
levels in young children and childbearing-aged women—
United States, 1999–2002. MMWR Morb Mortal Wkly Rep
53(43):1018–1020.

Knobeloch LM, Ziarnik M, Anderson HA, Dodson VN. 1995.
Imported seabass as a source of mercury exposure: a
Wisconsin case study. Environ Health Perspect 103:604–606.

Mercury exposure from estuarine and marine fish 

Environmental Health Perspectives • VOLUME 115 | NUMBER 2 | February 2007 241



Sunderland

242 VOLUME 115 | NUMBER 2 | February 2007 • Environmental Health Perspectives

Knowles TG, Farrington D, Kestin SC. 2003. Mercury in UK
imported fish and shellfish and UK-farmed fish and their
products. Food Addit Contam 20:813–818.

Legrand M, Arp P, Ritchie C, Chan HM. 2005. Mercury exposure
in two coastal communities of the Bay of Fundy, Canada.
Environ Res 98(1):14–21.

Mahaffey KR. 2005. NHANES 1990–2002 Update on Mercury. In:
Proceedings of the 2005 National Forum on Contaminants
in Fish, 18–21 September 2005, Baltimore MD. EPA-823-R-
05-006. Available: http://www.epa.gov/waterscience/
fish/forum/2005/ [accessed 15 October 2006].

Mahaffey KR, Clickner RP, Bodurow CC. 2004. Blood organic
mercury and dietary mercury intake: National Health and
Nutrition Examination Survey, 1999 and 2000. Environ
Health Perspect 112:562–570.

Mason RP, Gill GA. 2005. Mercury in the marine environment In:
Mercury: Sources, Measurements, and Effects (Parson M,
Percival JB, eds). Mineralogical Association of Canada
Short Course, Vol 34. Ottawa, Ontario, Canada:Mineralogical
Association of Canada, 1–28.

Mason RP, Heyes D, Sveinsdottir A. 2006. Methylmercury con-
centrations in fish from tidal waters of the Chesapeake
Bay. Arch Environ Contam Toxicol 51(3):425–437.

Minganti V, Capelli R, De Pellegrini R, Orsi Relini L, Relini G.
1996. Total and organic mercury concentrations in off-
shore crustaceans of the Ligurian Sea and their relations
to the trophic levels. Sci Total Environ 184:149–162.

Morrissey MT, Rasmussen R, Okada T. 2004. Mercury content in
Pacific troll-caught albacore tuna (Thunnus alalunga).
J Aquat Food Prod Tech 13(4):41–52.

Moya J. 2004. Overview of fish consumption rates in the United
States. Hum Ecol Risk Assess 10:1195–1211.

Mozaffarian D, Rimm EB. 2006. Fish intake, contaminants, and

human health: evaluating the risks and benefits. JAMA
296(15):1885–1899.

Nakagawa R, Yumita Y, Hiromoto M. 1997. Total mercury intake
from fish and shellfish by Japanese people. Chemosphere
35(12):2909–2913.

NCHS. 2006. National Health and Nutrition Examination Survey.
Hyattsville, MD:National Center for Health Statistics.
Available: http://www.cdc.gov/nchs/nhanes.htm [accessed
1 October 2006].

NMFS. 1978. National Marine Fisheries Service Survey of
Trace Elements in the Fishery Resource. NOAA Technical
Report NMFS SSRF-721. Silver Spring, MD:National
Marine Fisheries Service.

NMFS. 2001. Fisheries of the United States 2000. Silver Spring,
MD:National Marine Fisheries Service, Fisheries Statistics
and Economics Division.

NMFS. 2002. Fisheries of the United States 2001. Silver Spring,
MD:National Marine Fisheries Service, Fisheries Statistics
and Economics Division.

NMFS. 2003. Fisheries of the United States 2002. Silver Spring,
MD:National Marine Fisheries Service, Fisheries Statistics
and Economics Division.

NMFS. 2006. Fisheries Statistics Division (ST1). Available:
http://www.st.nmfs.gov/st1/index.html [accessed 30 March
2006].

NRC (National Research Council). 2000. Toxicological Effects of
Methylmercury. Washington, DC:National Academy Press.

Pacific Seafood Group. 2006. Fish Varieties and Market
Information. Available: http://www.pacseafood.com/
products/ [accessed 21 January 2006].

Plessi M, Bertelli D, Monzani A. 2001. Mercury and selenium con-
tent in selected seafood. J Food Compos Anal 14:461–467.

Rick TC, Erlandson JM, Glassow MA, Moss ML. 2002.

Evaluating the economic significance of sharks, skates,
and rays (Elasmobranchs) in prehistoric economies.
J Archaological Sci 29:111–122.

Ruelas-Inzunza J, Garcia-Rosales SB, Paez-Osuna F. 2004.
Distribution of mercury in adult penaeid shrimps from
Altata-Ensenada del Pabellon lagoon (SE Gulf of California).
Chemosphere 57:1657–1661. 

Storelli MM, Giacominelli Stuffler R, Marcotrigiano GO. 2002.
Total and methylmercury residues in tuna-fish from the
Mediterranean Sea. Food Addit Contam 19(8):715–720.

Storelli MM, Marcotrigiano GO. 2004. Content of mercury and
cadmium in fish (Thunnus alalunga) and cephalopods
(Eledone moschata) from the south-eastern Mediterranean
Sea. Food Addit Contam 21(11):1051–1056. 

Tran NL, Barraj L, Smith K, Javier A, Burke TA. 2004. Combining
food frequency and survey data to quantify long-term
dietary exposure: a methyl mercury case study. Risk Anal
24(1):19–390.

U.S. EPA. 2000. The Occurrence of Mercury in the Fishery
Resources of the Gulf of Mexico. Stennis Space Center,
MS:U.S. Environmental Protection Agency, Gulf of Mexico
Program. 

U.S. EPA. 2002. Estimated Per Capita Fish Consumption in the
United States. EPA-821-C-02-003. Washington DC:U.S.
Environmental Protection Agency.

U.S. EPA. 2003. Mercury in Marine Life Database. Washington
DC:U.S. Environmental Protection Agency, Office of
Wetlands, Oceans, and Watersheds. 

Yokoo EM, Valente JG, Grattan L, Schmidt SL, Platt I ,
Silbergeld EK. 2003. Low level methylmercury exposures
affects neuropsycological function in adults. Environ
Health 2(8):1–11. 


