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Abstract

There are few data on risks to biota and humans from mercury levels in saltwater fish. This paper
examines mercury and selenium levels in muscle of 19 species of fish caught by recreational
fisherfolk off the New Jersey shore, as a function of species of fish, size, and season, and risk of
mercury to consumers. Average mercury levels ranged from 0.01 ppm (wet weight) (Menhaden
Brevoortia tyrannus) to 1.83 ppm (Mako Shark Isurus oxyrinchus). There were four categories of
mercury levels: very high (only Mako), high (averaging 0.3-0.5 ppm, 3 species), medium (0.14—
0.20 ppm, 10 species), and low (below 0.13 ppm, 5 species). Average selenium levels for the fish
species ranged from 0.18 ppm to 0.58 ppm, and had lower variability than mercury (coefficient of
variation=38.3 vs 69.1%), consistent with homeostatic regulation of this essential element. The
correlation between mercury and selenium was significantly positive for five and negative for two
species. Mercury levels showed significant positive correlations with fish size for ten species. Size
was the best predictor of mercury levels. Selenium showed no consistent relationship to fish
length. Over half of the fish species had some individual fish with mercury levels over 0.3 ppm,
and a third had fish with levels over 0.5 ppm, levels that pose a human health risk for high end
consumers. Conversely several fish species had no individuals above 0.5 ppm, and few above 0.3
ppm, suggesting that people who eat fish frequently, can reduce their risk from mercury by
selecting which species (and which size) to consume. Overall, with the exception of shark, Bluefin
Tuna (Thunnus thynnus), Bluefish (Pomatomus saltatrix) and Striped Bass (Morone saxatilis), the
species sampled are generally medium to low in mercury concentration. Selenium:mercury molar
ratios were generally above 1:1, except for the Mako shark.
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1. Introduction

For many coastal states and countries, saltwater fishing is an important commercial,
recreational and subsistence activity. High fishing rates (days per year) occur in a wide
range of cultures, including in rural and urban areas (Burger et al., 1999, 2001a, b;
Bienenfeld et al., 2003), among Native Americans (Burger et al., 2007; Harper and Harris,
2008), and in other regions of the world (Burger et al., 2003). Fish provide fishmeal for
human and aquaculture use (Brunner et al., 2009), and recreational, cultural and aesthetic
pleasures (Toth and Brown, 1997; Burger, 2000, 2002). They also contain protein and
valuable nutrients including polyunsaturated fatty acids and selenium.

However, levels of methylmercury (MeHg) and other contaminants in some fish are high
enough to potentially cause effects on the fish themselves, on top-level predators, and on
people (WHO, 1989; EPA, 1997; NRC, 2000; Consumer Reports, 2003). Consumption of
mercury-contaminated fish came to attention after the outbreaks at Minamata and Niigata,
Japan in the 1950s and 1960s (Harada, 1995). Fish consumption is the only significant
source of methylmercury exposure for the public today (Rice et al., 2000), although historic
epidemics attributed to grain seed treated with organomercurial fungicides occurred, most
notably in Iraq in 1973 (Amin-zaki et al., 1978), and some mercury enters the food chain
from mining (Qiu et al., 2009). Mercury occurs naturally in seawater, and coastal waters
receive mercury runoff from land, input from rivers, and airborne deposition.
Biomethylation of mercury occurs in sediment, allowing for food chain biomagnifications
(Downs et al., 1998; Morel et al., 1998). Mercury in fish tissue may be six orders of
magnitude higher than the mercury concentration in the water column (Scudder et al., 2009).

Levels of methylmercury are sufficiently high in some fish to cause adverse health effects in
people consuming large quantities (Institute of Medicine, 1991, 2006; Grandjean et al.,
1997; Gochfeld, 2003; Hightower and Moore, 2003; Hites et al., 2004), with
neurodevelopmental effects from fetal exposure the most prominent effect (Amin-zaki et al.,
1978; Crump et al., 1998; Steuerwald et al., 2000; NRC, 2000). Prenatal methylmercury has
led to behavioral deficits in infants (JECFA, 2003) and to poorer cognitive test performance
(Oken et al., 2008). Methylmercury can counteract the cardioprotective effects of fish
consumption (Guallar et al., 2002; Rissanen et al., 2000; Salonen et al., 1995). Thus,
communities that rely on fish intake for daily nutrient sustenance may be at risk from
chronic, high exposure to methylmercury (Grandjean et al., 1997), as well as other persistent
organic pollutants. Hughner et al. (2008) estimated that 250,000 women may be exposing
their fetuses to levels of methylmercury above federal health guidelines. Similarly, high-end
fish consumers, whether recreational or subsistence, are at risk from mercury exposure
(Hightower and Moore, 2003; Lowenstein et al., 2010).

The U.S. Food and Drug Administration (USFDA, 2001) issued consumption advisories
based on methylmercury that suggested that pregnant women and women of childbearing
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age who may become pregnant should limit their fish consumption, should avoid eating four
types of marine fish (shark, swordfish, King Mackerel, and Tilefish), should also limit their
consumption of all other fish to just 12 oz (=342 g) per week (USFDA, 2001), and there are
recent warnings about canned white tuna (USFDA/USEPA, 2004a). These are all saltwater
fish, while most studies of mercury levels have focused on freshwater fish (Legrand et al.,
2005).

In freshwater fish, variations in water pH can account for up to 70% of the variation in
mercury levels (Watras et al., 1998). Microbial methylation of mercury is favored by
anaerobic conditions and low dissolved oxygen (DOC, Regnell, 1994). Much of the data
dealing with the effects of fish size on mercury levels comes from freshwater fish (Simonin
et al., 2008). Yet for many coastal states, consumption of saltwater fish is an important
potential source of mercury exposure that has been largely ignored until recently. Fish are an
important dietary item of the people living along coastal New Jersey, and recreational
fishers often freeze fish for consumption at all times of the year (Pottern et al., 1989; Burger,
2005; Gobeille et al., 2005). It is therefore important to understand how to reduce the risk
from mercury, and to provide the public with information on fish that are low in mercury (as
well as high). Although Burger et al. (2009) examined mercury in flatfish that had relatively
low levels, there is a need for a broader spectrum analysis of marine fish from one general
geographical area.

Fish are an excellent, low-fat source of protein that contributes to low blood cholesterol, to
positive pregnancy outcomes, and to better child cognitive test performances (Oken et al.,
2008). Fish contain omega-3 (n-3) fatty acids that reduce cholesterol levels and the
incidence of heart disease, stroke, and pre-term delivery (Daviglus et al., 2002; Patterson,
2002; Virtanen et al., 2008). Further, fish, particularly oceanic fish, are relatively rich in
selenium, necessary for seleno-enzyme functions, and selenium has long been known to
offer some protection against mercury toxicity. The public thus must choose whether to eat
fish, what species to eat, as well as what size fish, what size portions, and how often. Sound
choices require adequate information about a range of fish. There is some indication that the
recent FDA warnings about fish consumption (USFDA, 2006), focusing on species high in
mercury, have resulted in a reduction in the consumption of fish generally, and of canned
fish specifically (Shimshack et al., 2007), while some authors argue that the advantages of
fish consumption outweigh the mercury risk (Mozaffarian, 2009). Information on species
low in mercury would be advantageous.

In this paper we examine levels of mercury in a wide range of fish species from coastal New
Jersey to provide information that can be used to evaluate the potential risk to the fish
themselves, to their predators, and to humans who consume them. Unlike many studies, we
did not focus only on those species expected to have high levels (and thus pose the greatest
risk), but examined levels in the wide range of fish caught by local recreational fishermen.
Too often levels of mercury are provided for fish that people should avoid, without
providing information on species that are low in mercury (and thus provide little risk). Risk
balancing by the public is possible when mercury levels are available for a range of fish. The
fishers requested this information after media coverage of mercury in fish, and worked with
us on providing the fish samples.
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Levels of selenium were analyzed because selenium offers some protection against mercury
exposure (Satoh et al., 1985; Ralston, 2009; Lémire et al., 2010), lower levels of nonfatal
heart attacks have been associated with higher levels of selenium (Mozaffarian, 2009), and
some recent studies with animal models have suggested that some (if not most) of the
adverse impacts of high methylmercury exposure occur as a result of mercury’s impairment
of selenium-dependent enzyme activities (Watanabe et al., 1999a; Ralston, 2008, 2009;
Ralston et al., 2008). Park and Mozaffarian (2010) reported evidence that although fish
consumption substantially reduced cardiovascular risk, clinical trials demonstrated mixed
and inconclusive results for cardiovascular effects of methylmercury and selenium. Ralston
and others (Ralston, 2008; Peterson et al., 2009) have argued that selenium:mercury molar
ratios above 1 are protective for adverse mercury affects. However, the interaction between
selenium and mercury is complex and warrants continued examination. There are several
issues that need further examination, but are not within the scope of this paper, including
whether selenium merely chelates mercury keeping it from attacking disulfide bonds,
whether mercury creates a relative selenium deficiency or inactivates essential seleno-
proteins, and what other endogenous and exogenous factors influence the interaction.
Ralston (2008, 2009) suggests that the molar ratio is the key value (rather than the level of
methylmercury) for risk assessment.

2. Methods

Fish of 19 species were collected (2003-2008) from several sites along the New Jersey
shore (Fig. 1; scientific names found in Table 1), mainly from recreational fisherfolk, who
were either fishing individually or were taking part in fishing tournaments. Most of the
actual sampling, however, was done by our personnel who went to local docks and fishing
sites to meet fisherfolk. The 19 species are the fish most often caught by N.J. fishermen, and
were selected because they are most relevant to recreational fishermen in the region. The
project was a collaboration with local fishing clubs (Jersey Coast Anglers Association,
Jersey Shore Shark Fishermen) and others, who greatly influenced the species collected. In
many coastal regions there are a number of fishing tournaments that focus on Bluefish,
Striped Bass, and Mako (all Shortfin Mako). Fish from tournaments were either taken home
for consumption by the families of the fishermen, or were donated to orphanages or other
facilities. We obtained either whole fish, or took an approximately 50 g sample plug biopsy
from the side of the fish, over the lateral line just anterior to the tail. In addition, we obtained
small individuals (below the recreational size limits) of some species (bluefish and striped
bass) collected by the NJ Department of Environmental Protection trawls. Data on the entire
size range are provided for comparison with other studies that concentrated on fish biology,
rather than risk to fish consumers.

Fish or samples were kept in coolers and brought to the Environmental and Occupational
Health Sciences Institute (EOHSI) of Rutgers University for element analysis. However, all
samples were run with standard calibration curves by the same laboratory chemist to avoid
any variations. All fish were analyzed individually for total mercury during the last two
years of the study. At EOHSI, a 2 g (wet weight) sample of skinless fish muscle was
digested in 4 ml of Fisher Scientific Trace metal grade nitric acid and 2 ml deionized water
in a microwave (MD 2000 CEM), using a digestion protocol of three stages of 10 min each
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under 50, 100 and 150 Ibs/in.2 (3.5, 7, and 10.6 kg/cm?) at 80% of total power. Digested
samples were subsequently diluted to 25 ml with deionized water. The same digestion
methods were used for both mercury and selenium. All laboratory equipment and containers
were washed in 10% HNO3 solution and deionized water rinse prior to each use (Burger et
al., 2001a).

Mercury was analyzed by the cold vapor technique using the Perkin EImer FIMS-100
mercury analyzer, with an instrument detection level of 0.2 ng/g, and a matrix level of
quantification of 0.002 ug/g. Selenium was analyzed by graphite furnace atomic absorption,
with Zeeman correction. All concentrations are expressed in parts per million (ppm=ug/g)
on a wet weight basis. Molar concentrations were obtained by dividing by the molecular
weight (200.59 for Hg and 78.9 for Se). Since we analyzed total Hg we did not convert to
MeHg (MW=215), although many studies have shown that almost all of the mercury in fish
tissue is methylmercury, and 90% is a reasonable approximation of this proportion (Duffy et
al., 1999), which does vary somewhat among fish types and laboratories, but not by age of
the fish (Lansens et al., 1991). Similarly, Freije and Awadh (2009) reported that more than
90% of total mercury was methylmercury in marine fish. Recently, Scudder et al. (2009)
suggested that about 95% of mercury present in fish is methylmercury, and that lower levels
may have been biased by analytical and homogeneity variability (Bloom, 1991).

A DORM-2 Certified dogfish tissue was used as the calibration verification standard for
mercury, and standard reference material (SRM) 1640, “Trace Elements in Natural Water”
from the National Institute of Standards and Technology (NIST) was used for Zeeman
graphite furnace atomic absorption spectroscopy (selenium) quality control evaluation.
Recoveries between 90 and 110% were accepted to validate the calibration for both
selenium and mercury. All specimens were run in batches that included blanks, a standard
calibration curve, 2 spiked specimens, and one duplicate. The accepted recoveries for spikes
ranged from 85% to 115%; 10% of samples were digested twice and analyzed as blind
replicates (with agreement within 15%). For further quality control on mercury, our
laboratory ran a random subset of samples in the Quebec Laboratory of Public Health; the
correlation between the two laboratories was over 0.90 (P<0.0001, see Burger and Gochfeld,
2004). All results are reported as parts per million (ppm=pg/g) on wet weight basis.

Multiple regression procedures were used to determine if length or weight, location, or
season contributed to explaining the variations in amount of mercury or selenium in samples
(PROC GLM, SAS, 1995). Since location did not usually enter the models, it is not
discussed further. The procedure adds the variable that contributes the most to the R?, then
adds the next variable that increases the R? the most, continuing until all significant
variables are added. Thus variables that vary co-linearly are entered only if they add
independently to explaining the variation. We used Kruskal Wallis non-parametric One-way
analysis of variance (generating a 32 statistic) to examine differences among tissues and size
measurements. We also used ANOVA with Duncan Multiple Range test on log-transformed
data to identify the significant differences (SAS, 1995). Kendall correlations were used to
examine relationships among metals and size variables. The level for significance was
designated as P<0.05. Fish species with samples below 5 individuals are shown in a footnote
to Table 2, even though they are clearly not statistically valid, because they represent species
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that anglers caught and requested that they be tested. Correlations, and other analyses, were
not conducted for species with small sample sizes. We also length normalized results for
each fish, by dividing the concentration (ug/g) by length in meters, to adjust for age
accumulation of mercury. This was done to minimize the effect of age and growth rate on
evaluation of any relationship to environmental characteristics; mercury concentrations in
fish tend to increase with fish age, and length is commonly used as a surrogate for age
(Scudder et al., 2009).

3.1. Effects of different variables on mercury levels

We constructed models to examine the relative effect different variables had on explaining
the intraspecific variation in mercury levels. For the significant models, the best models
explained from 11 to 79% of the variability in mercury levels (Table 1). For all of the
models, length (either alone or as an interaction variable with weight) explained a significant
proportion of the variability. Tautog was the only species for which season (and not a
measure of length or weight) was the variable that contributed the most to the variation in
mercury levels, and Summer Flounder was the only species where weight alone entered as a
significant factor. These data indicate that size generally contributes to explaining the
variation in mercury levels in fish caught in New Jersey.

3.2. Mercury and selenium levels

There was highly significant interspecific variation in mercury levels (coefficient of
variation across species averaged 69.1), even for species with small sample sizes (Table 2,
Fig. 2). Arithmetic mean mercury levels (total mercury) ranged from 0.01 ppm (menhaden)
to 1.8 ppm (Mako). Based on mean mercury levels species fell into four categories: very
high (1.8 ppm for Mako), high (0.3 ppm to 0.5 ppm, 3 species), medium (0.14 ppm to 0.20,
10 species), and low (0.01 ppm to 0.13 ppm, 5 species). The mostly commonly caught
species (e.g. species with sample sizes over 150 fish) also ranged from relatively low (0.14
ppm for Summer Flounder), to medium (0.35 ppm and 0.39 ppm for bluefish and striped
bass). Mercury levels were significantly positively correlated with fish length for half of the
species, but the correlations were not high for most.

Correlations may not be the best method of determining whether mercury levels increase
with size of the fish, and we examined this parameter using size classes for each species
(Table 3). For the 12 species where there were enough individuals in different size classes to
analyze, there were significant differences in mercury levels as a function of size. These data
are important because they allow future researchers, health professionals, and the public to
evaluate the effect of both size and weight on mean mercury levels. Clearly, the biggest fish
of each species has the highest mercury levels. Conversely, selenium did not show this
correlation.

There was less intra- and interspecific variation in selenium levels (average coefficient of
variation=38.3), consistent with some degree of homeostatic regulation (Table 2). Average
selenium levels ranged from 0.18 ppm (Ling) to 0.48 ppm (Atlantic Croaker). Except for
two species (Yellowfin Tuna and Windowpane), selenium levels were not correlated with
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size. When the relationship between length and selenium is examined by size class for 12
species (Table 3), there was a significant difference in selenium levels only for Striped Bass
and Ling. These differences were not very great.

Selenium and mercury levels were significantly negatively correlated for Bluefin Tuna and
Windowpane, and positively correlated for Striped Bass, Bluefish, Weakfish, Summer
Flounder, Atlantic Croaker, and Ling. In all cases, the correlations were not high. Thus, if
selenium moderates the toxic effects of mercury, these relationships suggest a lack of
consistency both within and among species. Selenium:mercury molar ratios, however, were
above 1:1, except for Mako (see Table 2).

3.3. Mercury levels with respect to various guidance levels

Another method of examining mercury levels is to compute the percentage of fish with
levels above certain guidance levels (Table 4, see Discussion section). EPA has set 0.3 ppm
of MeHg as its ambient water quality criterion. Some countries use 0.5 ppm as an action
level, and the U.S. FDA uses 1.0 ppm as its action level. Only three species had no
individuals above 0.3 ppm level. Eight species had some fish with levels well above 0.5
ppm, and only Mako Shark had many individuals above 1 ppm (Table 3).

3.4. Mercury and selenium levels in different seasons

Because most fish were caught by anglers, and because of different migratory patterns, it
was not possible to have equal sample sizes by season. There were significant seasonal
differences in mercury levels for only 5 species (Table 5). These differences included: 1)
Striped Bass levels were lower in the summer than the other two seasons, 2) Bluefish levels
were over twice as high in the spring than at other times, 3) Yellowfin Tuna levels were
almost twice as high in the summer as the fall, 4) Northern Kingfish levels were higher in
the summer than fall, and 5) Ling levels were higher in the fall than the summer. While
these conclusions are intriguing, they suggest a need for a more detailed examination of
seasonal differences. There were very few seasonal differences for selenium (but sea bass
and Summer Flounder, Table 6).

4. Discussion

The present study has several advantages from the perspective of evaluating risk to both the
fish themselves and to fish consumers: 1) most of the fish were caught by recreational
anglers (and thus represent the fish that people eat), 2) mercury and selenium were
determined in a wide range of fish, 3) mercury and selenium levels were determined from
the same geographical areas over the same time period (2003-2008), and 4) mercury and
selenium were each analyzed in the same laboratory, using the same methods (although the
equipment used was different, the same equipment was used for each during the analysis).
Many other studies examine only one or a very few fish species, and compare their results
with other species from other regions (collected in other years, see Stern et al., 1996). The
data indicate that mercury (and to a lesser extent, selenium), differed among different
species, and these differences reflected differences in trophic level, size, season, and
collection location.
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4.1. Interspecific variations (trophic-level relationships)

There were interspecific differences in mercury levels in the 19 species of fish examined;
mean values differed by 2 orders of magnitude. In general, species that were predators had
significantly higher levels than did species that were primarily vegetarians. Fish species that
are higher on the food chain generally accumulate higher levels of mercury because of
bioamplification. Trophic level correlations have been reported for mercury (Wiener and
Spry, 1996; Watras et al., 1998; Snodgrass et al., 2000; Burger et al., 2001b). Carnivorous
species generally have higher levels than herbivores, omnivores, or planktivores, and larger
predators have higher levels than smaller ones, although such differences are not always
noted. Moreover, some bottom-dwelling fish can have higher levels than some predators,
particularly if they ingest sediment. For example, Campbell (1994) found that a bottom
dwelling Redear Sunfish (Lepomis microlophus) had higher mercury levels than bass or
Bluegill Sunfish in Florida. Thus, trophic level alone is not enough to understand levels of
mercury in fish.

In the present study, the top-level predator (Mako, average length of 182 cm in this study,
see Table 4) had the highest level of mercury, followed by Bluefin Tuna (125 cm long), and
then by Striped Bass (83 cm long) and Bluefish (47 cm long), all of which are predators.
However, Yellowfin Tuna (average length of 102 cm) did not average high mercury levels
(0.197 ppm), as might be expected of a top-level predator that eats primarily fish (Allain,
2005). Yellowfin, however, also eat squid and crustaceans (up to 38% of diet, Allain, 2005),
while Bluefin Tuna eat mainly fish (Estrada et al., 2005). We suggest that more data are
necessary for Yellowfin Tuna to understand how mercury levels vary (especially
geographically). Further, at the other end of the spectrum, species with low levels of
mercury were primarily vegetation or invertebrate foragers.

4.2. Mercury and selenium level, and fish size

In general, mercury levels increase with the size and age of the fish (Lange et al., 1994;
Burger et al., 2001a; Pinho et al., 2002; Green and Knutzen, 2003; Simonin et al., 2008),
although authors seldom examine this relationship in a range of fish. Further, it is not always
the case (Stafford and Haines, 2001). At low mercury levels, the size relationships may not
hold (Park and Curtis, 1997). Moreover, elimination rate is negatively correlated with size,
suggesting another reason for larger fish to have significantly higher mercury levels (Trudel
and Rasmussen, 1997).

Most of the studies that have examined the relationship between size and mercury levels
have concentrated on freshwater fish, and few have dealt with large marine predatory fish.
However, Storelli et al. (2002) reported that size and mercury levels were highly correlated
for Swordfish (Xiphias gladius) and Bluefin Tuna (Thunnus thynnus) from the
Mediterranean Sea, and Storelli et al. (2007) found that mercury levels increased with size
for 7 species of marine fish from the Adriatic Sea. Although Yellowfin Tuna from Fiji
(Thunnus albacares) showed a positive relationship between mercury and size (Iength and
weight), Albacore Tuna (Thunnus alalunga) did not (Kumar et al., 2004). There was a
positive correlation between size and mercury levels for 11 of 14 species of marine fish
collected in the western Aleutians (Bering Sea/North Pacific) (Burger et al., 2007). Luten et
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al. (1987) found a positive correlation between size and mercury content in Atlantic Cod.
Alexander et al. (1973) reported a correlation between weight and mercury concentrations
for Bluefish and Striped Bass off Montauk Point on Long Island, and Burger (2009) also
found mercury levels were correlated with size. Usually size is used as a surrogate for age
(Boening, 2000), although Braune (1987) found that in known-aged Herring (Clupea
harengus harengus), mercury level was more strongly correlated with age than with weight
or length. In a study of Pacific Cod (Gadus macrocephalus), Burger and Gochfeld (2007)
found that age was the variable that first entered the regression model explaining variation in
mercury levels. Age was unknown for the fish in the present study.

In this study, we found that mercury levels were positively correlated with size for Mako,
Striped Bass, and Bluefish, the species with the highest levels (and large sample sizes).
Thus, larger fish generally had higher mercury levels. However, Bluefin Tuna showed no
size relationship, indicating that the relationship of size and mercury levels, even for
predators, is not always clear. Our finding, however, may partly relate to small sample sizes
and a lack of great variation in the size of the tuna examined. In contrast, Storelli et al.
(2002) did find a positive relationship in Bluefin Tuna from the Mediterranean.

For fish with lower mercury levels (average below 0.2 ppm), however, the relationships
were less clear. For example, the correlation between mercury levels and size was high for
Windowpane, Dolphin, Kingfish, Summer Flounder, Croaker, and Ling, but not for the other
species. These differences were not due solely to sample size, since there were 60 Weakfish
(with no correlation), and only 23 Southern Kingfish (correlation of 0.6). These data suggest
that using size alone is not enough to predict low mercury levels for human populations at
risk (even though for most species it is the best predictor).

Further, size (length, weight, or an interaction between the two) was the most significant
factor contributing to variations in mercury levels within each species (where there were
significant models), except for Weakfish and Tautog, indicating that size is generally the
best indicator for the public.

Except for Striped Bass, Yellowfin Tuna, and Windowpane, there were no significant
differences in selenium levels as a function of size. In bass, there was a low correlation
(r=0.1) between selenium and fish size, but in the other two species the correlation was both
stronger, and negative (—0.5 and —0.3 respectively). The decrease in selenium with an
increase in mercury suggests that selenium would not completely moderate the effect of
mercury in those fish with higher levels of mercury (Satoh et al., 1985). For most species
there was no significant correlation between selenium and mercury. The correlation was
high and significant (r=0.5) only in Porgy.

4.3. Mercury-selenium interaction

Ganther et al. (1972) proposed that selenium exerted some protective effect against mercury
toxicity. The mechanisms contributing to a protective effect are unclear, but some of the
adverse effects of mercury may be attributable to its effect on selenium-dependent enzymes,
particularly interfering with anti-oxidant function (Pinheiro et al., 2009; Ralston, 2009).
Thus excess selenium may chelate mercury and protect seleno-proteins, or conversely
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mercury may be viewed as creating a relative selenium deficiency. Mercury and
methylmercury are irreversible selenoenzyme inhibitors (Watanabe et al., 1999a,b; Carvalho
et al., 2008), and can indeed impair selenoprotein form and function. Ralston (2008)
suggests that where the selenium:mercury molar ratio exceeds 1:1, there is adequate
selenium to prevent mercury toxicity, based on rodent data. The molar ratio, however, is
very sensitive to the denominator, and there was a significant inverse relationship between
the ratio and the mercury concentration in the fish we studied. Some of the selenium in fish
tissue may be involved directly in the seleno-proteins and is therefore available to be
poisoned rather than to protect. Selenoprotein expression itself is complex with multiple
levels of regulation (Rebsch et al., 2006).

The argument that selenium:mercury molar ratios greater than 1:1 are protective for mercury
exposure (Kaneko and Ralston, 2007), and should therefore be incorporated in risk
assessment and regulation regarding mercury and fish consumption in humans (Raymond
and Ralston, 2009; Peterson et al., 2009), are intriguing, and should be examined further. It
is unlikely that a single molar ratio would operate across different endpoints or effects (e.g.
development, cognition, coordination, locomotion, and visual acuity) and species. Selenium
levels should be presented in papers dealing with potential mercury toxicity (Peterson et al.,
2009) to inform our understanding of this relationship. Further research is needed,
particularly with respect to isolating, speciating and quantifying the selenium-mercury or
sulphur—mercury complexes, effect of small sample sizes, and effect of low levels of
mercury or selenium on the ratio.

4.4. Seasonal differences

One of the major limitations with the present study was that fish were collected by fisherfolk
(an advantage in terms of relevance and importance for risk assessment), which resulted in
unequal samples sizes for 1) different fish species, 2), different sized fish within a species,
3) unbalanced collections by season and location. Nonetheless, these differences reflect the
fish that are actually caught by fisherfolk and are eaten by their families. Of the 19 species,
we found seasonal differences in mercury levels for only five species. Even for these species
there was no consistent pattern. For example, 1) Striped Bass mercury levels were lower in
the summer than the other two seasons, 2) Bluefish levels were over twice as high in the
spring than at other times, 3) Yellowfin Tuna levels were almost twice as high in the
summer as the fall, 4) Northern Kingfish levels were higher in the summer than fall, and 5)
Ling levels were higher in the fall than the summer. It is important to examine these
relationships in these same species from elsewhere as they have implications for risk to
people who consume them.

As might be expected, given the small coefficient of variation for selenium, there were few
seasonal differences (Table 6), and those reaching statistical significance (P<0.05) were not
great. Levels of selenium were significantly lower in the fall in Striped Bass, and were
significantly lower in the spring for Summer Flounder. Some species, where sample sizes
were large for all three seasons, showed no differences at all (e.g. Bluefish). The relatively
low interspecies average coefficient of variation is consistent with the homeostatic
regulation of selenium, an essential element.
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4.5. Risk to the food chain

Methylmercury in fish poses a risk both to the fish themselves, and to their predators.
Dietary uptake in fish probably accounts for more that 90% of the total uptake (Wiener et
al., 2003), with an assimilation efficiency of methylmercury of 65-80% (Wiener and Spry,
1996). Species that are higher on the food web (e.g. predators), occupying higher trophic
levels, have higher mercury levels through bioamplification. Mercury toxicity is affected by
temperature, salinity, dissolved oxygen and water hardness (Boening, 2000). Methylmercury
in fish accumulates in skeletal muscle, which is protective for the fish itself because the
mercury exposure to the central nervous system is reduced (Wiener and Spry, 1996). In fish,
methylmercury causes lack of coordination, diminished appetite, inability to feed,
diminished responsiveness, lowered swimming activity, starvation, and mortality (Wiener et
al., 2003).

Muscle levels of 5-20 ppm in fish are associated with apparent toxicity (Wiener et al.,
2003), but few fish reach these levels (Yamashita et al., 2005). Differences in sensitivity
relate to species of fish, bioavailability, and bioaccumulation rate (Niimi and Kissoon,
1994). These levels were determined for freshwater fish, and it is more likely that the
toxicity levels would be higher for marine fish that have evolved with the naturally
occurring mercury levels in seawater. Nonetheless, the mean levels in the species examined
were all below 2 ppm, suggesting no effect on the fish themselves.

Mercury in fish is available to predators that eat fish, and it biomagnifies as it moves up the
food chain (to humans or other top-level predators). The critical effects levels are 0.1 ppm
for consumption by piscivorous mammals, and 0.02 for birds (Yeardley et al., 1998). The
mean mercury levels in the fish from New Jersey (ranging as high as 0.52 ppm in muscle for
all fish except Mako [1.83 ppm]) are clearly higher than the levels known to pose a problem
for sensitive birds or mammals that scavenge them along the shore, or for sensitive marine
mammals. Only four of the fish species examined had mean mercury levels below 0.1 ppm.

4.6. Risk to humans

Two sets of guidance values, tissue concentration and daily or weekly ingestion, are used for
protection of human health from methylmercury in fish. Different countries and agencies
have used different values. Most tissue concentration standards reference total mercury,
because the added cost of speciating methylmercury is great.

The World Health Organization has set the maximum level of 0.5 ppm total mercury
(Marrugo-Negrete et al., 2008). The United Kingdom and the European Union have
established criteria for certain metals in fish (e.g. the level for mercury is 0.5 ppm in edible
fish, with up to 1 ppm allowed for certain exempt predatory fish species). China has set
standards for methylmercury in canned fish (ppm wet weight) of 0.5 ppm (except 1 ppm is
allowed in shark, sailfish, tuna, pike and other high-mercury fish). The European
Commission set a maximum limit for foodstuffs of 1 ppm (European Commission, 2008).
The U.S. Food and Drug Administration (USFDA) has an action level for methylmercury in
fish is 1.0 pug/g (ppm w/w), but this is a regulatory action level, rather than a risk level
(USFDA, 2001). Originally the FDA had set 0.5 ppm as the action level, comparable to
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many other nations (reviewed in Burger and Gochfeld, 2004). In 1982 the European
Commission set an Environmental Quality Standard of 0.3 ppm (w/w), and the US EPA
(2001) promulgated 0.3 ppm as an ambient freshwater quality standard.

In the fish from New Jersey there was a wide range of mean mercury levels (refer back to
Table 2), with Mako averaging 1.83 ppm, and 2 species averaging over 0.5 ppm (Bluefin
Tuna and Albacore Tuna). However, another 4 species averaged above 0.3 ppm (Thresher,
Striped Bass, Bluefish, and Wahoo). Thus, most of the fish in the study averaged mercury
levels below 0.2 ppm, which suggests that sensitive human groups can avoid mercury
exposure by carefully selecting the fish they eat. EPA (2008) also provides guidelines for the
consumption of fish (4 meals/month of 8 0z (=227 g) each), suggesting that people eat only
fish with values between below 0.23 ppm most fish in this study averaged within this range.

Guidance for mercury ingestion is expressed in micrograms per kilogram of body weight per
day or week. The underlying assumption is that such values are protective for all
individuals, for average daily consumption over a lifetime. Peak exposures are not
considered. The EPA chronic oral reference dose (RfD) for methylmercury is 0.1 pg/kg/
day, based most recently on the Faroe Island studies (Grandjean et al., 1997). The U.S.
Agency for Toxic Substances and Disease Research (ATSDR) has established a Minimal
Risk Level of 0.3 pg/kg/day based on the Seychelles Islands study (Davidson et al., 1998).
The Joint FAO/ WHO Expert Committee on Food Additives (JEFCA, 2003) established a
permissible tolerable weekly intake of 1.6 pg/kg (=0.23 per day). These guidance values
incorporate uncertainty factors, for protection of sensitive individuals, recognizing that
many people may be able to exceed these intakes with impunity. Nonetheless they have
important guidance value.

For many large fish, the species average concentration may not be the right measure for
sensitive human groups (pregnant women, young children) because one large fish may be
eaten for several consecutive meals, providing a series of high exposures. Ginsberg and Toal
(2000) have suggested that there may be risk during pregnancy for even a single-meal
exposure, particularly for fish with levels of over 2.0 ppm. We also reported the percent of
fillets that were above 0.5 ppm because of the need to know the percent of times an
exposure in a single meal may approach the tolerable daily intake (Berti et al., 1998). A 60
kg woman consuming an 8 oz (227 g) meal at 0.5 ppm, would consume 113 pg or 1.89
ug/kg, which is 19 times higher than the EPA’s reference dose of 0.1 ug/kg/day and 6 times
higher than the ATSDR value of 0.3 pg/kg/day. Even if this were averaged out over a week,
it would exceed the reference dose.

The risk from a pulsed exposure should also be examined, particularly its impact on a
developing fetus at a critical developmental period. Further, this information should be
provided to the public so that they can make informed decisions (see below). Providing
information on risk from single-meal exposures, especially for pregnant women, is a risk
communication challenge that should be considered by the FDA in addition to its existing
guidance (USFDA/USEPA, 2004a). Egeland and Middaugh (1997) have called attention to
the countervailing nutritional importance of fish, which increases the importance of
identifying suitable local fish with low contaminant levels, especially during pregnancy. It is
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a matter of risk balancing (Gochfeld and Burger, 2005; NRC, 2000; IOM, 2006). In the
present study, most of the fish species had some values above 0.3 ppm, and 9 species had
some fish above 0.5 ppm. For some species, over 20% of single fish had mercury levels
above 0.5 ppm, suggesting that a pregnant women, for example, eating that species of fish
with mercury levels above 0.5 ppm occurs every fifth time she eats one of these species.
With this information, pregnant women (and others) can make risk decisions based on the
probability that a given fish will have mercury levels above a mercury level considered
risky. Clearly more research and synthesis is required to understand the complex
mechanisms of the interaction between selenium and mercury, and what bioindicators are
best for assessing and managing the potential risk from mercury to fish consumers.

4.7. Risk management

The first management tool for reducing mercury in fish and shellfish is to reduce mercury in
the environment (pollution prevention), which is often considered a long-term goal. In 2005,
the EPA finalized the Clean Air Mercury Rule (CAMR, EPA, 2009). Although this was the
first federal action to address mercury emissions directly, the rule allowed power plants to
continue to emit too much mercury, the timeline for reduction was too long, and the CAMR
permitted trading of mercury allowances between power plants (EPA, 2009). The Supreme
Court invalidated this rule in 2009 (EPA, 2009). Thus legislation on mercury emissions is
still needed in the U.S. Recent work in the Everglades of the United States (SFWMD, 2000—
2005), and in Ontario, Canada (Harris et al., 2007), shows that mercury levels, particularly
in freshwater fish, reflect “new” atmospheric deposition to surface waters. However,
Kraepiel et al. (2003) found little change in mercury levels in tuna from Hawaii from 1971
to 1998. Presumably, management and regulation of mercury levels are changing with this
recognition. It is usually the case that public political concern results in regulatory action,
while concern raised only by scientists is often ignored (Lougheed, 2009).

Recent information suggests that the average American consumes about 13 g of fish and
shellfish per day (or about a single three ounce meal per week, EPA, 2009). Such averages,
mixing non-fish eaters with fish-eaters, obscure the many high-end fish consumption
subgroups and populations. Providing people who fish and consume self-caught fish with
information on mercury levels (and also on beneficial nutrients) is thus of public health
importance. In this paper we provided information on mercury and selenium levels as a
function of fish species, size, and season. Catching fish for tournaments is a big sport in
New Jersey and elsewhere along the east coast, which results in people bringing back the
largest fish they catch. Since people often bring back more fish to eat than “the big one”, a
public health campaign aimed at providing information on the effect of size might be
effective. This is complicated by the fact that some fish (e.g. Bluefish, Striped Bass, and
other predatory fish) often travel in schools of the same age or size, and fisherfolk who come
upon such a school might well catch only large or medium-sized fish. Thus, it would be
possible for a pregnant woman to have several meals in a row from large-sized fish at the
high end of mercury exposure. The desire to continue catching (and keeping) large fish
needs to be overcome to reduce consumption of large-sized fish. Another consequence of
high fish consumption by humans acts through downsizing of fish sizes due to selective

ci Total Environ. Author manuscript; available in PMC 2015 January 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Burger and Gochfeld

Page 14

harvesting of large fish (Conover et al., 2009). These conservation implications need further
consideration.

In conclusion, fish consumption is a matter of risk balancing (Egeland and Middaugh, 1997;
Ponce et al., 2000; Gochfeld and Burger, 2005). There are clearly both benefits and risks
from fish consumption, and the public should be provided with as much information as
possible to allow them to maximize the positive health benefits, while minimizing the risks
from contaminants (I0M, 2006). The availability of information on how mercury varies in
different fish species (as well as by size, season, and fishing location) can be valuable,
especially for pregnant women and others at high risk, in reducing their mercury exposure
while still consuming fish. To be effective, development of risk communication tools should
involve scientists, health professionals, regulators, and the general public (Jardine et al.,
2003; Knuth et al., 2003; Burger et al., 2005). But such communications must be informed
by data on how mercury varies among and within each species of fish. The public can easily
make use of such information, but it needs to be provided in a manner that is useful. Such
information should include data on different contaminant levels (mercury and PCBSs), as
well as on nutrition and omega-3s.
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Map showing the locations of sampling for fish from New Jersey 2005-2008.
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Table 3

Arithmetic mean mercury and selenium levels by fish size (length was not obtained for all fish). For each
species the Kruskal-Wallis chi square value tests the average level across size classes.

Mercury (ppm)  Selenium (ppm)  Weight (g)

Species n  MeantSE Mean+SE Mean+SE
Shortfin Mako Size range 79 cm to 234 cm

<170 12 1.39+0.21 0.30+0.03 46,600+2810

170-185 13 1.37+0.20 0.23+0.03 60,600£1550

186-200 16  2.40+0.30 0.25+0.02 76,300+2000

>200 9 2.17+0.58 0.27+0.03 100,000+4800

X2(p) 9.9 (0.02) 2.9 (NS) 43.2 (<0.0001)
Striped Bass Size range 12 cm to 125 cm

<70 46  0.28+0.04 0.30+0.03 2570+161

70-84 47 0.31+0.03 0.25+0.02 4780+209

85-100 43 0.42+0.03 0.31+0.02 8490+221

>100 42 0.59+0.05 0.34+0.01 14,100+478

X2(p) 36.3(<0.0001)  13.5(0.004) 129 (<0.0001)
Bluefish Size range 11 cm to 86 cm

<30 43 0.15+0.02 0.34+0.02 121+18

30-45 63 0.25+0.01 0.39+0.02 464+29

46-60 39 0.26+0.02 0.34+0.02 1620+136

>60 60 0.66+0.05 0.38+0.01 4080+137

X2(p) 79.3(<0.0001)  5.5(NS) 152 (<0.0001)
Tautog Size range 36 cm to 53 cm

<37 9 0.20+0.03 0.17+0.02 700+115

37-40 11  0.16+0.03 0.16+0.02 1080+46

41-44 12 0.17+0.01 0.19+0.03 1280+103

>44 15 0.25+0.03 0.23+0.02 2160+142

X2(p) 4.8 (NS) 4.3 (NS) 28.6 (<0.0001)
Windowpane Flounder  Size range 24 cm to 33 cm

<27 15 0.10+0.01 0.40+0.03 204+13

27-30 7 0.12+0.02 0.44+0.08 239+14

>30 15 0.28+0.02 0.31+0.02 343+8

X2(p) 21.4(<0.0001) 5.3 (0.07) 26.6 (<0.0001)
Dolphin (Mahi-mahi) Size range 52 cm to 104 cm

<60 7 0.04+0.01 0.33+0.04 1560+172

60-80 9 0.09+0.04 0.36+0.02 2660260

>80 10 0.35+0.06 0.38+0.04 5570+592

X2(p) 11.5 (0.003) 0.65 (NS) 20.0 (<0.0001)
Weakfish (Squeteague)  Size range 30 cm to 81 cm

<36 12 0.17+0.03 0.19+0.04 345+23

36-40 12 0.14+0.03 0.28+0.02 476+26
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Mercury (ppm)  Selenium (ppm)  Weight (g)

Species n  MeantSE Mean+SE Mean+SE

41-50 10 0.16+0.01 0.28+0.03 79177

>50 15 0.20+0.04 0.21+0.03 2050+305

X2(p) 1.5 (NS) 5.2 (NS) 37 (<0.0001)
Northern Kingfish Size range 22 cm to 40 cm

<25 13 0.06+0.01 0.30+0.02 130+6

25-27 15 0.09+0.02 0.31+0.04 1677

28-30 15 0.22+0.08 0.26+0.03 2199

>30 20 0.24+0.04 0.27+0.02 377+44

X2(p) 245(<0.0001) 3.7 (NS) 58.6 (<0.0001)
Summer Flounder Size range 34 cmto 112 cm

<46 cm 61 0.12+0.01 0.35+0.02 801+20

46-51 cm 65 0.14+0.01 0.34+0.02 984+52

52-58 cm 67 0.15+0.01 0.35+0.02 1450166

>58 cm 62 0.16+0.01 0.36+0.02 2290+136

X2(p) 8.1(0.04) 0.6 (NS) 122 (<0.0001)
Atlantic Croaker Size range 22 cm to 38 cm

<27 15 0.04+0.01 0.45+0.06 220+10

27-30 11  0.10+0.01 0.49+0.09 310+17

31-34 17 0.13+0.01 0.48+0.03 415+14

>34 18 0.18+0.02 0.50+0.03 567+21

X2(p) 36.7 (<0.0001) 3.7 (NS) 33.2 (<0.0001)
Winter Flounder Size range 30 cm to 44 cm

<33 14 0.05+0.01 0.26+0.02 458+31

33-36 15 0.07+0.01 0.24+0.02 552+28

37-39 13 0.06+0.01 0.29+0.03 72321

>39 10 0.05+0.01 0.22+0.05 941+76

X2(p) 2.6 (NS) 4.0 (NS) 36 (<0.0001)
Ling Size range 16 cm to 61 cm

<18 7 0.03+0.00 0.24+0.02 40+2

18-21 12 0.02+0.00 0.12+0.03 64+3

22-32 9 0.04+0.00 0.21+0.02 115+5

>32 10 0.07+0.02 0.22+0.02 478+164

X2(p) 19.4 (0.0002) 10.7 (0.01) 33.8 (<0.0001)
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