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Abstract: Models and data from the North Pacific Ocean indicate that mercury concentrations in water and biota are increasing in
response to (global or hemispheric) anthropogenic mercury releases. In the present study, we provide an updated record of mercury in
yellowfin tuna (Thunnus albacares) caught near Hawaii that confirms an earlier conclusion that mercury concentrations in these fish are
increasing at a rate similar to that observed in waters shallower than 1000 m. We also compiled and reanalyzed data from bigeye tuna
(Thunnus obesus) and blue marlin (Makaira nigricans) caught near Hawaii in the 1970s and 2000s. Increases in mercury concentrations
in bigeye tuna are consistent with the trend found in yellowfin tuna, in both timing and magnitude. The data available for blue marlin do
not allow for a fair comparison among years, because mercury concentrations differ between sexes for this species, and sex was identified
(or reported) in only 3 of 7 studies. Also, mercury concentrations in blue marlin may be insensitive to modest changes in mercury
exposure, because this species appears to have the ability to detoxify mercury. The North Pacific Ocean is a region of both relatively high
rates of atmospheric mercury deposition and capture fisheries production. Other data sets that allow temporal comparisons in mercury
concentrations, such as pacific cod (Gadus macrocephalus) in Alaskan waters and albacore tuna (Thunnus alalunga) off the US Pacific
coast, should be explored further, to aid in understanding human health and ecological risks and to develop additional baseline knowledge
for assessing changes in a region expected to respond strongly to reductions in anthropogenic mercury emissions. Environ Toxicol Chem

2017;36:1365-1374. © 2017 SETAC
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INTRODUCTION

As a result of anthropogenic inputs, the mercury content of
the global ocean has increased, on average, by 2.6 times in
waters from depths of Om to 1000 m and by 1.1 times for all
depths, compared with a preanthropogenic inventory [1].
Anthropogenic influence is most pronounced in the northern
hemisphere, where anthropogenic emissions of mercury to the
atmosphere are greatest [2]. Mercury concentrations in North
Pacific intermediate waters increased at a rate of 3%/yr
between 1995 and 2006 and are projected to double from 1995
to 2050 if current mercury deposition rates are maintained [3].
In North Atlantic waters, mercury concentrations peaked in the
1980s or 1990s and are now declining, at a rate of 4.3%/yr
between 1999 and 2010, in response to environmental
regulations that controlled mercury releases to water [4] and
air [5]. The Arctic Ocean, which is relatively less studied, is
the ocean basin where anthropogenic sources (largely outside
of the basin) currently contribute the most (among all basins)
to the total deposition of mercury [2], although climate-
induced increases in riverine fluxes of mercury [6] are also
important in driving modeled increases in mercury concen-
trations in seawater [7].

In the open ocean, mercury from atmospheric deposition can
be transformed in the surface mixed layer and the pycnocline to
methylmercury, which bioaccumulates in food webs. Measure-
ments of methylmercury in ocean water columns [3,8] suggested
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that mercury is methylated in situ, because concentrations of
methylmercury peaked in the pycnocline, where sinking particles
of organic matter are decomposed by microbes. Incubation
experiments, in which methylmercury formed from seawater
amended with isotopically labeled inorganic mercury, provided
unequivocal evidence that in situ methylation can occur [9,10].
Furthermore, Blum et al. [11] used natural abundance mercury
isotopes in fish collected from discrete depths in the North Pacific
to determine, by mass balance, that 20% to 40% of methylmer-
cury is formed in the surface mixed layer (<50m) and 60% to
80% is formed in the pycnocline (50-600 m). These estimates
were possible because photochemical reactions cause mass-
independent fractionation of odd mercury isotopes [12], and the
mass-independent fractionation signature of methylmercury
(observed in A'’Hg and A**'Hg values) decreased with the
depth at which fish fed. In the surface mixed layer, photo-
demethylation leaves a residual pool of methylmercury high in
A" Hg and A®°'Hg values, available for bioaccumulation.
Decreases in A'*’Hg and A*°'Hg values with depth are the result
of the dilution of methylmercury produced in the surface mixed
layer (and exported to waters below) by methylmercury produced
at depths where photodemethylation does not occur. Finally, the
carbon stable isotope composition of methylmercury in tuna
collected from the Adriatic Sea (8'°C =-22.1 # 1.5%o0) closely
matches that of algal-derived particulate organic matter
(8"3C =-21%0) [13].

Mercury concentrations in biota respond to changes in
inputs of mercury to the ocean. In the North Atlantic, which
has declining mercury concentrations in water in response to
environmental regulations in North America and Europe,
Cross et al. [14] and Lee et al. [15] documented declines in
mercury concentrations of bluefish (Pomatomus saltatrix) and
Atlantic bluefin tuna (Thunnus thynnus), respectively,
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captured from the Northwest Atlantic coast. Over the past
6000 yr, mercury concentrations in bones of Pacific cod
(Gadus macrocephalus; recovered from a small island in the
Gulf of Alaska) have fluctuated in sync with climate
changes [16], with the highest concentrations occurring
when glacial melting and sea-level rise caused coastal
flooding that is speculated to have increased the flux of
mercury and methylmercury from land to water. In the modern
record for the North Pacific, where mercury concentrations in
water are increasing [3] as a result of export of atmospheric
mercury from Asia [17], increasing trends of mercury
concentrations have also been observed in yellowfin tuna
(Thunnus albacares) [18] and in black-footed albatross
(Phoebastria nigripes) [19]. In the Arctic Ocean, mercury
concentrations in marine mammals and birds have been
increasing since approximately 1900 [20-24], and Dietz
et al. [22] estimated that anthropogenic sources now
contribute >90% of mercury accumulated in arctic biota.

Humanity’s history with mercury has largely been of (mis)
use for short-term economic gains that pollute the local and
global environment, but recent and current management and
policy efforts have resulted, and will continue to result, in
declining mercury concentrations in fish—the main vector
through which humans are exposed to mercury—and other
environmental media. Ocean fish from offshore and high seas
fisheries are a major source of food for humans, but are
ubiquitously contaminated with mercury. Given that there are
no significant anthropogenic releases of mercury in the open
ocean, it is apparent that mercury is a global pollutant, and an
international convention is required to control emissions to the
atmosphere. The Minamata Convention [25] mandates the
elimination or reduction of mercury uses and releases, as well as
requiring the monitoring of mercury in environmental media,
including fish, to evaluate effectiveness. To assess changes in
mercury concentrations in fish, it would be advantageous to
choose species of societal and/or ecological importance, with
historical data against which changes can be assessed, and from
areas expected to respond strongly to declining mercury
emissions.

In the present study we examine data from 3 species of fish—
yellowfin tuna, bigeye tuna (Thunnus obesus), and blue marlin
(Makaira nigricans)—sampled during the past 4 decades from
the North Pacific near Hawaii. Tunas, generally, constitute
globally important commercial fisheries, with a total catch of 5
million metric tons in 2014 [26] worth an estimated USD $42.21
billion [27]. In the United States, consumption of tunas is the
single biggest vector of mercury exposure for humans,
accounting for 39% of mercury uptake from all sources [28].
Blue marlin, apex marine predators that have mercury
concentrations among the highest of all fish species [29], are
caught primarily as by-catch by the tuna industry and comprise
comparatively small commercial fisheries; for example, from
2005 to 2011, the commercial harvest of blue marlin in Pacific
waters averaged 17.7 metric tons/yr [30]. The North Pacific is an
ocean region expected to respond “most strongly” to changes in
anthropogenic mercury emissions [2]. We report that size-
adjusted mercury concentrations in yellowfin tuna and bigeye
tuna appear to be increasing in step with loadings, and thus
future monitoring efforts should include these species from this
location (Hawaii). Blue marlin, because of historical data sets
that are incomplete and an apparent ability to demethylate
methylmercury and sequester inorganic mercury, would be a
poor choice for evaluating the effectiveness of the Minamata
Convention.

Drevnick and Brooks
METHODS

For yellowfin tuna and bigeye tuna, data sources were Rivers
etal. [31] (yellowfin tuna only), Thieleke [32], Kraepiel et al. [33]
(yellowfin tuna only), Brooks [34], Kaneko and Ralston [35], and
Choy etal. [36]. Each of these sources reported data for individual
fish for year of collection, approximate location (all Hawaii), size
(mass in kg), and (total) mercury concentration in white muscle
(ppm in wet tissue). Tissue samples of white muscle were not
taken consistently from the same carcass location across studies.
Bosch et al. [37], however, reported that no differences were
found among 4 white muscle portions across the carcass (of 14
yellowfin tuna) for each of total mercury, methylmercury, and
inorganic mercury. Data were gathered directly from tables
[31-33], by digitizing scatterplots from figures [36], or from
contributions by the original authors [34,35]. Data from Rivers
etal. [31], Thieleke [32], Kraepiel et al. [33], and Choy et al. [36]
were used in a recent compilation and reanalysis of mercury
concentrations of yellowfin tuna [ 18] that summarized the quality
assurance/quality control procedures of these studies that ensured
validity of data. Data from Brooks [34] and Kaneko and
Ralston [35] (i.e., not in that compilation) are also of high quality.
The only data set used in the present study that was not previously
published in the peer-reviewed literature is that of Brooks [34]:
samples were digested and analyzed for total mercury using US
Environmental Protection Agency (EPA) method 7471, and
digestion batches included a (noncertified) reference material
(mean recovery of 97.5% of known value), duplicates (mean
relative standard deviation of 9.46%), and spikes (mean recovery
of 85.3%). Furthermore, Brooks [34] had a subset of samples
analyzed by a separate, independent laboratory, and the mean
relative standard deviation for duplicates between laboratories
was 5.97%. Kaneko and Ralston [35] used a custom method for
digestion of fish tissues for analyses of mercury and selenium,
digestion batches included certified reference materials, dupli-
cates, and spikes, and total mercury was analyzed by cold-vapor
atomic absorption spectrophotometry.

Mercury concentrations in tunas (within and not between
species) were compared among years (1971, 1998, 2002, 2006,
and 2008) by analysis of covariance (ANCOVA), with size as
the covariate. For yellowfin tuna, Drevnick et al. [18] used a size
range of 22kg to 76kg in the ANCOVA to compare mercury
concentrations among the data sets from 1971 [31,32],
1998 [33], and 2008 [36], because that size range (+5kg)
was common to all 3 data sets. Furthermore, removing fish less
than 22 kg was necessary, because data from those fish did not
adhere to the assumption of linearity. For the present reanalysis,
which updates the record for yellowfin tuna with data from
2002 [34] and 2006 [35], we used the same size range, which
excluded 2 fish from 2002 (both less than 22 kg) and 8 fish from
2006 (6 less than 22 kg, 2 greater than 76 kg). Note that for the
analysis by Drevnick et al. [18], one time period (2008) with low
sample size (n = 14) showed an increase in mercury concen-
trations over the earlier time periods (1971, 1998). The data
from 2002 and 2006 provide for more confidence in the present
reanalysis and better time resolution during the transition to
higher mercury concentrations. For bigeye tuna, fish from 16 kg
to 76 kg were used for the ANCOVA, because that size range
(£5kg) was common to all 4 yr with data sets: 1971 [32],
2002 [34], 2006 [35], and 2008 [36]. (As a note, in each of these
data sets for bigeye tuna, mercury concentration is linear with
size for the full range of sizes, including small individuals.)
Outliers were identified with Tukey box plots, confirmed by
one-sided Grubbs’ tests, and removed from the data sets. The
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ANCOVAs used type III sums of squares. Tukey’s honest
significant difference (HSD) tests were used (post hoc) to
determine differences between years.

For blue marlin, data sources were Rivers et al. [31],
Thieleke [32], Schultz et al. [38], Schultz and Crear [39],
Unninayar and Ito [40], Brooks [34], and Kaneko and
Ralston [35]. Each of these sources reported data for individual
fish for year of collection, approximate location (all Hawaii), size
(mass in kg), and (total) mercury concentration in muscle (ppm in
wet tissue). In 3 of the 7 studies [32,39,40], sex was identified (or
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reported), which is important because, unlike tunas [41,42], blue
marlin exhibit sexual dimorphism in size [43] and mercury
accumulation [40]. In 5 of the 7 studies [31,34,38-40],
methylmercury concentrations in muscle (ppm in wet tissue)
were reported, which is also important because, unlike for tunas
(again), methylmercury may be only a minor portion of the total
mercury in muscle and other tissues of blue marlin [31]. Data
were gathered directly from tables [31,32,38—40], or were
contributed by the original authors [34,35]. Quality assurance/
quality control procedures and results for total mercury analyses
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Figure 1. Mercury (Hg) in yellowfin tuna (circles; a, ¢, and e) and bigeye tuna (squares; b, d, and f). Panels (a) and (b) show linear regressions of tuna size (kg)
versus (total) Hg concentration (ppm) for 5 time periods: 1971 (black [31,32]), 1998 (red [33]), 2002 (blue [34]), 2006 (orange [35]), and 2008 (green [36]). See
Table 1 for regression statistics. Panels (¢) and (d) show the change from 1971 in least squares (LS) mean (& standard error) of (total) Hg in tuna. Overlaid on the
tuna data are average (total) Hg concentrations in seawater between 0 m and 1000 m depths in the eastern North Pacific Ocean [3], represented by gray triangles
(= standard deviation). Panels (e) and (f) compare least squares means of (total) Hg in tuna (large circles and squares) and data from each individual tuna (small
circles and squares) with modeled temporal trends for (total) Hg in tuna. See text for description of models. Solid gray lines represent models run with average
3">N values, for each species, from Choy [47]; dashed gray lines represent averages & 1 standard deviation.
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for Rivers et al. [31] and Thieleke [32] and for Brooks [34] and
Kaneko and Ralston [35] were summarized in Drevnick et al. [ 18]
and in the present study, respectively. For Schultz et al. [38],
Schultz and Crear [39], and Unninayar and Ito [40], digestions
and analyses were performed as described by Rivers et al. [31];
but none of these studies described quality assurance/quality
control procedures and results.

The data available for blue marlin do not allow for a fair
comparison among years, because mercury concentrations
covary with size and sex, and sex was identified (or reported) in
only 3 of 7 studies. See the Results and Discussion section for
further information.

Size (mass) of fish is important for interpreting changes in
mercury concentrations with time, but among data sources,
descriptions are lacking for the form of the fish when weighed.
Before December 2004, “most of the pelagic catch in Hawaii
was landed whole” [44], and we assume fish were weighed
whole. After December 2004, US seafood safety regulations
required that catches be landed gilled and gutted. Kaneko and
Ralston [35] obtained tissue samples for their study from the
Honolulu Fish Auction in 2006 and reported masses of gilled
and gutted fish. We converted gilled and gutted masses to whole
masses of yellowfin tuna and bigeye tuna according to the
nonlinear models of Langley et al. [45] and of blue marlin with a
conversion factor (1.25) from Ito [46]. Choy et al. [36] obtained
tissue samples from yellowfin tuna, bigeye tuna, and blue marlin
in 2008 collected by US National Oceanic and Atmospheric
Administration (NOAA) fishery observers aboard commercial
fishing vessels or from recreational boat captains. Because it is
not indicated otherwise, we assume the masses in Choy
et al. [36] for these species are from whole fish.

We used biomagnification models to simulate temporal
trends in mercury concentrations of yellowfin tuna, bigeye tuna,
and blue marlin, with which we compared empirical data. The
models are based on the equation

log,,[Hg] = 3N(b) +a

where a and b are the intercept and slope of a simple linear
regression between nitrogen isotope composition (3'°N;
independent) and logl0-transformed mercury concentrations
(logio[Hg]; dependent) of a food web. Choy [47] reported
8'°N values and mercury concentrations from organisms in the
North Pacific near Hawaii, sampled in 2009 to 2012, and from
these data we constructed models for an epipelagic food web
(includes yellowfin tuna and blue marlin; a =0.40, »=0.21)
and an upper mesopelagic food web (includes bigeye tuna;
a=0.38, b=0.22). To run the 2 models through time
(1995-2015), slopes were kept constant (because there was
no reason to suggest otherwise), and intercepts, which can be
considered estimates of mercury incorporated at the base of the
food webs [48], were adjusted according to modeled mercury
concentrations in water [3]. Means and standard deviations of
8"°N values for yellowfin tuna (10.2 + 1.7%¢; n=43), bigeye
tuna (10.8 +1.3%0; n=42), and blue marlin (11.8 4= 1.9%o;
n="7) were also taken from Choy [47].

RESULTS AND DISCUSSION

Yellowfin tuna and bigeye tuna

For both tuna species and for each year of sampling, mercury
concentration increased with size (Figure 1a and b). Summary
statistics for linear regressions are given in Table 1.

Drevnick and Brooks

The ANCOVA performed for each tuna species indicated
that mercury concentrations significantly differ among years,
with a trend of increasing concentration with time. Analysis of
covariance is a 2-step process, with the first step testing whether
slopes of regression lines are parallel. For both species, slopes of
the regressions between mercury concentration and size were
not statistically different among time periods (yellowfin tuna:
Fy74=0.775, p=0.542; bigeye tuna: Fj364=1.15,
p =0.330), allowing us to proceed to the second step, removing
the interaction term (size x year) and testing for difference in
intercepts. For both species, intercepts (i.e., mercury concen-
trations at x = 0) were statistically different among time periods
(yellowfin tuna: F,,5,=14.9, p < 0.001; bigeye tuna:
F3167=5.48, p=0.001). For yellowfin tuna, a Tukey’s HSD
test found that least-squares means (= standard error) of
mercury concentrations from 2002 (0.304 £+ 0.021 ppm), 2006
(0.306 £0.013 ppm), and 2008 (0.338 £0.024 ppm) were
greater than from 1971 (0.227£0.008 ppm) and 1998
(0.218 0.008 ppm). For bigeye tuna, a Tukey’s HSD test
found that least-squares means (= standard error) of mercury
concentrations from 2006 (0.610£0.022ppm) and 2008
(0.644 £0.029 ppm) were greater than from 1971
(0.533 £0.016 ppm), whereas that from 2002
(0.522 £0.033 ppm) was less than 2008 and equivalent to
1971 and 2006. Least-squares means can be considered size-
adjusted means, because the ANCOVA adjusts group (year)
means of the dependent variable (mercury concentration) by
controlling for the effect of the covariate (size).

When the 2 tuna species are compared, mercury concen-
trations tend to be greater in bigeye tuna than in yellowfin tuna.
Mercury is subject to biomagnification (i.e., an increase in
concentration with trophic level), and bigeye tuna occupy a
higher trophic level than yellowfin tuna [47]. In terms of
regulatory guidelines, mercury concentrations in both species
rarely exceed the US Food and Drug Administration (FDA)
action level of 1 ppm methylmercury in the edible portion (for
the reduced data sets used in the present study, 0 of 288
yellowfin tuna and 2 of 172 bigeye tuna exceeded this value) and
regularly exceed the US Environmental Protection Agency
(USEPA) fish tissue residue criterion of 0.3 ppm methylmercury
(for the reduced data sets used in the present study, 73 of 288
yellowfin tuna and 160 of 172 bigeye tuna exceeded this value).
Note that for all tuna species, it can be assumed that
methylmercury constitutes “virtually all (>95%)” [49] of the
total mercury in muscle tissue. The FDA action level is defined
as “a limit at or above which FDA will take legal actions to
remove products from the market” [50], and according to the
limit and the data shown, no action should be taken. The USEPA

Table 1. Summary statistics for linear regressions of size (mass, in kg)
versus (total) mercury concentration (ppm in wet tissue) in yellowfin tuna
and bigeye tuna caught near Hawaii

Species Year No. Slope Intercept P P

Yellowfin tuna 1971 111 0.007 —0.080 0413  <0.001
1998 104  0.008 -0.162 0.375 <0.001
2002 17 0.008 -0.071 0.583  <0.001
2006 42 0.009 —-0.089 0.605 <0.001
2008 14 0.009 -0.072 0.656  <0.001
Bigeye tuna 1971 85 0.005 0.304 0.322 <0.001
2002 19 0.008 0.150 0.466 0.001
2006 44 0.007 0.281 0.293  <0.001
2008 24 0.010 0.200 0.202 0.028
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Figure 2. Scatterplots of size (kg) and (total) mercury (Hg) concentration (ppm) in blue marlin from 1971 [31,32], 1972 [38], 1973 [39], 1974 [40], 2002 [34],
and 2006 [35]. Black and white filled circles are for females and males, respectively. Gray filled circles are for blue marlin of unidentified or unreported

(unknown) sex.

fish tissue residue criterion is the “maximum advisable
concentration of methylmercury in freshwater and estuarine
fish and shellfish tissue to protect consumers of fish and shellfish
among the general population” [51]. This criterion, pursuant to
the US Clean Water Act, is intended to be the basis for US states
and tribes to manage mercury inputs to surface waters. Although

the USEPA fish tissue residue criterion does not apply to tuna
species, because tuna are marine fish and the Clean Water Act
does not extend offshore, least-squares means of mercury
concentrations of yellowfin tuna have increased from below the
criterion (1971, 1998) to above the criterion (2002, 2006, 2008).
Because the concentrations exceed this criterion from 2002
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onward, consumers of yellowfin tuna and bigeye tuna caught in
the North Pacific are not protected from adverse effects of
mercury.

The present compilation and reanalysis of data reinforces the
conclusion of Drevnick et al. [18] that mercury concentrations
in tuna are increasing in the North Pacific as a result of
anthropogenic loadings of mercury. Mercury delivered via
atmospheric transport and deposition from natural and
anthropogenic sources and via lateral flow of waters from the
coast of the western North Pacific Ocean is causing increased
mercury concentrations in waters of the central and eastern
North Pacific Ocean [3,52]. The temporal trend in mercury
concentrations in waters between O m and 1000 m depths (4+-3%/
yr during 1995-2006) [3] is mirrored by the changes in mercury
concentrations in yellowfin tuna (45.54 1.6%/yr during
1998-2008) and bigeye tuna (+3.9+2.1%/yr during
2002-2008) (Figure 1c and d). Furthermore, mercury data
from each individual tuna and the least-squares mean for each
year for each species are accurately predicted by biomagnifi-
cation models that are built on data independent of this
synthesis [47] and use modeled mercury concentrations in
water [3] to adjust the amount of mercury incorporated at the
base of (epipelagic and mesopelagic) food webs (Figure 1e and
f). The empirical data indicate inflection points where mercury
concentrations shift from steady state to increasing, at 2002 for
water and bigeye tuna and at 1998 for yellowfin tuna. It seems
unlikely, however, that there was a discrete time point during the
late 20th century or early 21st century when mercury
concentrations began to increase. Instead, limited sampling
(in both sample sizes and the number of years sampled) and
variability in mercury concentrations (within years) preclude
the discernment of subtle, gradual changes. The geophysical
evidence, from sediment cores from lakes along the North
American Pacific coast, points to a continuous increase in rates
of atmospheric mercury deposition post 1850 [53]. Sunderland
et al. [3] suggested that long-term changes in mercury
concentrations in water may be underestimated because of
seasonal variability. Water samples were collected in spring
(2002, 2006) and summer (1987). During summer, the water
column is enriched in mercury, compared with other sea-
sons [54]. Accordingly, the model constructed by Sunderland
et al. [3] projects a continuous increase in mercury concen-
trations in water. The record from black-footed albatross [19]
also suggests that the increase in mercury is continuous over the
period 1880 to 2002, but is at an elevated rate after 1990.

The difference in the timing of the inflection points for
yellowfin tuna (1998) and bigeye tuna (2002) may be an artifact
of sampling error (no bigeye tuna sampled in 1998; sample sizes
low in 2002) or because of the contrasting biology and ecology
of the 2 species. Kwon et al. [55] determined the time that so-
called new mercury is at steady state in Pacific bluefin tuna
(Thunnus orientalis) to be >1070d. Time to steady state
depends on metabolic rate (inverse relationship), which in turn
is (directly) related to temperature [56]. At a given temperature,
bigeye tuna have lower metabolic rates [57] and likely a longer
time to steady state (for mercury), compared with yellowfin
tuna. Furthermore, bigeye tuna have lower average body
temperatures than yellowfin tuna, because the former inhabit
deeper (and colder) waters than the latter [58]. Lastly, yellowfin
tuna are resident in Hawaii year round, but bigeye tuna exhibit a
north—south migration, spending the winter months of the
northern hemisphere in the Equatorial Pacific [59—63]. There
has been no detectable increase in mercury concentrations in
water over time in the Equatorial Pacific [64], in contrast to the

Drevnick and Brooks

North Pacific. These 3 factors (metabolism, temperature,
migration) could contribute to a delay in the inflection point
of the bigeye tuna record, compared with that for yellowfin tuna.

Blue marlin

For blue marlin for each year of sampling, mercury
concentrations were positively related to size (Figure 2).
Summary statistics of linear regressions (not shown in Figure 2)
of logjo-transformed data are given in Table 2. Logig
transformations were necessary for both the independent and
dependent variables to meet assumptions of linear regression.
Also note that data sets were not restricted to a size range
common to all years, as for the tuna species, because an among-
year comparison (e.g., ANCOVA) was not performed (see the
following paragraphs).

For any given size of blue marlin that overlaps between sexes,
mercury concentrations tend to be higher in males than females,
although the largest individuals are all females and have the
highest mercury concentrations (Figure 2). Between-sex com-
parisons with data from 1973 [39] and 1974 [40], the only 2 yrin
which sex was identified in all individuals, are illustrative. Linear
regressions by year and by sex (also in Table 2) predict mercury
concentrations of 4.70 ppm (1973) and 5.16 ppm (1974) for a
100-kg male (approximately the 90th percentile for size for
males) and 1.77 ppm (1973) and 1.09 ppm (1974) for a 100-kg
female (approximately the 10th percentile for size for females).
Sex differences in mercury concentrations have been noted for
other fish species (but not for tuna), and, in general, males may
have higher mercury concentrations than females because the
former tend to ingest more mercury than the latter, as a result of a
higher rate of energy expenditure [65]. The maximum mercury
concentration for males was 6.8 ppm, but 7 females exceeded this
value, with mercury concentrations of 7.2, 8.4, 9.1, 10.0, 13.3,
15.6, and 16.8 ppm. Presumably, mercury concentrations are
highest in the largest individuals because these fish eat the largest
prey items that are highest in mercury.

We could not fairly compare mercury concentrations in blue
marlin among years with ANCOVA or another appropriate
model (e.g., the Johnson—Neyman technique). It is apparent that
mercury concentrations in blue marlin covary with size and sex;
and from the 3 studies that reported sex, unequal numbers of
males and females were sampled among years. Performing an
ANCOVA as above, with size as the single covariate, would
yield ambiguous results; that is, a treatment (year) effect could
not be distinguished from a sex effect. The appropriate
statistical model would incorporate both size and sex as

Table 2. Summary statistics for linear regressions of log;o-transformed size
(mass, in kg) versus log;o-transformed (total) mercury concentration (ppm
in wet tissue) in blue marlin caught near Hawaii

Year No. Slope Intercept r° P
1971 All 69 0995 -1.48 0.510 <0.001
Males 21 0418 -0.415 0.058 0.291
Females 8 0776 -0.969 0.705  0.009
1972 All (sex not identified) 19 2.12 -3.85 0.572  <0.001
1973 All 35 1.38 -2.30 0.428 <0.001
Males 21 257 —4.48 0.415  0.002
Females 14 2.02 -3.79 0.561  0.002
1974 All 46 131 -2.23 0.377 <0.001
Males 32 339 —6.06 0.692 <0.001
Females 14 1.95 -3.86 0.695 <0.001

2002 All (sex not identified) 19 1.58 -2.93 0.378  0.005
2006 All (sex not identified) 50 1.68 -3.31 0.659 <0.001
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covariates [66], but that is not possible because sex was not
identified or reported in 4 of 7 studies, including both of the
recent studies [34,35].

Mercury concentrations in blue marlin are elevated
compared with yellowfin tuna and bigeye tuna, as well as other
fish species. For blue marlin from all years (n = 238), minimum,
maximum, mean, and median concentrations of (total) mercury
were 0.060 ppm, 16.8 ppm, 3.33 ppm, and 2.40 ppm, respec-
tively. Methylmercury, measured in a subset of blue marlin
(n=130), had minimum, maximum, mean, and median
concentrations of 0.020ppm, 1.79ppm, 0.518 ppm, and
0.425 ppm, respectively. Note that the mean, median, and
maximum concentrations of (total) mercury concentrations
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exceeded by at least 2 times that of all other fishes in the FDA
Monitoring Program [67], including fishes (tilefish from the
Gulf of Mexico, shark, swordfish, king mackerel) that a joint
USEPA-FDA advisory cautions to avoid eating [68]. Because
the FDA action level is 1 ppm methylmercury, and in most (120/
130) blue marlin methylmercury constitutes less than half of
total mercury (Figure 3c), few (13/130) blue marlin exceed this
value. In contrast, 74% (96/130) of blue marlin exceed the
USEPA fish tissue residue criterion, although (again) criteria
developed for the Clean Water Act pertain only to freshwater
and estuarine fish. Furthermore, methylmercury concentrations
are within the range of values (0.5-1.2 ppm) known to elicit
toxic effects in fish (“effects on biochemical processes, damage
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Figure 3. Comparison of concentrations (ppm) of total mercury (Hgr; a) and methylmercury (methyl-Hg; b) in blue marlin with modeled temporal trends for
Hgr in blue marlin. Black and white filled symbols are for females and males, respectively. Gray filled symbols are for blue marlin of unidentified or unreported
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to cells and tissues, and reduced reproduction” [69]), and this
selective force appears to have elicited the evolution of a
detoxification pathway (see the next paragraph).

Blue marlin are apex marine predators and thus are exposed to
significant amounts of methylmercury in prey items, but (total)
mercury concentrations are elevated compared with other fishes
at a similar trophic level because of an apparent ability to
demethylate methylmercury and sequester inorganic mercury in
their muscle tissue. The epipelagic biomagnification model that
accurately predicted (total) mercury concentrations in yellowfin
tuna grossly underperformed for blue marlin (Figure 3a).
Modeled (total) mercury concentrations for blue marlin (at a
mean =+ standard deviation [SD] of 8'°N value of 11.8 & 1.9%0)
for the period 1995 to 2010 range from 0.522 ppm to 0.746 ppm.
Fifty-five percent (130/238) of measured (total) mercury
concentrations exceed the upper bound (i.e., mean
8'°N value + 1 SD; 2.13 ppm in 2010) of the model. In contrast,
methylmercury concentrations are generally within the lower
(i.e., mean 3"°N value — 1 SD; 0.208 ppm in 1995) and upper
bounds of the model (Figure 3b). It is our hypothesis that
methylmercury in blue marlin constitutes a “fast pool” of mercury
that is ingested, accumulates in tissues, and is demethylated to
inorganic mercury. The “slow pool” is the resulting inorganic
mercury that is sequestered in detoxified insoluble subcellular
fractions [70,71], that is, granules and heat-stable peptides and
proteins [72,73]. It is the sequestration of inorganic mercury that
results in exceptionally high (total) mercury concentrations in
blue marlin. Many species of fish are known to store inorganic
mercury in organs associated with detoxification—notably, liver,
kidney, and spleen [74]—but to our knowledge, only blue marlin
store inorganic mercury in muscle tissue.

Uncertainties and future directions

The data used in the present synthesis highlight the difficulty
in discerning clear temporal trends in mercury concentrations in
open ocean fish. The ANCOVAs performed with data from
yellowfin tuna and bigeye tuna unequivocally show increases in
mercury concentrations with time, but limited sampling (within
and among years) and variability in mercury concentrations
(within years) confuse our understanding. Are the increases in
mercury concentrations in yellowfin tuna and bigeye tuna
continuous, as models suggest, or discrete, as the data suggest?
Physiological differences among (tunas vs blue marlin) and
within (male vs female) species also introduce uncertainty, if
differences are not understood (e.g., detoxification) or
accounted for in sampling design (e.g., sex). It may very well
be that total mercury and methylmercury concentrations are
declining in blue marlin, but the compiled data set does not
allow for a robust analysis. Furthermore, spatial complexity
within (e.g., North Pacific vs Equatorial Pacific) and among
ocean basins for migratory species (e.g., bigeye tuna)
complicates interpretations. Bonito et al. [75] reported that,
globally, mercury concentrations in ocean fish (842 species)
declined during 1969 to 2012 by approximately 1%/yr, but their
analysis was heavily skewed toward fish from the Atlantic
Ocean, where mercury concentrations are declining; fish from
the Mediterranean Sea, Indian Ocean, and Pacific Ocean
showed no trend. Likewise, Davis et al. [76] reported no trend in
mercury concentrations in fish (109 species) during 1985 to
2014 from the US Pacific coast, but the authors stressed that
their analysis was based on strikingly little available data and
that “expanded and continued monitoring would be of great
value in characterizing methymercury exposure and tracking
changes in contamination.”

Drevnick and Brooks

In the North Pacific Ocean, efforts to evaluate the
effectiveness of the Minamata Convention on mercury
concentrations in environmental media should leverage and
add to historic data sets, including those for yellowfin tuna and
bigeye tuna. Other media with data sets that comprise more than
one time period—and (may) show changes in mercury
concentrations over time—include water [3,54], other fishes,
black-footed albatross [19], and human umbilical cord
blood [77,78]. Other fishes include Pacific cod (G. macro-
cephalus) in Alaskan waters [79,80] and albacore tuna (Thunnus
alalunga) off the US Pacific coast [81,82], both of which (as for
yellowfin tuna and bigeye tuna) are the basis for important
capture fisheries in the North Pacific Ocean [27,83]. It would be
advantageous for governments and the fishing industry to work
together to monitor mercury in (at least) these 4 fish species, as
an efficient means to track temporal trends and to estimate
exposure to fish, wildlife, and humans. Human consumers of
fish are generally aware of risks associated with mercury,
particularly for tuna; mercury devalues fisheries; and fishes low
in mercury such as Pacific troll-caught albacore tuna may have a
perceived high value [81,84].
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