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ABSTRACT: Pelagic ecosystems are changing due to
environmental and anthropogenic forces, with uncertain
consequences for the ocean’s top predators. Epipelagic and
mesopelagic prey resources differ in quality and quantity, but
their relative contribution to predator diets has been difficult
to track. We measured mercury (Hg) stable isotopes in young
(<2 years old) Pacific bluefin tuna (PBFT) and their prey
species to explore the influence of foraging depth on growth
and methylmercury (MeHg) exposure. PBFT total Hg (THg)
in muscle ranged from 0.61 to 1.93 μg g−1 dw (1.31 μg g−1 dw
±0.37 SD; 99% ± 6% MeHg) and prey ranged from 0.01 to
1.76 μg g−1 dw (0.13 μg g−1 dw ±0.19 SD; 85% ± 18%
MeHg). A systematic decrease in prey δ202Hg and Δ199Hg with increasing depth of occurrence and discrete isotopic signatures of
epipelagic prey (δ202Hg: 0.74 to 1.49‰; Δ199Hg: 1.76−2.96‰) and mesopelagic prey (δ202Hg: 0.09 to 0.90‰; Δ199Hg: 0.62−
1.95‰) allowed the use of Hg isotopes to track PBFT foraging depth. An isotopic mixing model was used to estimate the dietary
proportion of mesopelagic prey in PBFT, which ranged from 17% to 55%. Increased mesopelagic foraging was significantly
correlated with slower growth and higher MeHg concentrations in PBFT. The slower observed growth rates suggest that prey
availability and quality could reduce the production of PBFT biomass.

■ INTRODUCTION

Open ocean food webs are dynamically changing due to a
combination of climate variability and fisheries exploitation.1−3

The relative abundance of energetically rich, epipelagic prey
fluctuates with ocean temperature, climate cycles, and removal
by “forage fish” fisheries.1,4−7 Periods of lower epipelagic prey
abundance may decrease the availability of optimal prey to
pelagic predators such as some tunas, billfish, and sharks,
potentially leading them to exploit mesopelagic prey
assemblages that tend to be more scattered, slower-growing,
and of lower energetic quality.8,9 Such a shift requires predators
to consume more prey to meet the same bioenergetic demands,

and could potentially decrease predatory fish biomass through
reductions in growth rates.10 Foraging in mesopelagic regions
has also been associated with increased exposures to
bioaccumulative contaminants such as methylmercury
(MeHg) that have higher concentrations in subsurface
waters.11−13 Here, we explore the influence of mesopelagic
feeding on Pacific bluefin tuna (Thunnus orientalis) growth and
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MeHg accumulation using information derived from Hg stable
isotopes.
MeHg biomagnifies in marine food webs, reaching

concentrations in top marine predators that are generally a
million times greater than seawater or more.14 Large pelagic
marine fishes have some of the highest MeHg concentrations in
edible muscle tissue.15 MeHg concentrations in tuna vary by
species, with high concentrations in large-bodied bluefin species
and lowest concentrations in smaller skipjack tunas.15,16 Tuna
species such as bluefin, yellowfin, skipjack, albacore, and bigeye
contribute approximately 40% of consumed MeHg to the U.S.
population.16 Lower fish growth rates have been shown to
increase MeHg accumulation in marine and freshwater
ecosystems17,18 but the relative importance of growth
compared to diet composition and other factors (e.g., water
temperature, trophic level) is poorly understood for marine
species.19−21

Naturally occurring Hg isotopes in biological tissues show
promise as a new empirical source of data on fish foraging
behavior and environmental sources of MeHg.22−26 Blum et
al.24 found that Δ199Hg and δ202Hg values in offshore pelagic
marine species are effective tracers of foraging depth due to a
decrease in photochemically driven Hg isotope fractionation
with increasing depth. Minimal Hg isotope fractionation is
thought to occur during MeHg trophic transfer from
zooplankton to fish.27,28 This means that Hg isotopic signatures
measured in fish provide information on dietary MeHg
exposure sources.23,25,28 Here we examine the utility of Hg
isotopic signatures for differentiating relative consumption of
epipelagic and mesopelagic prey by individual PBFT. PBFT are
an endothermic tuna species, shown to have the capacity for
deep-diving behavior and a diverse diet. They are born in the
western Pacific, and in their first or second year of life an
unknown proportion migrate to the eastern Pacific to feed on
prey resources based on local prey abundance.29−34 PBFT are
highly migratory predators capable of foraging in a wide range
of water column depths and geographic locations. Thus, they
are a useful model species for testing the effects of varying
foraging depth on growth rate and Hg concentrations.
The main objectives of this study are to characterize

variability in feeding depths of PBFT and associated impacts
on growth rates and MeHg tissue burdens. Here we present
new data on Hg isotopic composition and MeHg concen-
trations of PBFT and their prey from various depths in the
eastern and western North Pacific Ocean. We use Hg isotope
composition as a proxy for feeding depths of PBFT and
estimate PBFT growth rates based on otolith microstructure.35

We then relate feeding depth to MeHg burdens and growth.

■ MATERIALS AND METHODS

Sample Collection and Processing. PBFT samples (n =
24) were collected from recreational angler catch off San Diego,
CA as part of NOAA’s biological sampling program in 2012.
PBFT were collected from 4 August to 25 September 2012.
PBFT in the eastern Pacific Ocean (EPO) in their first year of
life or early in their second are known to be recent migrants
from the western Pacific Ocean (WPO),29,30,32 while older
PBFT can vary from >1 year residency in the EPO to recent
migration from the WPO.29,30,32 Thus, PBFT were selected
from a narrow size range, and focused on small individuals
(66.3−76.0 cm FL) to minimize differences in migratory
histories. Selection of these small fish, combined with
information on migratory histories from otolith micro-

chemistry,35 allowed for minimization of the confounding
factor of varying migratory histories, especially use of the EPO
versus the WPO.
PBFT ages based on sagittal otolith analysis ranged from 328

to 498 days,35 with an estimated coefficient of variation of 5.7%.
Individual PBFT weight could not be directly and accurately
determined from samples provided by fishermen due to
variable treatment of fish (blood removed, viscera removed,
etc.). Muscle samples (∼20 g) were obtained from the dorsal
musculature ∼2 cm below the skin. PBFT prey (Supporting
Information (SI) Table S1) were collected directly in the field
or from predator stomach contents. All prey were identified to
genus or species using morphological characters. Prey from the
WPO were collected from surface neuston tows, deep Ocean
Research Institute (ORIs), and Isaacs-Kidd Midwater Trawls
(IKMTs) during two research cruises in May and September
2013. Prey from the EPO were obtained both by trawl net in
July 2015 off central CA and from stomach contents.33 Muscle
tissue was collected from the dorsal musculature below the skin
(fish), from the mantle (cephalopods), or from within the
carapace (crustaceans).

Hg Concentration, Prey Energy Density, and Prey
Categorization. All samples were freeze-dried and homogen-
ized using a Wig-L-Bug tissue grinder prior to any chemical
analysis. The total Hg (THg) content of all PBFT and prey
white muscle tissue was measured using a Nippon MA-3000
direct thermal decomposition Hg analyzer. The average
recovery of the certified reference material (DORM-4) was
98.3 ± 6.1% SD (n = 4). Standard solution and DORM-4
calibration checks were performed every ten samples to
monitor stability of the instrument. Samples were run in
duplicate for every 10 samples, and overall variation of
duplicates was <3%. Hg concentrations are reported in μg
g−1 dw, and means as mean (μg g−1 dw) ± SD.
All samples with adequate mass were analyzed for MeHg.

Lyophilized and powdered samples were digested in 5 N HNO3

at 60 °C overnight and neutralized with 8 M KOH. MeHg was
measured using a Tekran 2700 Automated MeHg Analysis
System following EPA method 1630.36 Recoveries of certified
reference material DORM-4 (fish muscle) and TORT-3
(lobster hepatopancreas) were 86% ± 6.3% SD (n = 8).
Variability among sample duplicates was 10% ± 4.8% (n = 9).
For prey samples with inadequate tissue mass for MeHg
analyses, concentrations were estimated by using species-
specific mean MeHg as a fraction of total Hg (%) from the
same species. Hereafter the % of THg present as MeHg is
referred to as %MeHg.
Mean energy density values (kJ g−1 ww) were obtained for

each prey species analyzed for Hg from a literature survey of
species-specific values (Figure 1; SI Table S2). When available,
species- and basin-specific energy densities were chosen. For
cephalopods, a mean energy density from nine pelagic
cephalopods in the EPO was used.37 When unavailable for
WPO fish species, energy density of that species in the EPO
was used. We also obtained peak abundance and depth ranges
for each species from the literature (SI Table S2).

Hg Isotope analysis. Approximately 0.1−0.2 g of ground
sample was digested (120 °C, 6 h) in a 4 mL acid mixture
(HCl:HNO3 = 1:3, v:v) for Hg isotope analysis, following
previous studies.25,38,39 Four types of certified reference
materials (TORT-2, TORT-3, DORM-2, DORM-4) and blanks
(n = 5) were prepared in the same way as tissue samples. Based
on measured total Hg concentrations, the digest solutions were
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diluted to 0.3−1.0 ng mL−1, depending on the availability of
sample mass. A Neptune Plus multicollector inductively
coupled plasma mass spectrometer (MC-ICP-MS) housed at
Wisconsin State Laboratory of Hygiene was used to measure
Hg isotopes. Details of instrumentation setup, operation
conditions, and analytical methods are described in Yin et
al.40 and Li et al.25 Total Hg in the diluted solutions was also
monitored by MC-ICP-MS using 202Hg signals, which yielded
mean recoveries of 93 ± 9.2% and 92 ± 11% for fish samples (n
= 75) and certified reference materials (CRMs; n = 10),
respectively. The sensitivity for 202Hg during Hg isotope
analysis is estimated to be 1.0−1.2 V per ng mL−1 Hg. The
signals for 202Hg were < 0.02 V for acid blanks. Hg isotope
values of UM-Almadeń secondary Hg standard and CRMs are
comparable to previous literature data25,41−43 (SI Table S3).
Total Hg concentrations in acid digests measured by MC-ICP-
MS ranged from 0.32 to 1.11 ng mL−1 (SI Tables S1 and S4).
Following the protocols suggested by Blum & Bergquist,44

mass dependent fractionation (MDF) is reported using δ202Hg
notation in units of per mil (‰) referenced to the NIST-3133
Hg standard (eq 1). Mass independent fractionation (MIF),
noted as Δ

xxxHg, is expressed as the difference between the
measured δxxxHg and the theoretically predicted based on MDF
(eq 2).

δ = −

×

Hg( ‰) (( Hg/ Hg )/( Hg/ Hg ) 1)

1000

202 202 198
sample

202 198
NIST3133

(1)

δ δ βΔ ≈ − ×Hg Hg Hgxxx xxx 202
(2)

where β is equal to 0.252 for 199Hg, 0.5024 for 200Hg, 0.752 for
201Hg[23]. Ratios of Δ199Hg/Δ201Hg and Δ

199Hg/ δ202Hg were
calculated using the slope from York regression, which accounts
for errors in independent and dependent variables.45

Mixing Model Estimates of PBFT Diet. A Bayesian
mixing model (MixSIR)46 was used to estimate consumption of
epipelagic and mesopelagic prey by PBFT. Prey were grouped
according to region collected (EPO or WPO) and vertical
distribution (epipelagic or mesopelagic) as inputs to the model
to assess PBFT use of vertical foraging habitat. Diel vertical
migrating species were grouped with mesopelagic prey because

bluefin tunas have been shown to feed primarily during
daytime,47,48 when these prey are in deeper waters.33 Overall
prey group means (±SD) for δ202Hg and Δ

199Hg were
calculated for these four groups: WPO epipelagic prey, WPO
mesopelagic prey, EPO epipelagic prey, and EPO mesopelagic
prey (SI Table S2). Due to the difference in slopes and Hg
stable isotope values of prey in the WPO and EPO, simple
grouping of mesopelagic prey and epipelagic prey was not
possible (see Figure 2b) and epipelagic and mesopelagic prey

had to be separated by region (WPO and EPO). The four
overall prey group means (±SD) of Hg isotope values of
δ202Hg and Δ199Hg were used as inputs for the Bayesian mixing
model.
To generate mixing model diet estimates, we used

uninformed priors (no assumed a priori diet information in
the model) and ran 106 iterations. Quality assessment of diet
estimates was based on model outputs of posterior draws
(>103) and the ratio between “best draw” posterior and total
posterior density (<0.01). Relative contributions of each prey
group to PBFT diet are based on posterior distributions from

Figure 1. Energy density (kJ g−1 ww), methylmercury (MeHg)
concentrations (μg g−1 dw), and depth distribution of pelagic prey in
the eastern (circles) and western (diamonds) North Pacific Ocean.
Symbols show means (error bars ±1 SD) for surface foraging fish, diel-
vertically migrating, and deepwater (mesopelagic and bathypelagic)
prey. Prey energy densities are based on literature values (SI Table
S2).

Figure 2. Hg isotope composition (δ202Hg and Δ
199Hg) of pelagic

prey species in the North Pacific Ocean. (a) Measured Hg isotope
values for pelagic fish in the eastern Pacific Ocean (EPO) (circles) and
western Pacific Ocean (WPO) (triangles) from this study, compared
to those harvested from the central Pacific Ocean (CPO) near
Hawaii.24 Numbers in parentheses indicate the Δ

199Hg/δ202Hg slope
of the linear regression (dashed line) in each geographic region. Also
shown is the Δ199Hg/δ202Hg slope for photochemical degradation and
microbial demethylation of MeHg based on experimental data
simulated with 1 mg/L DOC.23 (b) Observed Hg isotope values of
Pacific bluefin tuna (orange squares) and prey items from WPO
(triangles) and EPO (circles). Isotope ratios of prey groupings
determined by depth: epipelagic species that spend most time in the
mixed layer above the thermocline, and mesopelagic prey that spend
most time at or below the thermocline (see Figure 1 for prey depth
distributions).
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mixing model outputs and reported as medians with associated
5−95% credible intervals. Estimates of epipelagic and
mesopelagic diet inputs for each PBFT were calculated by
combining median estimates of epipelagic and mesopelagic diet
from the WPO and EPO. These values are reported for each
fish for each region (see SI Table S5) and summed mesopelagic
contributions from both the WPO and EPO are used in
analyses (e.g., Figure 3).

PBFT Growth Rates and MeHg Burdens. An instanta-
neous growth rate was determined for each PBFT by dividing
measured length by age (days) from otolith analysis following
the simple equation:

=
‐

G(cmd ) FL(cm)/age(days)1
(3)

Where G is instantaneous growth rate and FL is directly
measured length (fork length) in cm, and age is from otolith
microstructure estimates. This provides an instantaneous
growth rate at time of capture. This was deemed appropriate
by the fact that growth of PBFT at the sizes in this study have
been shown to be essentially linear.49,50

■ RESULTS

Measured MeHg concentrations and literature-reported energy
contents of prey from the EPO and WPO are significantly
different between epipelagic and mesopelagic zones (Figure 1).
Surface-associated prey have significantly higher energy density
(6.6 ± 2.0 SD kJ g−1 ww) and lower MeHg concentrations
(0.05 ± 0.01 μg g−1 dw), than mesopelagic prey (4.2 ± 0.84 kJ
g−1 ww; 0.13 ± 0.06 μg MeHg g−1 dw) (p < 0.01, Tukey’s HSD
test). Species classified as primarily diel vertical migrators have
intermediate MeHg concentrations (0.08 ± 0.01 μg g−1 dw)
and energy density (5.4 ± 1.1 kJ g−1 ww) values which are not
significantly different from surface or deepwater prey (p > 0.05,
Tukey’s HSD test).
THg in PBFT ranged from 0.61 to 1.93 THg (μg g−1 dw;

mean 1.31 μg g−1 dw ±0.37). MeHg measurements showed
that THg in PBFT was predominantly in the form of MeHg
(99% MeHg ± 6% SD). Prey THg ranged from 0.01 to 1.76
THg (μg g−1 dw), with an overall mean of 0.13 μg g−1 dw
±0.19. Correlations between size and age of PBFT and MeHg
concentrations were analyzed, and these relationships were not
statistically significant.
The fraction of THg in muscle tissue as MeHg (%MeHg) in

prey species was also high (85% ± 18%), and reached 100% in
several prey species (Pacific mackerel Scomber japonicus, market
squid Doryteuthis opalescens, blacktip squid Gonatus onyx, and
armhook squid Gonatopsis borealis). The range of %MeHg in
prey fish and squid (mean 90% ± 9%; range 74%−100%) was
significantly higher than in pelagic crustaceans (57% ± 9%)
(Mann−Whitney U-Test, p = 0.0044). Pelagic red crab
(Pleuroncodes planipes) had the lowest %MeHg (32% ± 6%).
In prey, both Δ

199Hg and δ202Hg values generally decrease
with increasing depth (Figure 2a, SI Figure S1). Slopes of
Δ

199Hg/δ202Hg in muscle tissue of prey species in the EPO
(1.50 ± 0.02 SE) and WPO (1.77 ± 0.06 SE) are shallower
than experimentally determined slopes of photodemethylation
in lab studies (2.43 ± 0.10 SE) and for muscle tissue in pelagic
fish from the CPO (2.64 ± 0.24 SE)23,24 (Figure 2a). The
highest Δ199Hg and δ202Hg values are found in surface foraging
fish, including flying fish (Exocoetidae spp.) in the WPO and
Pacific mackerel (Scomber japonicus) in the EPO (Figure 2a and
SI Figure S1). The Δ

199Hg values of flying fish (∼5‰)
observed in the central Pacific Ocean (CPO) are higher than
those in surface fish in the EPO and WPO (<3‰) (Figure 2a).
Hg isotope values of PBFT in this study fall between prey in

the WPO and EPO (Figure 2b). Some δ202Hg and Δ
199Hg

values measured in individual PBFT overlap with surface-
associated prey, and others overlap with deeper mesopelagic
prey (Figure 2b). Bayesian mixing model results for Hg
isotopes indicate that 28% diet is from mesopelagic prey for this
PBFT data set (including both the EPO and WPO). The
mesopelagic prey proportion ranges from 19% to 53% across
individual PBFT (median estimates; see SI Table S5 for
credible intervals). There is a statistically significant (linear
regression, P = 0.004) decline in the growth rate of PBFT, and
increase in muscle tissue MeHg burdens (linear regression, P <
0.001), with increasing proportion of mesopelagic prey as
determined from Bayesian mixing model results (Figure 3).
PBFT growth rates based on measured length and otolith-
derived age varied from 0.18 to 0.25 cm d−1, with a mean of
0.017 cm d−1 ± 0.02 SD. Proportion of mesopelagic prey in
diet explains approximately 22% of the variability in PBFT

Figure 3. Correlations between mesopelagic diet proportions of Pacific
bluefin tuna (Thunnus orientalis) derived from Hg isotope
composition, PBFT growth rate (cm d−1), and MeHg tissue burdens
(μg g−1 dw). (a) Relationship between proportion of mesopelagic diet
and growth rate, calculated for each PBFT based on the age and size at
capture; (b) Relationship between proportion of mesopelagic diet and
measured PBFT MeHg concentrations. Linear fit, R2 and p-values
shown are for linear regressions.
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growth and 59% of the variability in PBFT muscle MeHg
burdens (Figure 3).

■ DISCUSSION

In the WPO, epipelagic prey of juvenile PBFT > 25 cm include
forage fish such as herring (Etrumeus teres), sardine (Sardinops
melanostictus) and anchovy (Engraulis japonicus), and meso-
pelagic prey include lightfish (Maurolicus japonicus) and
mesopelagic squids.51−53 Depending on prey availability,
juvenile PBFT in the EPO feed upon epipelagic forage species
including anchovy (Engraulis mordax), sardine (Sardinops
sagax), and pelagic red crab (Pleuroncodes planipes) as well as
mesopelagic fish, squids, and crustaceans.33,34,54

As hypothesized, measured MeHg concentrations and energy
contents of PBFT prey from the EPO and WPO are
significantly different between epipelagic and mesopelagic
zones, with higher energy density and lower MeHg in surface
prey (Figure 1). The decrease of Δ199Hg and δ202Hg values
with increasing depth of prey (Figure 2a, Figure S1) supports
the hypothesis put forward by Blum et al.24 that MeHg
undergoes a greater extent of photochemical degradation in
shallower waters compared to deeper waters, which is reflected
in the Hg isotope composition of different predatory fish and
their prey.
The highest Δ199Hg and δ202Hg values found in the surface

foraging flying fish (Exocoetidae spp.) in the WPO and Pacific
mackerel (Scomber japonicus) in the EPO (Figure 2a and SI
Figure S1) indicate higher photochemical MeHg demethylation
in more epipelagic, well-lit waters. The higher Δ199Hg values of
flying fish observed in the CPO than those in surface fish in the
EPO and WPO may reflect more extensive photochemical
MeHg demethylation in the CPO compared to the EPO and
WPO. In the pelagic Pacific Ocean the concentrations of
dissolved organic carbon (DOC) are low and relatively
homogeneous compared to lakes and estuarine ecosystems.55,56

Prior modeling shows that photochemical reduction dominates
the redox chemistry occurring in the ocean.57,58 This is
consistent with satellite data on primary productivity showing
lower annual productivity in the CPO, allowing greater light
penetration.59

Life history information from prior work indicates that PBFT
analyzed here recently migrated from WPO waters off Japan
and subsequently foraged in the EPO for several
months.29,31,32,53 This is consistent with the observed Hg
isotope values of PBFT, which reflect a mix of prey
consumption from both ocean basins (Figure 2b, SI Table
S4). The overlap of some individual PBFT δ202Hg and Δ

199Hg
values with surface-associated prey and others with deeper
mesopelagic prey suggests variable feeding depths across
individuals (Figure 2b). The Bayesian mixing model-derived
estimates of 19%−53% mesopelagic diet (SI Table S5) are
consistent with previous and current PBFT diet studies in the
WPO and EPO that used both dietary analysis and conven-
tional chemical tracers (e.g., δ13C and δ15N) which suggested a
wide range of PBFT forage prey, but could not quantify
differences between epipelagic and mesopelagic foraging.29,54,60

Mixing model results also allowed for comparison between
epipelagic and mesopelagic feeding between ocean basins. The
highest dietary inputs (41% ± 8%) were from WPO epipelagic
prey, with 21% ± 6% from WPO mesopelagic prey (see SI
Table S5). EPO meso- and epipelagic prey input values (14% ±

4%, 25% ± 3%) were more similar to each other, suggesting
that juvenile PBFT in this particular study may have relied

more on mesopelagic prey resources in the EPO than in the
WPO. Overall, our analysis illustrates the value of Hg stable
isotopes as tracers in marine systems for distinguishing
organism feeding depth, which more conventional chemical
tracers (e.g., δ13C and δ15N) cannot easily achieve (SI Figure
S2).
Lab experiments that simulated MeHg photodegradation in

freshwater settings provide estimated slopes of Δ199Hg/δ202 Hg
that range between 2.43 and 4.79 at DOC concentrations
between 1 and 10 mg L−1 in freshwater solution. Blum et al.24

find a very similar slope (2.64) in CPO pelagic fish and suggest
that photodemethylation is the dominant process of
demethylation in the central Pacific Ocean. Our observation
of much shallower slopes of Δ199Hg/δ202Hg in the EPO and
WPO prey muscle in this study compared to CPO pelagic fish
and experimental slopes suggests that photodemethylation is
not exclusively responsible for the Hg isotope fractionation
observed in PBFT and their prey. In lab experiments, microbial
demethylation resulted in residual MeHg that had higher
δ202Hg values than reactant, but produced no changes of
Δ

199Hg.61 It is therefore possible that variability in the MeHg
fraction degraded by microbes, rather than sunlight, across
ocean regions can explain the observed differences in slopes.
Specifically, we hypothesize that greater microbial demethyla-
tion occurs in bacterially active subsurface waters of the EPO
and WPO compared to the CPO. This would result in higher
δ202Hg values in surface ocean fish and flatten the overall slope
of Δ199Hg/δ202Hg in EPO and WPO fish. Such a process would
be consistent with recent observations and modeling showing a
net loss of MeHg attributed to microbial demethylation in the
WPO.62

At constant Δ199Hg values, an approximately 0.5‰ offset in
δ202Hg was apparent between WPO and EPO fish (Figure 2a).
Because minimal fractionation has been observed between
plankton and fish,63 this suggests the Hg isotope composition
of MeHg in seawater from the WPO is heavier than that from
the EPO. The higher δ202Hg values in the WPO, relative to the
EPO, may result from methylation of inorganic Hg in
contaminated source regions with heavier isotopic signatures
in the WPO. Previous studies have reported higher total Hg
concentrations in seawater from the WPO than EPO, due to
enhanced Hg inputs from Asian countries.13,55 Other studies
suggest greater abundance of anthropogenic Hg sources may
lead to higher δ202Hg values compared to less impacted
regions.64

PBFT growth rates, based on measured length and otolith-
derived age, varied from 79% to 119% of the mean growth rate
of all individuals. MeHg concentrations varied from 46% to
146% of the observed PBFT mean. The extent of mesopelagic
foraging explains a substantial amount of this variability in
growth (22%) and MeHg (59%). Geographic variability in
foraging conditions and fluctuations in epipelagic prey
abundance may cause individual PBFT to subsidize their diet
with mesopelagic prey;33 our results suggest these differences
are sufficient to drive appreciable differences in PBFT growth
(Figure 3b) and consequently, reduced size at age. Variability in
growth rates has been reported in extensive age-growth studies
of wild tunas, including PBFT,65 which has been a source of
uncertainty in stock assessments. Physiological and ecological
mechanisms explaining this observed variability have not been
conclusively demonstrated, likely due to challenges associated
with tracking fish growth and feeding behavior in wild
conditions. Electronic tagging studies provide evidence for
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variability in migratory patterns and diving behavior of
PBFT.31,33,48,53,66−70 Variability in water column use likely
corresponds to individual differences in relative consumption of
epipelagic and mesopelagic prey.31,53 Interindividual variability
in foraging success linked to geographic location and
environmental conditions48 supports the interpretation of
different PBFT Hg isotopic values as indicators of individual
variability in prior foraging behavior.
Our results show that individual variability in foraging depth

will influence growth rates of PBFT. Variable feeding in tuna,
reflective of local prey abundance, is supported by previous diet
studies of tuna species in the EPO. During a period of high
anchovy abundance, both Pacific bluefin tuna and albacore
tunas fed extensively on anchovy, but albacore diet was more
diverse with anchovy being less important overall.33,71 During a
time period of sardine and anchovy scarcity in the EPO,
yellowfin, albacore, and Pacific bluefin tunas differed in vertical
habitat use, diet composition, and daily energy intake.33 Our
synthesis of prey energy density data show that in the WPO
and EPO regions considered, epipelagic prey is generally higher
in energy, but other factors should be considered in the
interpretation of our results for PBFT. For example, the
mesopelagic zone can contain a high abundance of lanternfish
or myctophids (rich in fatty acids) and squid, which
demonstrably support several mesopelagic predator species
(e.g., opah Lampris guttatus, swordfish Xiphias gladius, blue
shark Prionace glauca, lancetfish Alepisaurus spp., escolar
Lepidocybium f lavobrunneum, oilfish Ruvettus pretiosus, and at
times bigeye tuna Thunnus obesus72−75). The success and
proliferation of these predominantly mesopelagic predator
species and others species (including large-bodied marine
mammals76−79) suggest that mesopelagic prey, and their
potentially extremely high biomass in the open ocean,80,81

can adequately support large pelagic predators. Certain pelagic
species that forage less on mesopelagic resources may be
limited by physiological constraints, reliance on visual
predation, or other limitations.82 Regardless, certain studies
above and our results demonstrate that diet and feeding
performance may be influenced by the availability of optimal
epipelagic prey.
Certain limitations and caveats apply to analyses and

conclusions presented here. Sample size of PBFT available
for otolith microstructure analysis and Hg isotope analysis was
limited to 24 individual PBFT, from a single year, and larger
sample sizes will allow more robust conclusions. This study
only included young PBFT, and it is unknown how foraging
depth and resultant growth and MeHg will vary in larger, older
individuals. We were only able to use instantaneous growth as
our growth metric, and changes in growth with age could
potentially be investigated in future captive experiments. Prey
energy density changes over time, and temporal effects could
also be further examined. This study intentionally addresses
only feeding depth as a variable affecting growth and Hg
accumulation, which can contribute to larger meta-analyses of
the many factors affecting Hg levels in tuna by allowing more
informed inclusion of this variable and its effects. Finally, as
with most stable isotope Bayesian mixing model approaches,
credibility intervals were large and median values of
mesopelagic feeding should be interpreted in this context.
However, despite limited sample size and the confounding
variables above, we found that PBFT feeding depth significantly
affects growth rate and Hg levels by applying a new tool with
great promise for future, more extensive studies.

This preliminary evidence that differences in mesopelagic
foraging by PBFT can lead to variability in growth rates may
help to explain previously observed large interindividual
differences in bluefin tuna MeHg accumulation83 and growth
rates.65 Results show that ecological factors in the pelagic
environment will influence MeHg concentration in tuna and
other fish in the future. The lowest and highest observed PBFT
growth rates measured in this study correspond to the highest
and lowest extent of mesopelagic feeding. Bounds for impacts
of variable mesopelagic foraging based on estimated growth
rates results in length differences of ∼10 cm in the oldest PBFT
sampled here, corresponding to differences in mass of −30% to
+40% based on PBFT length-weight relationships.65 PBFT
harvests in the EPO from 1952 to 2014 ranged from
approximately 5000 to 40 000 t annually.84 Thus, population-
wide decreases in growth rate, to the lowest growth rates we
observed, would result in an estimated hundreds to thousands
of tons of PBFT biomass lost to decreased growth due to
changes in foraging depth. This lost biomass, based on
ecological shifts, could decrease the actual commercial harvest
of PBFT.
Ref 84.
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