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Abstract

Humans are exposed to toxic methylmercury mainly by consuming marine fish. While reducing
mercury emissions and releases aims to protect human health, it is unclear how this affects
methylmercury concentrations in seawater and marine biota. We compiled existing and newly
acquired mercury concentrations in tropical tunas from the global ocean to explore multidecadal
mercury variability between 1971 and 2022. We show the strong inter-annual variability of tuna
mercury concentrations at the global scale, after correcting for bioaccumulation effects. We found
increasing mercury concentrations in skipjack in the late 1990s in the northwestern Pacific, likely
resulting from concomitant increasing Asian mercury emissions. Elsewhere, stable long-term trends of
tuna mercury concentrations contrast with an overall decline in global anthropogenic mercury
emissions and deposition since the 1970s. Modeling suggests that this limited response observed in
tunas likely reflects the inertia of surface ocean mercury with respect to declining emissions, as it is
supplied by legacy mercury that accumulated in the subsurface ocean over centuries. To achieve
measurable declines in mercury concentrations in highly consumed pelagic fish in the near future,
aggressive emission reductions and long-term and continuous mercury monitoring in marine biota are
needed.

Keywords: methylmercury, yellowfin, bigeye, skipjack, global temporal heterogeneity, anthropogenic
emissions, legacy mercury, Minamata Convention.
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Introduction

Mercury (Hg) is a widespread contaminant that can be naturally converted into methylmercury
(MeHg) in marine ecosystems 2. Methylmercury is associated with neurocognitive deficits in human
foetuses and children, and with cardiovascular effects in adults >*. Humans are exposed to MeHg
mainly by the consumption of seafood, and tunas in particular, which are amongst the most consumed
marine fish worldwide °, and have relatively high MeHg concentrations ¢%. Global health impacts
associated with MeHg exposure for the general population are estimated at $117 billion per year °. To
protect human health and the environment from harmful effects, the United Nations Environment
Programme Minamata Convention entered into force in 2017 with the objective of reducing
anthropogenic Hg emissions.

Most anthropogenic Hg releases are estimated to have occurred during the last five centuries
10 Cumulative releases to the atmosphere have been largest in North America and Europe, yet
anthropogenic emissions and deposition in these two regions have declined since the 1970s, following
emission reduction measures. Conversely, anthropogenic Hg releases in Asia have increased since the
1980s . Anthropogenic Hg uses and emissions have considerably modified the natural global Hg cycle
1213 |n the atmosphere, higher Hg levels are measured in the northern hemisphere, following the
location of the main anthropogenic Hg emissions . In the open ocean, total Hg concentrations at
depths of 100-1,000 m are thought to have tripled globally 5, yet scarce Hg observation data in
seawater suggest contrasted temporal trends %%, It is still unclear which fraction of anthropogenic Hg
is converted into MeHg in seawater and biomagnified in marine biota. While tunas represent a major
route of MeHg exposure to humans, temporal studies of their Hg concentrations are limited, showing
contrasting temporal trends among species and ocean regions ¥2!, Understanding and predicting
spatial and temporal Hg trends in tunas remains crucial for anticipatings changes in human exposure
and evaluating the effectiveness of the Minamata Convention in protecting humans who consume
seafood.

In this study, we investigate the temporal variability of Hg concentrations in tunas from 1971
to 2022 in six regions of the Pacific, Atlantic, and Indian Oceans. We revisited existing and acquired
new Hg data in tropical tunas, i.e., yellowfin (Thunnus albacares), bigeye (T. obesus), and skipjack
(Katsuwonus pelamis). These tunas are top predators, globally distributed, highly exploited
(constituting 94% of global tuna catches), and hold significant importance for human health °. Tropical
tunas exhibit distinct foraging habitats (skipjack and yellowfin primarily feeding on epipelagic prey, and
bigeye generally rely on mesopelagic species) 2%, growth rates and lifespan 23. Moreover, all three
display relatively limited movements and show site fidelity 2#%°, compared tunas that undertake large
transoceanic migrations 26728, Tropical tunas are thus expected to reflect MeHg patterns in surface and
subsurface waters, making them valuable biological sentinel species for exploring various lag times in
response to changes in Hg emissions. After standardizing Hg concentrations by tuna length, we reveal
overall stable tuna Hg concentrations in the global ocean, except in the northwestern Pacific Ocean
where tuna Hg concentrations increased significantly in the late 1990s.



Materials & Methods

Tuna sampling and data compilation

We assembled 2,910 tuna muscle Hg concentrations in six regions of the Pacific, Atlantic and
Indian Oceans (Figure 1 and Table S1), allowing temporal analysis covering approximately 50 years
from 1971 to 2022, depending on the region. We added 547 tuna Hg concentrations to the dataset of
Drevnick and Brooks (2017) (Figure S1), and 37 data points to that of Médieu et al. (2021) to re-
evaluate the previously identified increasing and stable tuna Hg concentrations in the central north
and southwestern Pacific Ocean, respectively. In the northwestern Atlantic Ocean, where decreasing
Hg concentrations were observed in Atlantic bluefin between 2004 and 2012 %, we examined the
temporal variability of Hg concentrations in yellowfin between 1999 and 2011. Our global compilation
extends to regions such as the western Indian, the northwestern Pacific, and the eastern equatorial
Atlantic, where no temporal Hg data in tunas have been available to date.
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Figure 1. Origin of the tropical tuna samples. The temporal variability of mercury (Hg) concentrations was
investigated in tropical tunas sampled in six regions of the global ocean. Coloured dots represent tuna catch
locations, while coloured triangles show air monitoring sites according to their starting year. The blue star and
squares represent the three locations where seawater concentrations profiles of total mercury (THg) are

available in multiple years ®'7. Countries are coloured following the definition of the seven world regions in the

emissions inventory of Streets et al 1012930,

Total mercury concentrations and ecological tracer analyses in tunas

Total Hg concentrations were measured in tuna muscle samples in different study-specific
laboratories, with laboratory-specific reference standards to ensure accuracy and traceability, and
allow comparison of regional datasets. The total Hg content is expressed on a dry weight (dw) basis
and is considered to reflect MeHg concentration, as most of the total Hg (> 91%) is in its methylated
form in tuna white muscle 3. As Hg is known to bioaccumulate with fish length, we calculated length-
standardized Hg concentrations to remove the length effect when exploring temporal variability & 2% 32

(Figure S2).

To account for possible confounding temporal changes in tuna trophic ecology, in particular to
investigate the temporal variability of tuna trophic position, muscle nitrogen (8'°N) stable isotope
values were also compiled globally when possible (i.e., data available for more than two years; n =
1535 (Table S1)). Analytical methods are presented in the Supporting Information.



Temporal seawater concentration profiles, air monitoring sites, emissions to air inventory, and
future emissions scenarios

To examine tuna Hg concentrations alongside seawater Hg concentrations, we reviewed the
available temporal concentrations profiles of total Hg in seawater (Figure 1). Similarly, air monitoring
sites measuring atmospheric Hg concentrations around the globe were compiled from the literature
(Figure 1 and Table S2) to explore tuna Hg data alongside atmospheric Hg concentrations. Moreover,
mean anthropogenic Hg emission estimates to the atmosphere per decade for the period 1970-2010,
and annually for the period 2010-2015, were taken from the emission inventory of Streets et al.
10112930 This emission inventory discerns several world regions (Figure 1), and includes 17 source
categories.

We used a box model ¥33* to simulate the influence over time of global anthropogenic
emissions on Hg masses in the atmosphere, surface ocean, subsurface ocean, and deep ocean. The
model was driven by 2000 BCE to 2015 CE primary anthropogenic emissions from Streets et al. 1012930,
To simulate future emissions (2016-2100), we considered three emissions scenarios 3>3¢: i) a current
policy scenario, ii) a more stringent new policy scenario, and iii) a maximum feasible reduction scenario

that leads to a dramatic decrease of annual Hg emissions (see also the supporting information).

Results & discussion
Standardized tuna mercury concentrations

Tuna Hg concentrations were highly variable among vyears globally when MeHg
bioaccumulation with tuna length was accounted for. Significant temporal trends of Hg levels were
evidenced in only skipjack along the Asian coasts. Hg concentrations in 1997 and 1998 were
significantly lower than in 1999, 2000, and 2007, suggesting an increase of skipjack Hg concentrations
at the end of the 1990s in the northwestern Pacific (Figure 2C and Table S3C). Skipjack Hg
concentrations in the same area in 2011 were significantly lower than in 1999, 2000, and 2007 but
comparable to those in the earliest years, which suggests a decrease in skipjack Hg concentrations in
the 2010s, although more recent data would be necessary to validate this result. Elsewhere, in all
regions, our comparative approach reveals that tuna Hg concentrations remained stable over each
study period, as no significant difference between old and recent data was found (Figure 2A,B,G-L and
Table S3A,B,G-I).

This apparent stability of tuna Hg concentrations over multiple decades in all regions, except
for skipjack in the northwestern Pacific, is consistent with the reported stable tuna Hg concentrations
over the past two decades in the southwestern Pacific?!, confirmed here with new data in 2020 and
2021 (Figure 2D-F and Table S3D,E). Our results align with previously observed stable Hg
concentrations in yellowfin in the central north Pacific, upon comparison of data from 1971 and 1998.%’
However, they diverge from more recent reports indicating increasing trends in yellowfin (n = 5 years)
and bigeye (n = 4 years) during the period of 1998-2008.° These discrepancies result from our larger
data set (547 data points added to the initial 422 observations), which encompasses an additional year
and broader ranges of fish sizes and Hg concentrations (Figure S1). In the northwestern Atlantic, stable
Hg concentrations in yellowfin contrast with the reported mean annual decrease of 2.4% between
2004 and 2012 (n = 9 years) in bluefin tuna.?’ However, our results align with the apparent stability of



bluefin Hg levels in the same region between the 1970s and 2017 when reinvestigated with additional
old and recent data points (n = 13 years).® These comparisons highlight the need for collecting long
and continuous temporal data on tuna Hg concentrations to be able to justify trend detection in a time
series.

All species-specific Hg concentrations were on the same order of magnitude among regions,
except for bigeye and skipjack in the southwestern and northwestern Pacific, respectively (Figure 2).
Bigeye Hg concentrations in the southwestern Pacific were 2-3 times higher than in other regions,
likely associated with the particular marine physical and biogeochemical conditions: a deeper
thermocline giving bigeye access to deeper waters and a high peak of dissolved MeHg concentration
in subsurface waters fueling the mesopelagic food web.83° In the northwestern Pacific, skipjack Hg
concentrations were up to 3-4 times higher than in the southwestern Pacific and the western Indian
(Figure 2C,F,H), likely reflecting a regional anthropogenic Hg contribution from Asia®? (see below).

Comparison with seawater and atmospheric mercury

In the global ocean, only three temporal total Hg concentration profiles in the water column
are available to explore the long-term trends of seawater Hg (Figure 1), relying on four sampling years
and showing contrasting results.’®'” Atmospheric Hg concentrations and deposition are extensively
monitored worldwide (Figure 1 and Table S2) and exhibited in Europe a broad 2-fold decrease between
1970 and 1990 as a result of large reductions in anthropogenic emissions in North America and
Europe.3540-42 Similarly, trends in Hg deposition inferred from remote peat sediments indicate a
synchronous 2-fold decrease across the planet during the late 20th century.*® Nevertheless, we find
little spatial and temporal overlap between tuna Hg and atmospheric and marine data, preventing
direct comparisons (Figure 1).

Studies of historical primary Hg emissions to airl®1%29:30

provide an alternative to the limited
local atmospheric observation data to investigate the relationship between tuna Hg trends and
atmospheric Hg emissions. The increase in skipjack Hg concentrations in the northwestern Pacific in
the late 1990s mirrors increasing Hg emissions to the atmosphere from Asia over the same period
(Figure 2C). This suggests a significant contribution to anthropogenic Hg release to marine Hg in this

4445 sediment,*® and tuna3**’

particular region, as already shown in seawater, samples. The decrease in
tuna Hg levels after 2011 may reflect the documented reduction in Hg emissions and atmospheric
levels in East Asia since the 2010s, and/or changes in emitted Hg speciation in China.*®>3 The inventory
used in our studyl11 does not reflect these recent changes in emissions (Figure 2C). To gain a more
accurate understanding of how changing local anthropogenic Hg emissions affect the marine Hg cycle
in this specific region, additional Hg observation data in tunas, seawater, and the atmosphere are

needed, along with improved emission inventories.

Elsewhere, stable tuna Hg concentrations between 1971 and 2022 contrast with the significant
decrease in global primary anthropogenic Hg emission, concentration, and deposition trends and
natural archive-based reconstructed deposition since the 1970s.364%%3 Such contrast has already been
documented in other aquatic ecosystems®* and likely results from (i) multicausal and local processes
(e.g., marine biogeochemistry and tuna ecology) controlling MeHg net production, bioavailability, and
biomagnification and (ii) the large amount of legacy Hg, i.e., historically emitted Hg that continues to
cycle through biogeochemical compartments and remains available for biouptake, leading to time lags
in the biotic response to reductions in primary Hg emission or release. The surface ocean (~0-50 m) is



a small reservoir that is sensitive to changes in Hg loadings from atmospheric deposition, subsurface
ocean Hg via upward mixing, and river runoff.3* The subsurface ocean (~50-1500 m) has received large
amounts of legacy Hg over several centuries by Hg export from the surface via particle scavenging and
mixing. Because of the upward mixing of this legacy Hg, the surface ocean reservoir takes years or
decades to respond to changes in primary emissions, 3> as illustrated with new Hg box model
simulations forced with updated Hg emissions'®!+2%39 (Figure 3). Following the sharp 30% decrease in
primary emissions in the 1970s, the Hg mass in the surface ocean only decreased by 2%. Subsequently,
it rapidly increased over several decades, driven by legacy Hg from the subsurface ocean, which
surpassed atmospheric deposition of Hg to the surface ocean by a factor of 2.34 This surge was further
fueled by ongoing new anthropogenic Hg emissions and marine Hg deposition. This suppressed
response in surface ocean Hg likely explains the absence of significant decreasing trends in tuna Hg
levels following the decrease in emissions in the 1970s. Subsurface ocean legacy Hg is likely to buffer
Hg mass in the surface ocean for decades, partly depending on future emission scenarios (Figure 3).
Under the maximum feasible reduction scenario, while the Hg mass in the atmosphere is expected to
decrease immediately, Hg masses in the surface and subsurface oceans are predicted to take 10 and
25 years, respectively, to start decreasing. Under the new policy scenario, these response delays are
expected to extend to 25 and 45 years, respectively. Inhabiting the surface (mainly skipjack and
yellowfin) and subsurface (bigeye) waters, tropical tunas likely reflect this time lag between the
atmosphere and the different ocean layers. Tuna Hg concentrations may therefore take several
decades to decrease as a result of the emission reduction measures.

The box model also illustrates how the surface ocean responds more quickly to an increase in
emissions and deposition than to a decrease. The 5-fold increase in Hg emissions in the 19" century
led to immediate 4- and 3-fold increases in surface and subsurface ocean Hg by 1900, respectively, yet
the 5-fold decrease in Hg emissions by 2050 under the maximum feasible reduction scenario induces
anonly 7% decrease in surface ocean Hg and even a 10% increase in subsurface ocean Hg. This explains
why tuna Hg concentrations in the northwestern Pacific have reacted rapidly to the recent increase in
Asian Hg emissions and releases.

Possible ecological and biogeochemical confounding processes

As the Hg box model lacks spatial resolution and does not include aquatic food webs, it
precludes the investigation of local and regional impacts resulting from marine biogeochemical and
tuna ecological processes. However, these processes play a pivotal role in governing the net
production, bioavailability, and biomagnification of MeHg.

Since the 1970s, the oceanic environment has experienced anthropogenically forced warming
of the upper ocean.>® Seawater warming, leading to a shift in foraging habitat toward higher latitudes
or deeper in the water column, is anticipated to increase MeHg concentrations in marine top
predators.3® However, tropical tunas were shown to display relative site fidelity globally from the 1970s
to 2010s.2* Moreover, yellowfin and bigeye trophic positions were shown to remain stable between
2001 and 2015 globally.>” Our re-evaluation of tuna 8N values with new data in the southwestern
Pacific, western Indian, and eastern central Atlantic confirms stable trophic positions for the three
tropical tunas over time (2001-2022), suggesting no changes in tuna foraging depth or diet that could
have biased the tuna Hg time series in these three regions (Figure S4 and Table S5). For skipjack in the
northwestern Pacific, long-term trophic time series would, however, be necessary to fully exclude any
trophic bias. Changes in ocean productivity and nutrient enrichment of coastal ecosystems may also



have confounding effects on decadal trends of tuna Hg, as primary production and carbon export are
key drivers of MeHg at depth.>®°° However, the spatial gradients in these properties are far greater
than long-term temporal trends, and the signal of secular changes may be engulfed by the noise of
inter-annual variability in these properties (Figure S5). Taken together, this suggests stable long-term
trends in the net production of MeHg but high inter-annual variability, which may in turn explain the
strong year-to-year variability in tuna Hg.

In the coming decades, climate-induced changes in ocean biogeochemistry are expected to
induce substantial regional variabilities in MeHg formation and bioaccumulation at the base of marine
food webs,®® potentially affecting tuna Hg levels. At present, our understanding of these regional
changes is insufficient to quantify their interference with changes in Hg emissions and cycling in the
environment. Consequently, extended time series of Hg concentrations and speciation in seawater,
phytoplankton, and zooplankton are urgently needed to explore how climate-driven regional
processes might offset or enhance measures aimed at reducing emissions.

Implications for mercury monitoring in the global ocean

With the adoption of the Minamata Convention, Hg biomonitoring in seafood is needed to
evaluate the effectiveness of political decisions and reduction efforts in relation to human health.®*
With the exception of the northwestern Pacific, we show stable long-term Hg concentrations in tunas
but year-to-year variability, which likely reflects natural biogeochemical and/or ecological processes.
Conversely, skipjack Hg concentrations near Asia increased significantly in the late 1990s, reaching
concentrations up to 4 times higher than those elsewhere in the global ocean. These temporal trends
suggest that at the local scale along Asian coasts close to large Hg emissions hot spots, Hg
concentrations in surface tuna may integrate the increased level of deposition from nearby
anthropogenic Hg release over time; yet on a global scale, the divergence between stable tuna Hg
concentrations and global variations in the emission and deposition of Hg likely reflects the inertia of
subsurface ocean legacy Hg that continues to supply subsurface and surface ocean food webs. Taken
together, our results show that Hg concentrations in tropical tunas can reflect concomitant increasing
anthropogenic emissions of Hg to the atmosphere, but may take decades to decrease following
emission reduction measures. We estimate that only the maximum feasible reduction policy scenario
would lead to a detectable decrease in surface ocean tuna Hg levels and achieve the objective of the
Minamata Convention in the near future.
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Figure 1. Origin of the tropical tuna samples. The temporal variability of mercury (Hg) concentrations was investigated in tropical tuna samples in six
regions of the global ocean. Colored dots represent tuna catch locations, while colored triangles show air monitoring sites according to their starting
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Figure 2. Temporal variability of tuna mercury concentrations and anthropogenic emissions. Box plots of
standardized mercury (Hg) concentrations (micrograms per gram, dw) vs time in (A) yellowfin and (B) bigeye in
the central north Pacific (1971-2008), (C) skipjack in the northwestern Pacific (1997-2011), (D) yellowfin, (E)
bigeye, and (F) skipjack in the southwestern Pacific (2001-2021), (G) yellowfin, (H) bigeye, and (1) skipjack in the
western Indian (2001-2022), (J) yellowfin in the northwestern Atlantic (1999-2011), and (K) yellowfin and (L)
bigeye in the eastern central Atlantic (1971-2022). A significant increase was found in the skipjack standardized
Hg content in the northwestern Pacific only, as symbolized by the letters in panel C. Elsewhere, the year-to-year
comparison indicates a nonsignificant difference between old and recent Hg data. Diamonds represent mean
regional (dark gray) and global (black) anthropogenic Hg emissions (Mg) to the atmosphere estimated by the
emission inventory of Streets et al.}%'%2%30 Solid lines show annual trends of emissions for the period of
2010-2015, while dashed lines show decadal trends of emissions for the period of 1970-2010. Note that the x-
axes (sampling years) are adjusted to each time series for the sake of clarity. Tuna illustrations were created by
Les Hata, @SPC.
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Supplementary information on material and methods
Tuna sampling and data compilation: We assembled 2,910 (i.e., 1,852 published and 1,058

unpublished) tuna muscle Hg concentrations in six regions of the Pacific, Atlantic and Indian Oceans,
allowing temporal analysis covering approximately 50 years from 1971 to 2022, depending on the
regions. In the Pacific Ocean, this corresponds to 512 yellowfin (1971-2008, range of sampling years)
and 497 bigeye (1971-2007) in the central north (Hawaii), and 103 skipjack in the northwest (along the
Asian coasts, 1997-2011). The Pacific dataset also includes 627 Hg data results for tropical tunas (336
yellowfin, 127 bigeye and 164 skipjack) from the southwest from 2001 to 2021. In the Atlantic Ocean,
the dataset includes 76 yellowfin in the tropical northwest (1999-2012), and 533 Hg data (301 yellowfin
and 232 bigeye) in the central east (1971-2022). In the western Indian Ocean, 562 Hg data in tunas
(223 yellowfin, 186 bigeye, and 153 skipjack) were compiled from 2001 to 2022. Published data *®
were obtained directly from Drevnick and Brooks 7 and Peterson et al. &, or from contributions by the
original authors 14,

All tuna samples were collected onboard commercial, recreational, and scientific fishing vessels
by multiple research programs. For each fish, a white muscle sample was collected, and metadata (i.e.,
sampling year, average or precise catch location, total weight and/or fork length (FL)) were also



provided. When only fish weight was available ¥**®%, fish mass was converted into fish size (as fork
length) to allow size-based comparison between samples, using species- and ocean-specific length-

weight relationships >,

Total mercury concentrations analysis: Total Hg concentrations were measured on homogenized tuna

muscle samples in different study-specific laboratories, with laboratory-specific reference standards to
ensure measurements accuracy and traceability. For half of the samples (~ 45%), total Hg
concentrations were measured by hot-plate acid digestion followed by cold vapor atomic fluorescence
spectroscopy or cold vapor atomic absorption %#4®%121417 Eqr the rest of the samples (~ 55%), total
Hg concentrations were measured by thermal decomposition, gold amalgamation, and atomic
absorption spectrometry (DMA-80, Milestone, Italy) %1114, This includes 1,058 newly acquired Hg data
in different laboratories: at GET (Toulouse, France; n = 569), SFA (Victoria, Seychelles; n = 469), and
FWC-FWRI (Melbourne, Florida, USA; n = 20). Total Hg concentrations were obtained either on bulk
powdered samples (n = 2,800) or on historic lipid-free samples in the eastern central Atlantic Ocean (n
=110, samples in 2003, 2013 and 2014). Lipid removal with neutral solvent has been shown to have
no effect on total Hg concentrations in tropical tunas 8, allowing us to compare bulk and lipid-free
samples to explore the temporal variability of tuna Hg content in the eastern central Atlantic ocean.
When total Hg concentrations were obtained on fresh samples, we converted Hg concentrations
assuming an average moisture value of 70% in white muscle of tropical tunas *°, so that all total Hg
concentrations are expressed on a dry weight (dw) basis.

As Hg is known to naturally bioaccumulate with fish length, we fitted a power-law relationship
(log(Hg) = a X (FL—c)»—d) between log-transformed Hg concentrations and fish length (FL) to
remove the length effect when exploring temporal variability. Power-law relationships were fitted for
each species and ocean region, all years combined (SI Fig. S2). Residuals from the length-based Hg
models (i.e., observed values minus predicted values) were extracted and used to calculate
lengthstandardized Hg concentrations, thereafter defined as “standardized Hg concentrations”.
Mercury standardization was performed at 100 cm FL for bigeye and yellowfin, and 70 cm FL for
skipjack.

Nitrogen isotope analysis: Measured in the tissues of consumers, §°N values are used to estimate

trophic position as they increase predictably between prey and consumer 2°. We assembled 1,535 tuna
muscle 8°N values globally, corresponding to 599 samples in the southwestern Pacific (2001-2021),
501 samples in the western Indian (2001-2022), and 435 samples in the eastern central Atlantic
(20022022). For each sample, 8°N values were measured on homogenized freeze-dried samples
packed in tin cups and analysed in different study-specific laboratories. Most of the isotope data (n =
1,078, 70%), including the 521 newly acquired ones, were obtained at the Union College Stable Isotope
Laboratory (Schenectady, New York, USA) using a Costech elemental analyzer coupled to a Thermo
Advantage isotope ratio mass spectrometer with a ConFlo 3. About 23% of the isotope data (n = 355)
were measured at the LIENSs stable isotope facility (La Rochelle, France) using a Flash EA 1112
elemental analyzer coupled to a Delta V Advantage ratio mass spectrometer with a Conflo IV 2122, The
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rest of the 8'°N values (n = 102, ~7%) were obtained using a Europea Scientific ANCANT 20-20 stable
isotope analyzer with ANCA-NT Solid/Liquid Preparation Module 2. All results were reported in the §
unit notation and expressed as parts per thousand (%) relative to international standards (atmospheric
N, for nitrogen). Depending on the laboratory, a combination of certified and/or in-house reference
materials were used to determine that uncertainty was below 0.2%.. Carbon stable isotope values were
corrected for lipids, either with chemical extraction (n = 457), or using a mass balance equation for
samples with elevated lipid content (C:N > 3.5, n = 22), with parameters derived from Atlantic bluefin
tuna muscle .

Future mercury emissions scenarios: We used a previously published global biogeochemical cycle
model 2% (available at https://github.com/SunderlandLab/gbc-boxmodel) to simulate the impacts of

global anthropogenic emissions on environmental Hg. The seven-box model allows full coupling of the
ocean, atmosphere, and terrestrial reservoirs and therefore takes into account Hg re-emissions from
the land and the ocean, estimated to represent ~2/3 of the global Hg emissions. The seven reservoirs
include the atmosphere, the surface ocean (extending to the base of the mixed layer, ~50 m), the
subsurface ocean (extending to the depth of the permanent thermocline, ~1500 m), the deep ocean
(extending to the sea floor), and terrestrial ecosystems (i.e., fast terrestrial, slow and armored soils).
Mercury cycles between reservoirs and is ultimately removed by burial in marine sediments. The model
was driven by 2000 BCE (Before Common Era) to 2015 CE (Common Era) primary anthropogenic
emissions from Streets et al. 273°. We considered three contrasted emission scenarios, as defined in
Angot et al. 3!, when simulating future emissions for the 2016-2100 period in order to investigate the
time lag responses of each reservoir to changing emissions scenarios. Briefly, the Current Policy
scenario projects that annual Hg emissions will slightly increase in 2035 (+3.02 Mg.y). The more
stringent New Policy scenario indicates that annual emissions will significantly decrease by 2035 (-32.7
Mg.y1), as developed in Pacyna et al. 32. Finally, the Maximum Feasible Scenario assumes that all
countries reach the highest feasible reduction efficiency in each emission sector, leading to a dramatic
decrease of annual anthropogenic Hg emissions (-59.9 Mg.y?).

Statistical analyses: As required by the Hg research community when investigating Hg temporal trends

in biota, we examined the adequacy of each time series, i.e., we compared the time series ability to
detect trends and at the same time indicate whether trend detection is justified for the time series 3334,
Adequacy is defined as the number of actual monitoring years in a time series divided by the number
of sampling years required to detect a 5% annual change in tuna Hg concentrations with a significance
level of p < 0.05 and 80% statistical power *. A ratio > 1 implies that a time series is adequate to
investigate temporal trends over the entire time period. Among the 12 time series in our global dataset,
five had an adequacy > 1. These were yellowfin and skipjack in the southwestern Pacific, yellowfin and
bigeye in the western Indian, and bigeye in the eastern central Atlantic (SI Appendix Fig. S3).

To allow comparison among all the time series while accounting for their distinct adequacy
values, we investigated inter-annual differences of standardized Hg concentrations in tunas per species
and ocean region, using Kruskal-Wallis tests, followed by a post-hoc Dunn test with a Bonferroni
correction of p-values. This approach avoids finding significant temporal trends between samples that
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https://github.com/SunderlandLab/gbc-boxmodel

are sometimes more than 20 years apart, but highlights patterns of Hg concentrations between old
and recent periods (defined arbitrarily by a minimum of three consecutive years).

The adequacy calculation was assessed with the PIA software 3¢, and the Hg box model was run
on MATLAB R2023a ¥'. All other statistical analyses were performed with the statistical open source R
software 3.6.1 %,
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Figure S1. Chronological development of research effort aimed at investigating temporal trends in mercury
concentrations in yellowfin and bigeye tunas in the central north Pacific Ocean. Tunas illustrations were created by
Les Hata, @SPC.

13



Yellowfin

A) central north Pacific

R?=0.19; log(Hg) = 3.72x FL°®-6.00  positive Hg

B) central north Pacific
R? = 0.37; log(Hg) = 3.99 x FL"*° - 6.00

1.0 X 1.0
residual
0.5 05
0.0 0.0
0.5 0.5
negative Hg
0 residual k0
15 15
40 80 120 160 40 80 120 160
D) southwestern Pacific E) southwestern Pacific
i R? = 0.36; log(Hg) = 2.28 x FL""° - 6.00 i R? = 0.45; log(Hg) = 0.04 x (FL - 63.98)""" - 0.23
1 3
.
0.5 0.5
0.0 0.0
0.5 051
1.0 1.04
15 1.6

40 80 120 160

G) western central Indian
o R?=0.71; log(Hg) = 0.11 x (FL - 29.99)%? - 1.23

log(Hg)

40 80 120

H) western central Indian

o R? = 0.85; log(Hg) = 6.21 x (FL - 27.18)"% -

160

J) northwestern Atlantic
. R? = 0.52; log(Hg) = 5.19 x (FL - 52.57)°% - 6.00

05 ) :,
o0 W
05 o

10

15

40 80 120 160

K) eastern central Atlantic

L) eastern central Atlantic

Fish length (cm)

% R? = 0.44; log(Hg) = 0.01 x (FL - 44.00)°° - 0.27 p R? = 0.89; log(Hg) = 0.95 x (FL - 27.46)°% - 2.05
05 . X 05

00 ~/_,_ﬂ—'~‘ o

AT

0.5 0.5

1.0 1.0

1.5 1.5

40 80 120 160 40 80 120 160

0.5

0.0

-0.5

Skipjack

C) northwestern Pacific

o R? = 0.35; log(Hg) = 5.04 x (FL - 29.30)*% - 6

20 40 60 80 100
F) southwestern Pacific

R? = 0.16; log(Hg) = 3.88 x FL"* - 6.00

20 40 60 80 100
1) western central Indian

R? =0.77; log(Hg) = 3.65 x (FL - 19.51)"'* - 6.00

20 40 60 80 100

Figure S2. Length-standardization of tuna mercury concentrations. Power-law relationships between
logtransformed observed mercury concentrations (log(Hg)) and fork length (FL), all years combined, for A)
yellowfin, and B) bigeye from the central north Pacific, C) skipjack from the northwestern Pacific, D) yellowfin,
E) bigeye, and F) skipjack from the southwestern Pacific, G), yellowfin, H) bigeye, and 1) skipjack from the
western Indian, J) yellowfin from the northwestern Atlantic, and K) yellowfin, and L) bigeye from the eastern
central Atlantic. The black arrows in A) symbolize the calculation of positive and negative Hg residuals. Tunas

illustrations were created by Les Hata, @SPC.
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Figure S3. Statistical power of global time series of mercury concentrations in tunas. Adequacy values of
mercury (Hg) time series data in skipjack (diamonds), yellowfin (dots), and bigeye (triangles) in the central
north Pacific (blue), northwestern Pacific (red), southwestern Pacific (purple), western Indian (pink),
northwestern Atlantic (green) and eastern central Atlantic (yellow). Adequacy to detect an annual change of 5%
was calculated following the methods of Bignert et al. *°, considering a significance level of p < 0.05 and 80%
statistical power. Datasets falling within the lower right portion of the graph are more than adequate in terms
of statistical power, while those in the upper left portion are inadequate.
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Figure S4. Temporal variability of nitrogen isotope values in tunas. Boxplots of nitrogen isotope values (§*°N,
%o) measured in muscle samples of A) yellowfin, B) bigeye, and C) skipjack in the southwestern Pacific
(20012021), D) yellowfin, E) bigeye, and F) skipjack in the western Indian (2001-2022), and G) yellowfin and H)
bigeye in the eastern central Atlantic (2003-2022). For all tuna species and ocean regions, the year-to-year
comparison indicates no significant difference between old and recent 6'°N values, suggesting stable tuna
trophic position over the study period. Tunas illustrations were created by Les Hata, @SPC.
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Figure S5. Temporal variability of oceanic variables suspected to drive in situ methylmercury production. The
colour shading represents the linear trends from 1971 to 2022 of A) sea surface temperature (°C day), B)
mixed layer depth (m day?), C) carbon export at 100m (mg C m day?), D) oxygen concentrations in subsurface
waters (UM day?), E) vertically integrated net primary production (NPP) (mg C m2 day?), and F) depth of net
heterotrophy (m day), estimated by the biogeochemical model NEMO-PISCES . Linear trends were calculated
on monthly anomalies, i.e., from monthly mean outputs with average monthly values subtracted. Crossed
stippling shows where the standard deviation is greater than the linear trend from 1971 to 2022. None of the
six variable shows any long-term trend that exceed one standard deviation, suggesting that for all variables,
inter-annual variability is more important than the long-term trend.
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Table S1. Summary of tuna samples collected in the global ocean and analysed for total mercury concentrations and stable isotope values. ntig and nsisn give the number of
samples analysed in total mercury (THg) concentrations, and nitrogen isotope values (8'°N), respectively. Fish length correspond to fork length (cm) measured during tuna

sampling, or calculated from whole fish weight (symbolised by *) using species- and ocean- specific length-weight relationships

15,16

Ocean area Species Sampling | ntvg | Fish length (cm) | THg (ug.g?, dw) References for | nsisw 55N (%) References for
year mean * sd mean * sd THg mean * sd 6'°N values
Central north Pacific yellowfin 1971 122 137 £+13 * 0.918 £ 0.573 L6 - - -
(Hawaii) 1998 | 104| 133+8* 0.707 + 0.369 5 : - -
2002 20 129 +15* 1.023 £ 0.686 2 - - -
2006 50 130+18* 1.012 + 0.588 4 - - -
2007 200 113 +19 0.733 £ 0.444 | 10,11 12 this - - -
study
2008 16 95 + 22 0.891 £ 0.380 10, 11 - - -
bigeye 1971 104 136 +15* 1.942 + 0.425 1 - - -
2002 20 120+ 16 * 1.572 +0.618 2 - - -
2006 50 124 +21* 2.005 +0.820 4 - - -
2007 323 123 + 24 2.140 £ 0.851 | 10,11 12 thijs - - -
study
North western Pacific skipjack 1997 8 59+1 0.507 £ 0.256 17 - - -
(Asian coasts) 1998 | 25 545 0.809 + 0.324 7 - - -
1999 46 49 + 11 1.328+0.917 17 - - -
2000 7 48 +1 1.309 £ 0.504 17 - - -
2007 10 58+2 2.138+0.702 17 - - -
2011 7 461 0.656 + 0.130 this study - - -
South western Pacific yellowfin 2001 25 1315 0.631 £ 0.201 14 25 9.12 £ 0.57 14,40
(New Caledonia and Fiji) 2003 | 13 115 + 20 0.504 + 0.812 14 13 | 10.84+1.63 14:40
2004 17 101 +£15 0.508 £ 0.295 14 17 10.08 £ 0.94 14,40
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2005 | 11 108+7 0.323 £ 0.095 14 11 | 9.52+1.39 1440
2006 | 7 117 +13 0.729 + 0.252 14 7 | 11.63+0.22 1440
2007 | 29 108 + 14 0.304 + 0.141 14 29 | 12.54+2.99 1440
2008 | 30 124+13 0.849 + 0.427 14 30 | 10.65+ 1.15 1440
Ocean area Species Sampling | nvg | Fish length (cm) | THg (ug.g*, dw) | References for né1sn 55N (%) References for
year mean * sd mean * sd THg mean * sd 8N values
South western Pacific yellowfin 2009 16 128 + 23 1.075 £ 0.764 14 16 | 12.81+2.22 14,40
(New Caledonia and Fiji) 2010 | 8 108 +18 0.411 +0.286 14 8 | 10.33+0.94 1440
2011 14 126 + 19 0974 +1.260 14 14 9.87 £1.20 14,40
2013 52 129 £ 15 0.752 + 0.565 14 52 11.04 £ 1.36 14,40
2014 40 118 + 21 0.619 + 0.450 14 40 10.16 + 1.59 14,40
2015 11 1379 0.727 £ 0.246 14 11 9.78 £ 0.61 14,40
2016 10 124 +10 0.830 £ 0.356 14 10 11.73 £1.99 14
2017 14 119 + 21 0.513 + 0.385 14 14 9.56 + 1.30 14
2018 30 129 £ 15 0.779 + 0.448 4 30 10.25 +0.86 14
2020 9 103 £18 0.574 £ 0.339 this study 9 9.10 £ 0.30 this study
bigeye 2001 13 103 +12 2.989 + 1.409 4 13 10.70 £ 0.84 14,40
2003 4 126 + 20 3.758 £ 2.293 14 4 13.05+1.14 14,40
2007 81+15 0.644 + 0.226 4 15.72 + 0.95 14,40
2008 3 99+9 1.377 + 0.660 this study 3 15.37 £+ 1.10 this study
2009 14 111 +£25 3.069 + 2412 14 14 11.50 + 1.55 14,40
2011 4 125+ 12 2.947 + 0.895 14 4 11.23 £ 0.62 14,40
2013 27 101 + 24 2.201+1.431 14, this study 24 12.84 £ 1.06 14,40
2014 14 106 + 25 2.384+1.176 14 14 12.04 + 0.54 14,40
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2015 23 111+ 15 2.658 £ 1.139 14 23 12.39 £ 1.56 14,40
2017 5 110+ 17 3.342 + 2440 14 5 11.32£1.10 14
2018 131+15 4,558 + 1.935 14 9 12.67 £ 0.55 14
2021 8 1216 4.682 + 1.038 this study 8 12.29 £ 0.96 this study
skipjack 2001 2 78+1 0.669 £+ 0.069 this study 2 9.42 +1.04 this study
2003 19 68+7 0.544 + 0.131 14 19 9.64 +1.15 14
2004 2 56+8 0.409 £ 0.102 this study 2 10.16 £ 0.81 this study
2007 6 71+3 0.641 £ 0.316 14 6 11.58 +1.35 14
2008 11 71%3 0.652 £ 0.124 14 10 10.05 + 0.82 14
Ocean area Species Sampling | ntwg | Fish length (cm) | THg (ng.g?, dw) References for nsisn 6°N (%o) References for
year mean * sd mean * sd THg mean * sd 8N values
South western Pacific skipjack 2009 8 68 +8 0.645 + 0.351 14 1 10.08 14
(New Caledonia and Fiji) 2010 | 13 71+8 0.621 + 0.225 1 13 | 9.90+1.24 1
2013 25 73+10 0.644 +0.213 14 16 10.51 +1.06 14
2014 13 74+ 6 0.692 + 0.311 4 7 9.26 £ 2.22 14
2015 14 73+4 0.601 +0.283 14 10 11.19£0.90 14
2016 22 719 0.682 + 0.223 4 22 10.91 +1.51 14
2017 11 737 0.746 + 0.348 14 10 9.97 + 0.62 14
2018 2 75+8 1.150 + 0.433 this study 2 9.95+0.13 this study
2020 11 737 0.746 + 0.348 this study 10 9.71+£0.77 this study
2021 6 715 0.647 +0.222 this study 6 9.21+£0.84 this study
Western Indian yellowfin 2001 15 96 + 38 0.615 + 0.445 13 15 13.15 + 1.04 23
(Seychelles and 2003 3 112 £33 0.601 % 0.230 13 3 | 12392065 23
Mozambique Channel) 2004 | 23 108 + 17 0.543+0.367 | 13, this study 22 | 11.76 + 0.66 23
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2010 9 92 +52 0.954 + 0.819 this study 9 12.22 +0.28 this study
2011 2 1401 2.268 + 0.730 this study 12.65 £ 0.08 this study
2012 5 153+4 2.493 + 0.340 this study 4 12.73+0.31 this study
2013 67 92 £33 0.731 £ 0.638 this study 67 11.55+1.12 21
2014 3 76 +75 0.934 +1.481 this study 3 11.81 +0.67 this study
2015 3 164 + 2 2.340 £ 0.200 this study 3 | 1286+1.26| thisstudy
2017 | 13 112 £ 29 0.760 + 0.428 this study 10 | 12.57+0.29 | this study
2018 50 52 +24 0.229 + 0.196 this study 18 | 11.62+0.58 | this study
2020 | 10 131+17 0.708 + 0.249 this study 10 | 11.93+0.49 | this study
2022 | 20 110 22 0.526 +0.261 this study 19 | 1221049 | this study
bigeye 2001 | 19 67 +31 0.552 % 0.476 this study 19 | 12.53+1.42 23
2002 | 11 131+26 1.650 £ 0.515 this study 11 | 14.06 £ 0.65 23
2011 | 10 105 * 26 1.851%0.611 this study 10 | 13.23+0.25| this study
2012 6 142 £ 10 1.780 £ 0.266 this study 5 | 13.51+0.49| thisstudy
Ocean area Species Sampling | ntwg | Fish length (cm) | THg (ug.g*, dw) | References for nesisn 6'°N (%o) References for
year mean =+ sd mean * sd THg mean =+ sd 8N values
Western Indian bigeye 2013 64 84 +38 1.022 £ 0.863 this study 64 12.60 + 0.89 21
(Seychelles and 2014 109 + 63 1.876 + 1.496 this study 12.77 £ 1.48 |  this study
Mozambique Channel) 2015 162+8 2.238+0.367 this study 8 | 13.69+0.31| this study
2018 33 59+ 14 0.685 + 0.412 this study 16 | 12.29+0.53 this study
2020 10 99 +4 1.278 £ 0.349 this study 8 12.83 +0.22 this study
2022 17 115+ 14 3.101 £ 1.040 this study 17 13.67 £ 0.24 this study
skipjack 2001 30 54 +11 0.489 + 0.263 this study 30 12.41 £ 0.94 23
2002 2 47 1 0.403 £0.276 this study 2 11.21+1.90 23

21



2010 8 46 +£9 0.563 + 0.555 this study 8 11.79 £ 0.48 this study
2013 67 53+11 0.553 £0.331 this study 66 | 1097 +1.18 21
2014 8 34+4 0.135+0.070 this study 8 11.18 £ 0.30 this study
2015 46 + 16 0.482 £ 0.398 this study 12.01+0.19 this study
2018 20 46+ 11 0.312 +0.236 this study 19 11.33+£0.86 this study
2022 16 61+10 0.589 + 0.287 this study 16 | 12.26+0.35 this study
North western Atlantic | yellowfin 1999 33 88 £ 15 1.149 £ 0.417 9 - - -
(tropical US coasts) 2000 | 3 105 + 34 0.654 £ 0.257 9 - - -
2001 14 76+ 19 0.633 £ 0.337 9 - - -
2002 6 80 +14 0.663 £ 0.125 9 - - -
2005 5 67 +2 0.581 + 0.059 this study - - -
2006 8 100+ 5 1.033 £ 0.232 this study - - -
2011 7 86 +13 0.733 £ 0.269 this study - - -
Eastern central Atlantic | yellowfin 1971 77 142 +£31* 1.431+£0.761 3 - - -
(Gulf of Guinea) 2002 2 128 + 25 2.273 £ 2.338 this study 2 | 1211038 thisstudy
2003 6 68 +13 0.648 £ 0.132 this study 6 13.10 £ 0.57 this study
2013 46 122+ 21 1.225 + 0.663 this study 45 11.52 £ 0.99 22
2014 58 130 +31 1.545 +0.787 this study 57 | 11.51+1.01 22
2019 6 56 +4 0.659 +0.079 this study 6 10.87 £ 0.40 this study
Ocean area Species Sampling | ntwg | Fish length (cm) | THg (pg.g?, dw) References for nsisn 6'°N (%o) References for
year mean * sd mean * sd THg mean * sd 8N values
Eastern central Atlantic | yellowfin 2020 52 59+10 0.670+0.116 this study 52 11.47 £ 0.87 this study
(Gulf of Guinea) 2021 39 60 + 10 0.657 +0.116 this study 39 | 11.52+0.83 | this study
2022 15 59+5 0.626 + 0.085 this study 15 11.23 +0.59 this study
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bigeye

2003 6 42 +3 0.342 £ 0.222 this study 3 12.76 £ 0.51 this study
2004 20 39+12 0.300 £ 0.263 this study 20 12.03 £ 0.67 this study
2013 9 1499 2.754 £ 1.039 this study 9 12.70 £ 0.22 22

2014 48 124 + 29 2.123 £ 1.204 this study 47 12.73 £ 0.59 22

2015 19 150+ 11 2.717 £ 0.950 this study 19 13.45+0.41 this study
2016 15 153 +10 3.393 +1.252 this study 15 13.44 £ 0.26 this study
2019 36 60+11 0.843 £ 0.317 this study 36 12.06 £ 0.45 this study
2020 32 709 0.848 £ 0.104 this study 32 12.13 £ 0.45 this study
2021 28 6110 0.819 £ 0.273 this study 13 10.69 + 0.84 this study
2022 19 62+5 0.761 £ 0.092 this study 19 11.79 £ 0.48 this study
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Table S2. Global review of atmospheric mercury monitoring sites. List of long-term monitoring sites measuring atmospheric mercury (Hg) concentrations,

updated from the latest technical report of the Global Mercury Assessment “. This list may not be exhaustive and does not provide information about

whether the stations are currently operational.

Monitoring site Country Elevation (m) Longitude (°) Latitude (°) Starting year References
Villum Research Station Greenland 30 -16.61 81.58 1999 L2
Pallas Finland 340 24.24 68.00 1996 43,44
Rao Sweden 5 11.91 57.39 2012 ®
Mace Head Ireland 5 -9.91 53.33 1995 46
Listvyanka Russia 670 104.89 51.85 2012 e
Col Margherita Italy 2545 11.79 46.37 2012 45
Longobucco Italy 1379 16.61 39.39 2012 ®
Minamata Japan 20 130.40 32.23 2011 45
Ev-K2 Nepal 5050 86.81 27.96 2012 ®
Sisal Mexico 7 -90.05 21.16 2013 45
Calhau Cape Verde 10 -24.87 16.86 2011 ®
Kodaicanal India 2333 77.47 10.23 2012 45
Nieuw Nickerie Suriname 1 -57.04 5.96 2012 ®
Manaus Brazil 110 -59.97 -2.89 2012 45
Amsterdam Island French Southern and 70 77.55 -37.80 2012 RS0
Antarctic Lands
Cape Point South Africa 230 18.49 -34.35 1995 49-51
Bariloche Argentina 801 -71.42 -41.13 2012 o2
Dumont d'Urville Antarctica 40 140.00 -66.66 2012 53,54
Concordia Station Antarctica 3220 123.35 -75.10 2012 SR
Denali National Park United States, AK 661 -148.97 63.72 2014 43
Birmingham United States, AL 200 -86.81 33.55 2009 56
Elkhorn Slough United States, CA 15 -121.78 36.81 2010 56
Pensacola United States, FL 45 -87.38 30.55 2009 56,57
Yorkville United States, GA 395 -85.05 33.93 2009 56
Mauna Loa United States, HI 3399 -155.58 19.54 2010 56
Piney Reservoir United States, MD 769 -79.01 39.71 2008 56
Beltsville United States, MD 46 -76.82 39.03 2006 6
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Presque Isle
Grand Bay NERR
Thompson Farm

Brigantine
New Brunkswick
Elizabeth Lab
Bronx
Huntington Wildlife
Rochester
Athens Super Site
South Bass Island
Stilwell
Antelope Island
Salt Lake City
Underhill
Horicon Marsh
Little Fox Lake
Ucluelet
Reifel Island
Saturna
Whistler
Meadows
Genesee
Fort Chipewyan
Esther
Fort McKay South
Patricia Mclnnis
Bratt's Lake
Flin Flon
Burnt Island
Egbert
Kuujjuarapik
Point Petre

United States, ME
United States, MS
United States, NH

United States, NJ
United States, NJ
United States, NJ
United States, NY
United States, NY
United States, NY
United States, OH
United States, OH
United States, OK
United States, UT
United States, UT
United States, VT
United States, WI
Canada, YK
Canada, BC
Canada, BC
Canada, BC
Canada, BC
Canada, AB
Canada, AB
Canada, AB
Canada, AB
Canada, AB
Canada, AB
Canada, SK
Canada, MB
Canada, ON
Canada, ON
Canada, QC
Canada, ON

165

-68.03
-88.43
-70.95

-74.45
-74.42
-74.21
-73.88
-74.22
-77.55
-82.12
-82.83
-94.67
-112.02
-111.96
-72.87
-88.62
-135.63
-125.54
-123.17
-123.13
-122.93
-114.64
-114.20
-111.12
-110.20
-111.64
-111.48
-104.71
-101.88
-82.95
-79.78
-77.73
-77.15

46.70
30.43
43.11

39.46
40.47
40.64
40.87
43.97
43.15
39.31
41.66
35.75
41.05
40.71
44,53
43.47
61.35
48.92
49.10
48.78
50.07
53.53
53.30
58.78
51.67
57.15
56.75
50.20
54.77
45.81
4423
55.30
43.84

2014
2006
2009

2009
2009
2009
2008
2006
2007
2004
2011
2009
2009
2008
2008
2011
2007
2010
1999
2009
2008
2005
2004
2000
1998
2014
2010
2001
2008
1998
1996
1999
1996

58
56
56

56
56
56
59
60
61
62
58
56
56
56
56,57
56
43,63
57
63
57,63
57,63
63
63
63
63
57
64
57,63
57,63
63
57,63
63
63
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Saint Anicet
Saint Andrews
Kejimkujik
Mingan
Southampton
Alert

An-myun
Cape Hedo
Chongging
Guangzhou
Jeju Island

Lulin
Miyun
Mount Ailao
Mount Changbai
Mount Damei
Mount Dinghu
Mount Gongga
Mount Leigong
Mount Walinguan
Seoul
Shangai
Shangri-La
Tae-An
Tokai-mura
Xiamen
Yongheung Island
Waldhof
Harwell
Auchencorth Moss

Canada, QC
Canada, NB
Canada, NS
Canada, QC
Canada, PE
Canada, NU

South Korea
Japan
China
China

South Korea

Chinese Taipei

China
China
China
China
China
China
China
China
South Korea
China
China
South Korea
Japan
China
South Korea

Germany

United Kingdom
United Kingdom

46
60
350
60
67
2862
220
2450
740
550
700
1640
2178
3816
77
19
3580
23
15

32
74
137
260

-74.03
-67.08
-65.21
-64.17
-62.58
-62.33

126.32
128.25
106.50
113.36
126.16
120.92
116.78
101.02
128.11
121.57
112.55
102.12
108.20
100.90
126.93
121.54
99.73
126.13
140.36
118.05
126.46
10.76
-1.33
-3.24

45.20
45.08
44.43
50.27
46.39
82.50

36.53
26.86
29.60
23.12
33.29
23.51
40.48
24.53
42.40
29.63
23.16
29.65
26.39
36.29
37.61
31.23
28.02
36.74
36.27
24.60
37.28
52.80
51.57
55.79

1994
1996
1996
1997
2005
1995

2004
2007
2006
2010
2006
2006
2008
2011
2008
2011
2009
2005
2008
2007
1987
2004
2009
2014
2005
2012
2013
2006
2012
2009

57,63
63
63

57,63
63

43

65
66
67,68
68
69
70
68
68
68
68
68
68
68
68,71
72
68

68

73
68,74
75
46
76

77
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Zeppelin Norway/Svalbard 474 11.88 78.91 2000 B

Amderma Russia 49 61.62 69.72 2001 43,46
Andoya Norway 380 16.01 69.28 2010 B
Iskrba Italy 520 14.86 45.56 2012 45
Troll Antarctica 1275 2.53 -72.01 2007 E0
Cape Grim Australia - 144.68 -40.68 2011 50
Gunn Point Australia - 131.04 -12.25 2014 7
Maido mountain observatory Reunion Island, France 2160 55.83 -21.17 2017 79
LAMTO Ivory Coast - -5.03 6.5 2023 A. Dommergue,
ersonal
ommunication

The comparison of Hg time series in tunas with existing atmospheric observation data shows that Hg data poorly match in space and/or time. In the
northern hemisphere, where the existing atmospheric monitoring network is the most developed (n = 99, 90% of the total number of monitoring stations),
the earliest stations in the geographic vicinity of our tuna samples started in the second half of the 2000s (i.e., Mauna Loa (Hawaii) in 2010 for the central
north Pacific; Chinese stations from 2004 for the northwestern Pacific; and Pensacola (Florida) in 2009 for the northwestern Atlantic) while most of our tuna
Hg data end at the beginning of the 2000s. In the southern hemisphere, where we have tuna Hg data over the last two decades, air monitoring stations of
interest started too recently to evaluate how tuna Hg trends might relate to changes in atmospheric Hg concentrations (i.e., Maido mountain (Reunion Island)
started in 2017 for the western Indian 7%; and LAMTO station (lvory Coast) in 2023 for the eastern central Atlantic).
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Table S3. Year-to-year comparisons of tuna mercury concentrations. Results of the post-hoc Dunn’s tests on standardized mercury (Hg) concentrations for
A) yellowfin and B) bigeye in the central north Pacific, C) skipjack in the northwestern Pacific, D) yellowfin, and E) bigeye in the southwestern Pacific, F)
yellowfin, and G) bigeye in the western Indian, H) yellowfin in the tropical northwestern Atlantic, and I) bigeye in the eastern central Pacific. No Dunn tests
were performed for standardized Hg concentrations in yellowfin in the eastern central Atlantic, and skipjack in the southwestern Pacific and the western
Indian, as no significant differences were found among years in these three cases (Kruskal-Wallis test, p > 0.05).

A)Yellowfin in central north Pacific

1971
1998
2002
2006
2007

1971
2002
2006

1998 2002 2006 2007 2008
<0.05 1.00 0.72 1.00 <0.05
<0.05 <0.05 <0.05 <0.05
1.00 1.00 0.14
1.00 <0.05
<0.05

2002 2006 2007

1.00 <0.05 <0.05

0.09 <0.05

0.32

C)Skipjack in the northwestern Pacific

1998 1999 2000 2007 2011

Bigeye in central north Pacific
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1997
1998
1999
2000
2007

1.00 <0.05 <0.05 <0.05 1.00
<0.05 <0.05 <0.05 1.00
1.00 1.00 0.10
1.00 0.23
<0.05
2013 2014 2015 2016 2017 2018 2020

Yellowfin in the southwestern Pacific

2003

2004

2005

2006

2007

2008

2009

2010

2011
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2001
2003
2004
2005
2006
2007
2008
2009
2010
2011
2013
2014
2015
2016
2017
2018

Bigeye
in the

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.18
0.08 1.00 0.63 1.00 0.06 <0.05 1.00 1.00 1.00 1.00 1.00 0.22 1.00 1.00 0.25
0.35 1.00 <0.05 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.90 1.00 1.00
1.00 1.00 0.32 0.22 1.00 1.00 1.00 1.00 1.00 0.70 1.00 1.00 0.74
0.22 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
<0.05 <0.05 1.00 1.00 1.00 0.92 1.00 <0.05 1.00 0.09 0.05
.00 | 1.00 | 1.00 | 065 | 1.00 | 1.00 | 1.00 | 085 | 1.00 | 1.00
1.00 1.00 0.63 1.00 1.00 1.00 0.56 1.00 1.00
1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
1.00 | 1.00 | 1.00 | 1.00 | 1.00
1.00 1.00 1.00 1.00
1.00 | 1.00 | 1.00
1.00 1.00
1.00
southwestern Pacific
2003 2007 2008 2009 2011 2013 2014 2015 2017 2018 2021
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2001
2003
2007
2008
2009
2011
2013
2014
2015
2017
2018

F)

1.00 <0.05 0.63 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.00 0.88 1.00 0.72 1.00 0.85 0.84 0.22 <0.05

1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.39

1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.00 1.00 1.00 1.00 1.00 0.86

1.00 1.00 1.00 1.00 1.00

1.00 1.00 1.00 1.00

1.00 1.00 1.00

1.00 1.00

1.00

Yellowfin in the western Indian

2003 2004 2010 2011 2012 2013 2014 2015 2017 2018 2020 2022
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2001
2003
2004
2010
2011
2012
2013
2014
2015
2017
2018
2020

G)
Bigeye
in the
western
Indian

1.00 0.74 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 0.93 1.00 1.00 1.00 1.00 1.00 1.00 1.00
<0.05 0.38 <0.05 <0.05 1.00 0.39 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 0.51 0.06 <0.05
1.00 1.00 1.00 1.00 1.00 1.00 0.61 0.50
1.00 1.00 1.00 0.29 0.09 <0.05 <0.05
1.00 1.00 1.00 0.48 0.13 <0.05
1.00 1.00 1.00 1.00 1.00
1.00 1.00 0.75 0.55
1.00 1.00 1.00
1.00 1.00
1.00
2002 2011 2012 2013 2014 2015 2022
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H)

2001
2002
2011
2012
2013
2014
2015
2018
2020

Atlantic

1999
2000
2001
2002
2005
2006

Yellowfin in the

northwestern

Bigeye in the eastern central Atlantic

1.00 <0.05 1.00 0.67 1.00 1.00 <0.05 1.00 <0.05
0.16 1.00 1.00 1.00 1.00 0.07 1.00 <0.05
0.13 0.78 1.00 0.12 1.00 1.00 1.00
1.00 1.00 1.00 0.09 1.00 <0.05
1.00 1.00 0.13 1.00 <0.05
1.00 1.00 1.00 0.17
0.07 1.00 <0.05
1.00 0.15
<0.05
2000 2001 2002 2005 2006 2011
<0.05 <0.05 0.17 1.00 0.26 <0.05
1.00 1.00 0.60 1.00 1.00
1.00 1.00 1.00 1.00
1.00 1.00 1.00
1.00 1.00
1.00 2004 2013 2014
2020 2021 2022

2015 2016 2019
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2003
2004
2013
2014
2015
2016
2019
2020
2021

1.00 1.00 1.00 1.00 0.28 <0.05 1.00 0.48 1.00
1.00 1.00 1.00 0.52 <0.05 1.00 0.83 1.00

1.00 1.00 1.00 0.61 1.00 1.00 1.00

1.00 0.21 <0.05 1.00 0.23 1.00

1.00 <0.05 1.00 1.00 1.00

1.00 0.24 1.00 1.00

<0.05 1.00 0.97

0.31 1.00

1.00
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Table S4. Year-to-year comparisons of tuna nitrogen isotope values. Results of the post-hoc Dunn’s tests on 8°N values measured in muscle
tissues of A) yellowfin, B) bigeye, and C) skipjack in the southwestern Pacific, D) yellowfin, E) bigeye, and F) skipjack in the western Indian, and G)
yellowfin and H) bigeye in the eastern central Pacific.

A)Yellowfin in the southwestern Pacific
2003 2004 2005 2006 2007 2008 2009 2010 2011 2013 2014 2015 2016 2017 2018 2020
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2001
2003
2004
2005
2006
2007
2008
2009
2010
2011
2013
2014
2015
2016
2017
2018

Bigeye

in the

<0.05 1.00 1.00 <0.05 <0.05 <0.05 <0.05 1.00 1.00 <0.05 0.32 1.00 <0.05 1.00 < 1.00
0.05
1.00 0.83 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.13
1.00 1.00 1.00 1.00 <0.05 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
<0.05 <0.05 0.17 <0.05 1.00 1.00 <0.05 1.00 1.00 <0.05 1.00 1.00 1.00
1.00 1.00 1.00 1.00 0.31 1.00 0.33 0.49 1.00 0.08 1.00 <0.05
1.00 1.00 1.00 0.15 1.00 <0.05 0.38 1.00 <0.05 1.00 <0.05
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 <0.05
1.00 <0.05 1.00 <0.05 | <0.05 1.00 <0.05 0.07 <0.05
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.40 1.00 1.00 0.64 1.00 1.00 1.00
0.12 1.00 1.00 <0.05 1.00 <0.05
1.00 0.79 1.00 1.00 1.00
1.00 1.00 1.00 1.00
0.20 1.00 <0.05
1.00 1.00
0.27
southwestern Pacific
2003 2007 2008 2009 2011 2013 2014 2015 2017 2018 2021
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2001
2003
2007
2008
2009
2011
2013
2014
2015
2017
2018

0.11 <0.05 <0.05 1.00 1.00 <0.05 0.38 <0.05 1.00 <0.05 0.22
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 <0.05 <0.05 1.00 <0.05 <0.05 <0.05 1.00 0.48

0.08 0.11 1.00 0.60 0.86 0.18 1.00 1.00

1.00 0.16 1.00 1.00 1.00 1.00 1.00

0.75 1.00 1.00 1.00 1.00 1.00

1.00 1.00 1.00 1.00 1.00

1.00 1.00 1.00 1.00

1.00 1.00 1.00

1.00 1.00

1.00
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C)Skipjack in the southwestern Pacific

2001
2003
2004
2007
2008
2009
2010
2013
2014
2015
2016
2017
2018
2020

D)

2003 2004 2007 2008 2009 2010 2013 2014 2015 2016 2017 2018 2020 2021
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 0.27 1.00 1.00 1.00 1.00 1.00 0.05 0.20 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 <0.05 1.00 1.00 1.00 1.00 0.63 0.15
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 0.62 1.00 1.00 1.00 1.00 1.00
0.31 1.00 1.00 1.00 1.00 1.00 1.00
<0.05 | <005 | 1.00 1.00 1.00 1.00
1.00 1.00 1.00 0.24 0.05
1.00 1.00 1.00 0.24
1.00 1.00 1.00
1.00 1.00
1.00
Yellowfin in the western Indian
2003 2004 2010 2011 2012 2013 2014 2015 2017 2018 2020 2022
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2001
2003
2004
2010
2011
2012
2013
2014
2015
2017
2018
2020

E)
Bigeye
in the
western
Indian

1.00 <0.05 1.00 1.00 1.00 <0.05 1.00 1.00 1.00 <0.05 0.27 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 0.64 1.00 1.00 1.00 0.11 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.58 1.00 1.00 1.00 0.41 1.00 1.00
1.00 1.00 0.05 1.00 1.00 1.00
1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00
<0.05 1.00 1.00
1.00 1.00
1.00
2002 2011 2012 2013 2014 2015 2018 2020 2022
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2001 | <0.05 1.00 1.00 1.00 1.00 0.29 1.00 1.00 <0.05
2002 1.00 1.00 <0.05 0.92 1.00 <0.05 <0.05 1.00
2011
2012 1.00 1.00 1.00 1.00 0.37 1.00 1.00
2013 1.00 1.00 1.00 0.18 1.00 1.00
014 . . . . . .
2015 1.00 <0.05 1.00 1.00 <0.05
2018
2020 1.00 1.00 1.00 1.00
<0.05 0.65 1.00 . )
F) Skipjack in the
western 1.00 <0.05 |Indian
0.19 2002 2010 2013
2014 2018 2022
2001 1.00 1.00 <0.05 <0.05 <0.05 1.00
2002 1.00 1.00 1.00 1.00 1.00
2010
2013 1.00 1.00 1.00 1.00
2014
2018 1.00 1.00 <0.05
1.00 0.11
0.06
G) Yellowfin in the eastern central Atlantic

2003 2013 2014 2019 2020 2021 2022



2002
2003
2013
2014
2019
2020
2021

H)
Atlantic

2003
2004
2013
2014
2015
2016
2019
2020
2021

Bigeye in the eastern central

1.00 1.00 1.00 1.00 1.00 1.00 1.00
<0.05 <0.05 <0.05 <0.05 <0.05 <0.05
1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00
1.00 1.00 1.00
1.00 1.00
1.00
2004 2013
2019 2020 2021 2022
0.68 1.00 1.00 1.00 1.00 0.81 1.00 1.00 0.12
0.30 <0.05 <0.05 <0.05 1.00 1.00 0.05 1.00
1.00 1.00 1.00 0.32 0.72 1.00 <0.05
<0.05 0.06 <0.05 <0.05 1.00 <0.05
1.00 <0.05 <0.05 <0.05 <0.05
<0.05 <0.05 <0.05 <0.05
1.00 <0.05 1.00
0.13 1.00
<0.05

2014

2015

2016
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