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Abstract 28 

Understanding the relationship between mercury in seafood and the distribution of 29 

oceanic methylmercury is key to understand human mercury exposure. Here, we 30 

determined mercury concentrations in muscle and blood of bigeye and yellowfin tunas 31 

from the Western and Central Pacific. Results showed similar latitudinal patterns in tuna 32 

blood and muscle, indicating that both tissues are good candidates for mercury 33 

monitoring. Complementary tuna species analyses indicated species- and tissue- 34 

specific mercury patterns, highlighting differences in physiologic processes of mercury 35 

uptake and accumulation associated with tuna vertical habitat. Tuna mercury content 36 

was correlated to ambient seawater methylmercury concentrations, with blood being 37 

enriched at a higher rate than muscle with increasing habitat depth. The consideration of 38 

a significant uptake of dissolved methylmercury from seawater in tuna, in addition to 39 

assimilation from food, might be interesting to test in models to represent the 40 

spatiotemporal evolutions of mercury in tuna under different mercury emission 41 

scenarios. 42 

  43 

Keywords 44 

Methylmercury, tunas, blood, white muscle, vertical habitat, Pacific Ocean. 45 

 46 

Highlights 47 

Spatial trends of Total [Hg] (THg) concentrations in tuna muscle and blood are identical 48 

Blood to muscle Hg ratio increases with depth habitat of tuna species 49 

Opposed to other tuna, THg was higher in blood compared to muscle in bigeye 50 

THg in blood and muscle mirror seawater methylmercury concentration profiles  51 

Direct uptake of methylmercury by tuna might be more important than currently 52 

thought  53 
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Introduction 54 

Mercury (Hg) is a global pollutant, mainly present as a gaseous species (Hg
0
) in 55 

the atmosphere with both natural geogenic (e.g., volcanism), and anthropogenic sources 56 

(e.g., coal combustion and artisanal gold mining) (Outridge et al., 2018). A fraction of 57 

Hg
0
 deposited at the ocean surface as inorganic Hg can be naturally converted into toxic 58 

methylmercury (MeHg), mainly produced at depth in oceanic oxygen minimum zones 59 

during organic matter remineralization processes (Mason and Fitzgerald, 1990). 60 

Methylmercury is a neurotoxic compound for humans and biomagnifies naturally 61 

through marine food webs (Bloom, 1992), leading to high concentrations in marine 62 

pelagic top predators like tunas and billfishes (Storelli et al., 2002). Fish consumption 63 

represents the main human exposure to MeHg (Sunderland, 2007; Sunderland et al., 64 

2018). 65 

The Minamata Convention administrated by the United Nations Environmental 66 

Programme (www.mercuryconvention.org) aims to reduce anthropogenic Hg emissions 67 

into the environment and to protect human health. The implementation of the Minamata 68 

Convention requires the development and coordination of monitoring strategies in 69 

various ecosystems and organisms both at the regional and global scales. Yet several 70 

key fundamental questions about the Hg cycle remain, in particular the link between 71 

atmospheric Hg emissions, seawater MeHg levels and Hg concentrations in marine 72 

pelagic predators (e.g., Lee et al., 2016; Medieu et al. 2022). This information is 73 

fundamental to better constrain models and predict responses of different Hg emissions 74 

scenarios (Wang et al., 2019).  75 

Among top predators, tunas have been particularly studied for their Hg content 76 

(e.g., Chouvelon et al., 2017; Houssard et al., 2019; Médieu et al., 2021). Mercury is 77 

mainly present as MeHg in tuna muscle tissue (> 91%, Bloom, 1992; Houssard et al., 78 

2019), making the measurement of total Hg (THg) concentrations a suitable proxy of 79 

MeHg content. Tunas display relatively high Hg concentrations, sometimes exceeding 80 

food safety guidelines (1 µg.g
-1

 fresh tissue) (World Health Organization and UNEP 81 

Chemicals, 2008), and thus represent the dominant Hg intake in several countries where 82 

tuna consumption is high (Sunderland, 2007). Tunas are indeed among the most popular 83 

marine species consumed worldwide, and in terms of food and nutrition security, they 84 

provide a major source of proteins, essential fatty acids, vitamins, and minerals (Bell et 85 

al., 2015; Sirot et al., 2012), in particular in the Western and Central Pacific.  86 
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Mercury concentrations in tunas depend of a complex interplay of processes, 87 

including physiology (organism’s age and size), trophic ecology, habitat, marine 88 

biogeochemistry (e.g., in situ MeHg bioavailability), and physics (e.g., ocean currents, 89 

light intensity) (Choy et al., 2009; Houssard et al., 2019; Kojadinovic et al., 2007; Wang 90 

et al., 2019). A combination of these factors is suspected to drive the spatial variability 91 

of Hg concentrations that has been observed in tunas both at the regional (Houssard et 92 

al., 2019; Médieu et al., 2022) and global scales (Nicklisch et al., 2017; Tseng et al., 93 

2021). In particular, variable Hg concentrations have been attributed to differences of 94 

foraging habitat, with epipelagic species like skipjack (Katsuwonus pelamis) and 95 

yellowfin tunas (Thunnus albacares) exhibiting lower concentrations than bigeye (T. 96 

obesus) and albacore tunas (T. alalunga), which forage deeper in the water column 97 

(Choy et al., 2009; Houssard et al., 2019; Olson et al., 2016). This has been associated 98 

with the fact that tuna species with enhanced Hg concentrations forage deeper on 99 

mesopelagic preys enriched in Hg as they are located closer to deep MeHg production 100 

zones (Blum et al., 2013; Madigan et al., 2018). At a regional scale, variations in Hg 101 

content in bigeye tuna (by a factor 3) in the south western Pacific has also been 102 

attributed to variations of its foraging habitat between locations, with higher Hg content 103 

where this species can forage deeper (Houssard et al., 2019). 104 

Studies investigating tuna Hg content have almost exclusively relied on muscle 105 

tissue, as it is considered as a storage compartment for MeHg, and because it is also the 106 

most edible part of tunas (Houssard et al., 2019; Médieu et al., 2021; Nicklisch et al., 107 

2017). This tissue is suspected to reflect a long but poorly defined period of exposure 108 

which may vary among species (Keva et al., 2017). Muscle Hg turnover in captive 109 

bluefin tuna (T. orientalis) has been estimated to be 2.8 years (Kwon et al., 2016), but it 110 

is yet unknown into the wild and has been largely undocumented in tropical tuna 111 

species having different lifespan, growth, and metabolic rates (Olson et al., 2016).  112 

Tuna species, in particular bluefin tunas, are considered highly migratory 113 

species (Block et al., 2011), and therefore reflect MeHg levels integrated over large 114 

transoceanic scales (Tseng et al., 2021). Recent evidence using stable isotopes in tuna 115 

muscle tissues indicates that other tuna species such as yellowfin, bigeye, skipjack and 116 

albacore, presenting limited spatial migration at the subregional scale, might be more 117 

appropriate to capture Hg trends at the local and subregional scales (Houssard et al., 118 

2017; Logan et al., 2020). Carbon and nitrogen stable isotope values (δ
13

C and δ
15

N) are 119 
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indeed a suitable tool to infer both local and broad-scale movements and residency 120 

patterns of pelagic species (Graham et al., 2010; Logan et al., 2020). Houssard et al. 121 

(2017) for example showed that the spatial variability of tuna muscle δ
15

N values was 122 

similar to the isotopic spatial gradients at the base of the food web (particulate organic 123 

matter, and source amino-acid δ
15

N values). This illustrates that these tropical tunas 124 

were relatively resident at a 6-month to 1-year scale in the Western and Central Pacific 125 

Ocean as they are acquiring the isotopic signature of the environment where they 126 

forage. However, given the slow Hg turnover expected in muscle, other tissues might be 127 

more relevant to picture spatial variations in tunas, in particular blood. Blood circulation 128 

plays an important role in the distribution of MeHg across tissues and is expected to be 129 

representative of a short exposure time (weeks, e.g., Bearhop et al., 2000). Yet, current 130 

knowledge on Hg kinetics and equilibration between blood and muscle tissues in fishes 131 

is scant, while necessary to better understand Hg spatial trends especially in tunas 132 

exhibiting both horizontal and vertical movements. Comparing Hg concentrations in 133 

tissues with different turnover rates could help elucidate the relationship between the 134 

history of Hg exposure in tunas with respect to MeHg levels in the water column. 135 

The main objectives of our study were to (i) evaluate the relevance of tuna 136 

muscle and blood samples to capture representative geographical trends of Hg 137 

concentrations in pelagic ecosystems, (ii) identify the main factors explaining the 138 

differences of THg concentrations between four tuna species by evaluating the effect of 139 

species, tissue type, biogeochemical province and fish length, and (iii) determine the 140 

relationship between local water MeHg profiles and THg concentrations in blood and 141 

muscle of tuna species occupying different depth layers of the same region. For 142 

objectives (i) and (ii), we determined THg concentrations in muscle and blood tissues 143 

from two tuna species, bigeye and yellowfin, in different provinces from the Western 144 

and Central Pacific Ocean. Nitrogen isotope values were also measured as another tool 145 

to discuss the relevance of blood and muscle tissues to infer spatial patterns of THg 146 

concentrations in tunas. For objectives (ii) and (iii), we focused on a smaller region and 147 

added samples of albacore and skipjack tunas to discuss the species-specific differences 148 

based on their particular physiology and vertical habitat use.   149 
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Materials and methods 150 

 151 

Study area 152 

Tuna samples were collected from individuals captured within the Western and 153 

Central Pacific Ocean, from 145°E to 128°W and 10°N to 26°S (Fig. 1). This region is 154 

characterized by four biogeochemical provinces defined by different nitrogen 155 

biochemistry at the base of marine food webs, modified from Longhurst (2007) by 156 

Houssard et al. (2017): the Archipelagic deep basins modified province (ARCHm), the 157 

Warm pool modified province (WARMm), the Pacific equatorial divergence province 158 

(PEQD), and the South Pacific Subtropical Gyre modified province (SPSGm). ARCHm 159 

is characterized by limited vertical stratification, deep thermocline/oxycline, and 160 

enhanced dinitrogen fixation and primary production (Campbell et al., 2005; Moisander 161 

et al., 2010; Shiozaki et al., 2014). WARMm presents high sea surface temperatures and 162 

a more stratified water column. Primary production in this region is mainly based on 163 

regenerated nitrogen (Le Borgne et al., 2011). PEQD presents a strong upwelling from 164 

the equatorial undercurrent and the highest primary production of the western and 165 

central Pacific Ocean (Chavez et al., 1990). Finally, SPSGm is characterized by ultra-166 

oligotrophic waters, deep thermocline and primary production based mainly on nitrate 167 

fixation (Shiozaki et al., 2014). 168 

 169 

Tuna sampling and tissue analyses 170 

White muscle and blood tissue samples were collected by trained observers 171 

onboard commercial fishing boats (purse seine and longline) between 2001 and 2016 172 

(available dataset: Barbosa et al. 2022, SEANOE). Most of the sampling effort was 173 

conducted for bigeye (n= 88,  32 ARCHm + 31 PEQD + 4 SPSGm + 21 WARMm), and 174 

yellowfin (n= 60,  45 ARCHm + 1 PEQD + 14 WARMm). A few individuals of 175 

albacore (n = 17) and skipjack (n= 5) were also sampled from the ARCHm province. 176 

Sampling location (i.e., longitude and latitude) was recorded, as well as sampling date. 177 

Fork length was measured to the lowest cm and ranged respectively for bigeye, 178 

yellowfin, albacore and skipjack from 42 to 160 cm (85 ± 31, mean ± sd), 49 to 157 cm 179 

(114 ± 26), 84 to 101 cm (95 ± 5), and 64 to 81 cm (74 ± 6) (Table S1). Blood was 180 

sampled from freshly caught tuna from the incision made by fishermen near the lateral 181 
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line (close to the pectoral fin). Samples were frozen onboard, stored at -20°C, freeze-182 

dried and finally ground to a fine and homogeneous powder prior to analyses.  183 

Total Hg concentrations were measured on ~10 mg of powdered, freeze-dried 184 

and homogenized samples by thermal decomposition, gold amalgamation and atomic 185 

absorption detection (DMA-80, Milestone) at GET (Toulouse, France). Measurements 186 

accuracy was checked against different biological standard reference materials (i.e., 187 

TORT-2: 0.270 ± 0.060 µg.g
‑ 1

, TORT-3: 0.292 ± 0.022 µg.g
‑ 1

, DOLT-4: 2.580 ± 188 

0.220 µg.g
‑ 1

, and IAEA-436: 4.190 ± 0.360 µg.g
‑ 1

) covering a wide range of Hg 189 

concentrations. All concentrations are expressed in µg.g
‑ 1

 on a dry weight (dw) basis. 190 

Nitrogen stable isotope values were obtained from ~1 mg homogenized freeze-191 

dried samples packed in tin cups and were analyzed using a Costech elemental analyser 192 

coupled to an isotope ratio mass spectrometer (Thermo Scientific Delta Advantage with 193 

a Conflo IV interface) at Union College (New York, USA). Reference standards (EA 194 

Consumables sorghum flour (δ
15

N = 1.58 ± 0.15 ‰), in house acetanilide (δ
15

N = -0.96 195 

‰), IAEA-N-2 ammonium sulfate (δ
15

N = 20.3 ± 0.2 ‰), and IAEA-600 caffeine (δ
15

N 196 

= 1.0 ± 0.2 ‰) were used for isotopic corrections, and to assign the data to the 197 

appropriate isotopic scale with reproducibility better than 0.1 ‰. Results were reported 198 

in the δ unit notation and expressed as parts per thousand (‰) relative to international 199 

standards, i.e., atmospheric N2. 200 

 201 

Methylmercury water depth profiles 202 

Water samples were collected using a trace metal clean rosette during the 2015 203 

OUTPACE Cruise (Leblanc and Cornet, 2018) and measured specifically for MeHg at 204 

GET (Toulouse, France) by isotope dilution, gas chromatography, inductively coupled 205 

plasma mass spectrometry (ID-GC-ICPMS). Details about the methodology are 206 

available in Heimbürger et al. (2015). A total of fourteen stations (0-500 m depth) 207 

located in the ARCHm province and distributed along a transect at 15°S and between 208 

160°E and 170°W were considered for analysis. Data obtained from the different water 209 

profiles were pooled at each depth to get a unique spatially integrated MeHg water 210 

depth profile representative of the ARCHm province. This profile aims at being 211 

compared to Hg concentrations in blood and muscle tissues of different tuna species 212 

occupying different vertical habitats in the same region. 213 
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 214 

Statistical analyses 215 

All analyses were performed with the statistical open source R software (R Core 216 

Team, 2018). To visually investigate the spatial patterns of THg concentrations and 217 

δ
15

N values in bigeye and yellowfin, we used generalized additive models (GAM), 218 

fitted with the mgcv package (Wood and Wood, 2015). Separated models were built per 219 

tuna species and tissue. Smoothed spatial contour maps were generated by fitting two 220 

dimensional thin plate regression splines on catch sample location (i.e., s(longitude, 221 

latitude)). We used a Gaussian family with an identity link function for both total Hg 222 

concentrations and δ
15

N values. Linear correlations of THg concentrations and δ
15

N 223 

values between blood and muscle tissues were assessed for bigeye and yellowfin tunas 224 

with Pearson correlation’s coefficients.  225 

To test for tissue-specific differences of THg concentrations in bigeye, 226 

yellowfin, albacore, and skipjack tunas from ARCHm (the only province with samples 227 

for the four different species), we used paired Wilcoxon tests with a Bonferroni 228 

correction of p-values. Then we used the ratio of THg concentrations between blood 229 

and muscle (blood to muscle ratio) to investigate differences in Hg distribution among 230 

tissues. Species-specific differences of blood to muscle THg ratios within ARCHm 231 

were tested considering the four tuna species with a Kruskal Wallis test, followed by a 232 

post-hoc Dunn test with a Bonferroni correction of p-values. For each species from 233 

ARCHm, we also investigated the relationship between blood to muscle THg ratios and 234 

muscle THg concentrations by fitting segmented regression models with segmented R 235 

package. 236 

A set of generalized linear mixed models (GLMMs) were performed to evaluate 237 

the effect of four fixed factors on tuna THg concentrations: fish length, province 238 

(ARCHm and WARMm), tissue type (blood and muscle) and species (bigeye and 239 

yellowfin). GLMMs allow modelling non-normal data to evaluate the effect of a 240 

treatment whereas accounting for random effects (Bolker, 2009). The individual 241 

identifier was included as a random factor in our random intercept models to account 242 

for the non-independence of the data, since THg concentrations in blood and muscle 243 

tissues were measured in the same individual. We used the glmer function from lme4 244 

package (Bolker et al., 2021) to perform the model with a Gamma distribution and 245 
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“log” link function. Model selection was performed by reducing full models stepwise 246 

and using the Akaike Information Criterion corrected by size (AICc, Burnham and 247 

Anderson, 2004) and the Bayesian Information Criterion (BIC, Neath and Cavanaugh, 248 

2012). To select the best-fit models, we evaluated the change in AICc relative to the 249 

best AICc model (ΔAICc). Only models with ΔAICc <2 and with biological/ecological 250 

coherence were selected (Burnham and Anderson, 2004, 2002). The coefficient of 251 

determination (R
2
) was obtained for the best model with highest support using the 252 

function rsquaredGLMM from the MuMin package (Barton, 2020; Nakagawa et al., 253 

2017). Then, the best-fit model was visually verified for over-dispersion from residuals 254 

diagnostic plots. Finally, the marginal effects of each factor and/or interactions on the 255 

response variable were represented using the plot_model function from the sjPlot 256 

package (Lüdecke, 2018).  257 

We used linear regression to evaluate the link between THg levels in the four 258 

tuna species from ARCHm and water dissolved MeHg concentrations at the 259 

corresponding tuna foraging depth. The mean foraging depth during the day of each 260 

tuna species was estimated following Evans et al. (2011), Houssard et al. (2017), and 261 

Williams et al. (2015), and we considered the mean dissolved MeHg water 262 

concentrations at the closest estimated tuna foraging depth.  263 
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Results and discussion 264 

 265 

Capturing representative geographical trends in tuna blood and muscle tissues 266 

Our results show a latitudinal gradient in the Western and Central Pacific Ocean 267 

for THg concentrations and δ
15

N values in blood and muscle tissues of both bigeye and 268 

yellowfin tunas (Fig. 1). These trends confirm the results of Houssard et al. (2017, 269 

2019) who also found a similar latitudinal gradient using larger datasets of tuna muscle 270 

tissues. Our results show that the same trend exists in blood from these same species. 271 

This latitudinal trend was attributed to tuna displaying a deeper vertical habitat in the 272 

ARCHm province where they are expected to forage more on mesopelagic preys 273 

enriched in Hg compared to WARMm (Houssard et al., 2019). On the other hand, the 274 

latitudinal gradient of δ
15

N values in tuna muscle tissues was shown to reflect the spatial 275 

variability of particulate organic matter δ
15

N values (Houssard et al., 2017), with lower 276 

values in ARCHm likely due to the presence of dinitrogen fixers that display low δ
15

N 277 

values close to 0 ‰ (Bonnet et al., 2017; Garcia et al., 2007). Our results (i.e., higher 278 

THg concentrations in the south related to lower tuna δ
15

N values) are also consistent 279 

with the findings of Médieu et al. (2021) who showed that the interannual occurrence of 280 

diazotrophic blooms in this region, characterized by low particulate organic matter δ
15

N 281 

values, was associated with enhanced tuna Hg concentrations for the same years.  These 282 

regional conditions could favor in situ MeHg production and bioavailability for the 283 

local food webs. 284 

Regarding differences between blood and muscle tissues, for both THg 285 

concentrations and δ
15

N values, we found the same spatial patterns (Figs. 1) and a high 286 

correlation between blood and muscle tissues in bigeye (Pearson coefficient correlation 287 

of 0.947 and 0.961 for THg concentrations and δ
15

N values, respectively) (Figs. 1A-B, 288 

S1A and S1B) and yellowfin tunas (Pearson coefficient correlation of 0.699 and 0.953 289 

for THg concentrations and δ
15

N values, respectively) (Figs. 1C-D, and Figs. S1C and 290 

S1D). This indicates that despite having different turnover rates, the two tissues capture 291 

similar spatial trends. This reinforces the idea that these two species display relatively 292 

restricted movements and high site fidelity behavior in the western Pacific Ocean, 293 

compared to more mobile tuna species like bluefin tunas (Fonteneau and Hallier, 2015; 294 

Rooker et al., 2016). These results indicate that blood, which can be collected with non-295 

lethal techniques, is also a good candidate to decipher spatial variations of THg 296 
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concentrations (and δ
15

N values) in tunas. As such, both tissues are highly relevant 297 

matrices to study Hg geographical trends in bigeye and yellowfin. 298 

 299 

Tuna species-specific mercury distribution in blood and muscle tissues 300 

 The best-fit GLMM (R² = 0.95) evaluating the effects of species, tissue type, 301 

fish length and province, as well as their combined interactions, on tuna THg 302 

concentrations, revealed that all four stand-alone factors were significant. As found 303 

visually with the spatial contour maps (Fig. 1) and discussed above, THg concentrations 304 

in ARCHm were significantly higher than in WARMm for both bigeye and yellowfin. 305 

Bigeye exhibited significantly higher THg concentrations than yellowfin, in both 306 

tissues. In blood, THg concentrations were 11 times higher in bigeye than in yellowfin 307 

(1.77 ± 2.30 µg.g
-1

 dw and 0.16 ± 0.14 µg.g
-1

 dw, respectively), while in muscle, bigeye 308 

THg concentrations were twice higher than those in yellowfin (1.20 ± 1.32 µg.g
-1

 dw, 309 

and 0.54 ± 0.45 µg.g
-1

 dw, respectively). Significant differences were also found 310 

between tissues, with higher THg concentrations measured in blood than in muscle for 311 

bigeye, while the opposite pattern was found in yellowfin. The best-fit GLMM shows 312 

that differences of THg concentrations between muscle and blood tissues depend on the 313 

province (significant interaction between species, tissue, and province). Specifically, 314 

significant differences of THg concentrations between tissues were generally observed 315 

in both species and provinces, with the exception for tissues of bigeye in WARMm 316 

(Fig. 2A). These differences were larger in ARCHm than in WARMm for both species. 317 

The model also suggests that differences of Hg accumulation between tissues and 318 

species also depend on fish individual length (significant interaction between species, 319 

tissue, and length). Total Hg concentrations in blood and muscle tissues of bigeye were 320 

found to increase similarly with fish length, while for yellowfin, THg concentrations 321 

were positively related to fish length in muscle only (Fig. 2B). Our results in bigeye 322 

contradict the absence of a relationship between fish length and blood THg 323 

concentrations observed by Kai et al. (1988) for the two same species. This contrasted 324 

result for bigeye tuna may be explained by a smaller sample size (n = 12), and/or a more 325 

restricted fish length range (94 – 126 cm) of individuals in Kai et al. (1988) (Fig. S2), 326 

compared to our dataset (n= 53; 60-160 cm, considering data from ARCHm and 327 

WARMm used in the GLMM analysis).  328 
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The tuna species-specific differences in Hg accumulation between blood and 329 

muscle tissues could result from a different kinetic exchange between these two 330 

compartments, suggesting that each tuna species might display tissue-specific Hg 331 

accumulation pathways.  Harley et al. (2015) observed different correlations between 332 

fish length and THg concentrations depending on tissues (i.e., muscle, liver, heart, and 333 

kidney), suggesting heterogeneous dynamics of transport, and storage of Hg compounds 334 

in each tissue in sculpin fish from the Bering Sea.  335 

 When focusing on the ARCHm province only, and including skipjack and 336 

albacore tunas for a broader comparison, we also found significant differences of THg 337 

concentrations between tissues (Fig. 3A). Total Hg concentrations were higher in the 338 

muscle relative to blood tissue for skipjack, yellowfin, and albacore, while bigeye 339 

showed the opposite trend with higher values in blood (paired Wilcoxon test, p-value < 340 

0.05) (Fig. 3A). The blood to muscle THg ratio was found to increase in the following 341 

order: skipjack < yellowfin < albacore < bigeye (Fig. 3B), and was significantly higher 342 

in bigeye compared to the three other species that were not different from each other 343 

(Dunn test, p-value < 0.05). Skipjack, the most epipelagic tuna species, showed the 344 

lowest mean blood to muscle THg ratio (~0.23) indicating an important and preferential 345 

enrichment of Hg in the muscle compartment relative to blood. Conversely, bigeye, the 346 

most mesopelagic species, exhibited the highest mean ratio (~1.71) showing Hg 347 

concentrations enriched in blood compared to muscle (Fig. 3B). Considering the 348 

differences of vertical habitat (Choy et al., 2009; Olson et al., 2016) and activity cost 349 

(Trudel and Rasmussen, 1997) of the four studied species, these results suggest that 350 

blood is increasingly enriched in Hg relative to muscle with expanding access into the 351 

deeper mesopelagic zone. The differences of blood to muscle THg ratios could also 352 

result from the variability in the tissue composition, such as lipid content in muscle 353 

(e.g., Hg dilution effect associated to lipid accumulation) (Balshaw et al., 2008). The 354 

four tuna species studied here exhibit relatively similar white muscle fat content (6.9 ± 355 

4.9 %, 6.1 ± 4.7 %, 4.0 ± 3.8 %, and 9.2 ± 6.0 %, for bigeye, yellowfin, skipjack and 356 

albacore tunas respectively, L. Couturier unpub. data) suggesting that this factor has 357 

limited influence. Variation in hemoglobin levels in blood and/or binding properties 358 

could also explain our observations, since MeHg is known to display a strong affinity to 359 

hemoglobin thiol groups (Giblin and Massaro, 1975; Vahter et al., 1994; Pedrero Zayas 360 

et al., 2014). While no data are available for skipjack and albacore, yellowfin and 361 
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bigeye tunas also show similar hemoglobin concentrations (Brown, 1962; Lowe et al., 362 

2000). However, Lowe and coworkers (2000) also revealed that bigeye display unique 363 

hemoglobin-oxygen binding properties, being able to capture twice more oxygen 364 

compared to the hemoglobin of the three other species. The context of enhanced oxygen 365 

binding hemoglobin properties for this mesopelagic tuna species with the known strong 366 

affinity of MeHg for the same proteins could explain the higher MeHg accumulation in 367 

blood compared to muscle in bigeye. 368 

Species-specific differences in MeHg intake due to contrasted foraging behavior 369 

and depth could also trigger a change in the physiologic kinetics of Hg 370 

detoxification/accumulation when a threshold level is reached. Such idea has been 371 

developed for sea bass in Abreu et al. (2000), who observed higher Hg concentrations in 372 

muscle than in liver when Hg levels in fish muscle was low (below approximately 0.5 373 

µg.g
‑ 1

), and the inverse relationship between the two tissues when muscle Hg 374 

concentrations were higher than ~1 µg.g
‑ 1

. Here, using segmented regression models, 375 

we found a significant breakpoint for bigeye only (p-value < 0.1, not significant for the 376 

three other species), at a muscle THg concentration of 0.72 ± 0.27 µg.g
‑ 1

 dw (Fig. S3). 377 

This suggests that above this threshold and for bigeye only, Hg tends to accumulate 378 

more in blood than in muscle. Bigeye individuals forage preferentially on deep 379 

myctophids and squids (Young et al., 2010) enriched in MeHg (Choy et al., 2009; 380 

Houssard et al., 2017; Madigan et al., 2018), whereas yellowfin, skipjack and to a lesser 381 

extent albacore almost exclusively feed on lower MeHg epipelagic preys (Olson et al., 382 

2016). Then, if we hypothesize the existence of a threshold of Hg accumulation 383 

tolerance in muscle of bigeye, under conditions of high MeHg availability in the deeper 384 

habitat from ARCHm, THg concentrations would increase over this threshold causing 385 

an apparent limitation of accumulation in muscle while it would continue increasing in 386 

blood. This could also explain the higher difference in THg concentrations between 387 

blood and muscle in ARCHm where the foraging habitat of bigeye tuna is deeper than 388 

in WARMm (Fig. 2A, Houssard et al., 2017).  389 

Muscle tissue is generally considered as a storage compartment for MeHg 390 

accumulating over tuna lifetime. The new finding from this study indicates a 391 

progressive enrichment and contribution of blood MeHg towards muscle MeHg in 392 

relation to tuna foraging depth. This result suggests that blood compartment is 393 

important towards understanding the origin of tuna Hg concentrations and 394 
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bioaccumulation in the light of oceanic MeHg production and concentrations with 395 

depth. 396 

 397 

Tuna mercury concentrations mirror seawater methylmercury concentrations 398 

We observed an increase in tuna muscle Hg concentrations with their depth of 399 

occurrence (Fig. 4A), which corroborates previous findings (Blum et al., 2013; Choy et 400 

al., 2009). This confirms that MeHg concentrations and accumulation in tunas are 401 

related to their foraging behavior, which is consistent with the increase of oceanic 402 

MeHg concentrations with depth. Additionally, the depth of occurrence of the four-tuna 403 

species and their corresponding blood and muscle THg concentrations mirror the MeHg 404 

depth profile in the water column (Fig. 4, R
2 

of the regression was 0.57 and 0.46 for 405 

muscle and blood, respectively; p-values: 0.001 and <0.001, respectively). The spatially 406 

integrated high-resolution water MeHg depth profile in ARCHm is consistent with other 407 

profiles in the southern Pacific Ocean, although not exactly located in the same area 408 

(Munson et al., 2015). This profile shows that MeHg concentrations increase 409 

progressively with depth, ranging between 40 fM at the subsurface (20 m depth) up to 410 

350 fM at 600 m depth approximately. Hence, most of the difference in the species-411 

specific tuna THg concentrations is directly correlated to the corresponding MeHg 412 

concentrations at their depth of occurrence. This suggests that seawater baseline MeHg 413 

concentrations at the species depth of occurrence is a key relevant predictor of the 414 

distribution of Hg concentrations among tuna species. 415 

The steep relationship between MeHg concentrations in water and tuna tissues, 416 

and in particular the higher enrichment of THg in blood relative to muscle in species 417 

inhabiting deeper waters, may support the possibility of a complementary contribution 418 

of waterborne MeHg uptake through the gills mediated by blood, in particular for 419 

bigeye. This route of exposure could complement the dietary intake of MeHg which is 420 

assumed to be predominant, and at a rate increasing with tuna foraging depth. This 421 

hypothesis is consistent with recent findings showing that tuna trophic position 422 

estimates are not a primary variable explaining the spatiotemporal trends of Hg 423 

concentrations in yellowfin, bigeye, and skipjack from the study region (Houssard et al., 424 

2019; Médieu et al., 2022, 2021) and in bluefin tuna at larger oceanic scales (Tseng et 425 

al., 2021). For instance, experimental studies (mostly involving freshwater fishes) on 426 
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waterborne MeHg uptake show that MeHg concentrations in muscle also respond 427 

linearly to dissolved MeHg concentrations (Boddington et al., 1979; Hall et al., 1997). 428 

However, these studies found that waterborne MeHg uptake despite being significant, is 429 

limited (10-20%), relative to dietary MeHg representing the majority of MeHg intake 430 

(80-90%). Furthermore, tuna species present unique morphologic and physiologic 431 

features that may increase MeHg water uptake due to their unique gill morphometrics 432 

favoring oxygen transfer and the largest relative gill surface areas of any fish group, 433 

having up to 4-10 higher ventilation rates than freshwater fishes and other marine 434 

teleosts (Wegner et al., 2010). Wang et al. (2011) showed that fish MeHg direct uptake 435 

through the gills is controlled by swimming speed and respiration rates. Yellowfin and 436 

bigeye tunas display fast swimming speed and high mouth gape when foraging in 437 

hypoxic waters at the depth of oxygen minimum zone to increase ventilation volume 438 

(Bushnell and Brill, 1991; Gooding et al., 1981). These unique physiological 439 

adaptations that ensure oxygen uptake and metabolism may possibly  enhange theuptake 440 

of water MeHg concentrations through the gills, especially at mesopelagic depth with 441 

the 5 fold increase in MeHg concentration at the mean foraging range of bigeye during 442 

the day (200 fM, 400 m depth, Fig. 4A) compared to the surface waters (40 fM, 20 m 443 

depth). Cossa et al. (1994) hypothesized that diffusion of dissolved gaseous 444 

dimethylmercury (which accounts for about half of total MeHg at depth) through the 445 

gills could be a significant pathway for MeHg accumulation, in addition to dietary 446 

intake. Further experimental and field studies, e.g., including measurement of Hg 447 

concentrations in other tissues (gills), and Hg stable isotopes in the water column could 448 

help elucidate the species-specific traits related to the uptake of dissolved water 449 

compounds in Hg accumulation in fish, and its contribution relative to dietary MeHg.  450 

 451 

Conclusion 452 

 Total Hg concentrations in tunas is a promising marker to study MeHg 453 

distribution in the ocean, and the potential consequences to human health. Here, we 454 

present the first evidence of consistency in the spatial distribution patterns of THg 455 

concentrations in blood and muscle tissues in two tropical tuna species from the 456 

Western and Central Pacific Ocean. Our results highlight the pertinence of these two 457 

tissues for large-scale Hg monitoring studies. In particular, blood is a promising non-458 

lethal marker of Hg distribution in tunas, such as its currently used in bird and mammal 459 

species from other oceanic regions. Furthermore, as THg concentrations in yellowfin 460 
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blood do not vary with fish length, contrary to muscle, the use of this tissue may 461 

overcome the biases associated to sampling fish length when using muscle tissues, 462 

allowing wider comparisons.  463 

 Our results reinforce the idea that habitat depth coupled with dissolved MeHg 464 

concentrations are key parameters to explain tuna species-specific differences of THg 465 

concentrations. Although dietary MeHg uptake is considered the predominant 466 

incorporation pathway of  MeHg in tuna, further investigations would be valuable to 467 

help quantify the relative importance of waterborne MeHg. This is especially true for 468 

tunas foraging in mesopelagic environments exhibiting higher MeHg levels than in 469 

epipelagic waters and displaying unique blood binding properties.   470 

 We conclude that it is important not only to consider inter-specific differences, 471 

but also intra-specific tissue variations of the dynamic of Hg accumulation when 472 

evaluating Hg content among fish species. In addition, in predatory fishes such as tunas, 473 

habitat depth seems to play a fundamental role in Hg accumulation. The positive linear 474 

relationship found between tuna Hg concentrations and in situ seawater MeHg 475 

concentrations offers perspectives to predict the spatiotemporal evolutions of Hg in top 476 

predators by using models simulating both seawater and tuna Hg levels. Such model 477 

developments could help refine Hg predictions in top predators according to different 478 

climate change and Hg emissions scenarios, as recommended by the Minamata 479 

Convention.   480 
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 748 

Figure 1. Smoothed spatial contour maps of muscle and blood total mercury (THg) 749 

concentrations in A) bigeye, and C) yellowfin tunas (note that the scale for THg 750 

concentrations is different between the two species); and their corresponding δ15
N 751 

values for B) bigeye, and D) yellowfin tunas through the Western and Central Pacific 752 

Ocean. Black dots represent tuna sampling locations. Grey lines delineate 753 

biogeochemical provinces as described in Houssard et al. (2017): ARCHm = 754 

Archipelagic deep basins modified province, PEQD = Pacific Equatorial Divergence 755 

province, SPSGm = South Pacific Subtropical Gyre modified province, and WARMm = 756 

Warm Pool modified province. 757 

 758 
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Figure 2. Total mercury (THg) predicted concentrations and relationships with 760 

explanatory variables from our best-fit GLMM. A) THg concentrations in muscle (blue) 761 

and blood (red) tissues by province and species while taking into account the size effect. 762 

Dots and whiskers indicate means and 95% confidence intervals respectively. B) 763 

Relationship between blood and muscle THg concentrations and fish length in both 764 

bigeye and yellowfin tunas when removing the province effect. (*) indicates significant 765 

differences between tissues. The coloured shadows show the 95% confidence intervals. 766 

Relationship between THg concentrations and fork length was significant, except in 767 

yellowfin blood.  768 
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 Figure 3. Boxplots of A) Total mercury content (THg, µg.g
-1

,
 
dw) in muscle and blood 770 

tissue, and B) blood to muscle THg ratio in bigeye, yellowfin, albacore and skipjack 771 

from the ARCHm province. * indicates significant differences between tissues and ‘a’ 772 

and ‘b’ letters indicate significant different groups. The central horizontal line is the 773 

median value, the box contains 50% of the values, and the whiskers above and below 774 

the box indicate the variability outside the upper and lower quantiles respectively. 775 

Points are outliers.  776 
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 778 

Figure 4. A) Mean values (± standard error) of water column MeHg concentrations in 779 

relation to depth in the ARCHm province; and mean values (± se) of THg 780 

concentrations in muscle (colored circles) and blood (colored triangles) of tuna species 781 

in relation to their mean depth distribution in the Western and Central Pacific Ocean. B) 782 

Regression  between THg concentrations in blood and muscle tissues of the four studied 783 

tuna species in ARCHm and the corresponding mean water dissolved MeHg content at 784 

the species mean depth of occurrence. The colored shadows show the 95% confidence 785 

intervals.   786 




