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Abstract: We examined how dietary factors recorded by C and N influence Hg uptake in 347 individuals of yellowfin tuna
(Thunnus albacares), an important subsistence resource from the Galdpagos Marine Reserve (Ecuador) and the Ecuadorian
mainland coast in 2015-2016. We found no differences in total Hg (THg) measured in red muscle between the two regions
and no seasonal differences, likely due to the age of the fish and slow elimination rates of Hg. Our THg concentrations are
comparable to those of other studies in the Pacific (0.20-9.60 mg/kg wet wt), but a subset of individuals exhibited the highest
Hg concentrations yet reported in yellowfin tuna. Mercury isotope values differed between A'*’Hg and §202Hg in both
regions (A"7Hg = 2.86 + 0.04%. vs. A'77Hg = 2.33 + 0.07%o), likely related to shifting food webs and differing photochemical
processing of Hg prior to entry into the food web. There were significantly lower values of both §">N and §"3C in tuna from
Galédpagos Marine Reserve (8"°N: 8.5-14.2%0, §'3C: —18.5 to —16.1%0) compared with those from the Ecuadorian mainland
coast (8"°N: 8.3-14.4%., §'3C: =19.4 to —11.9%), of which §'3C values suggest spatially constrained movements of tuna.
Results from the pooled analysis, without considering region, indicated that variations in 6"*C and 6'°N values tracked
changes of Hg stable isotopes. Our data indicate that the individual tuna we used were resident fish of each region and were
heavily influenced by upwellings related to the eastern Pacific oxygen minimum zone and the Humboldt Current System.
The isotopes C, N, and Hg reflect foraging behavior mainly on epipelagic prey in shallow waters and that food web shifts
drive Hg variations between these populations of tuna. Environ Toxicol Chem 2022;00:1-13. © 2022 SETAC
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INTRODUCTION

Mercury (Hg) is a toxic metal that is globally distributed
due to numerous natural and anthropogenic sources such as
geological weathering, gold mining, coal combustion, and in-
dustrial discharges (Le Croizier et al., 2019). The oceans receive
approximately 90% of Hg through atmospheric deposition,
which is predominantly from anthropogenic influences (Chen
et al, 2012). The most toxic form of this element is
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methylmercury (MeHg), a neurotoxicant that can form in anoxic
pockets of the water column or nearshore zones due to mi-
crobial processing and can then further bioaccumulate up the
food web (Drevnick et al., 2015). High levels of MeHg in fish
can lead to adverse effects on growth and survival, particularly
in larger piscivorous species (Scheuhammer et al., 2015).
Various studies have reported severe physiological effects of
MeHg exposure in wildlife and in humans (Bosch et al., 2016),
which is of great concern for ocean fisheries that are utilized
worldwide.

Like other oceans, the Pacific is facing several environmental
challenges including pollution, overexploitation of fisheries,
destruction of habitats, and acidification (Chen & Li, 2019).
Several studies have reported moderate to high increases in
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MeHg concentrations in yellowfin tuna (Thunnus albacares) in
the Pacific Ocean during the last decades (Drevnick et al.,
2015). On the other hand, a recent study (Médieu et al., 2021)
reported that only 0.6% of the samples of yellowfin tuna in their
data set were above the food safety guideline (i.e., 1 ppm or
mg/kg wet wt according to the guide for fish consumption
established by the Inter-Organization Programme for the
Sound Management of Chemicals, 2008) and did not find sig-
nificant increasing decadal trends of Hg concentrations in yel-
lowfin tuna, suggesting the probable existence of distinct
ocean patterns of Hg. Tuna contamination is of particular
concern for global human health due to its large-scale global
exports (Pauly & Zeller, 2016) as well as its frequent con-
sumption by subsistence communities, particularly in devel-
oping countries such as Ecuador where it constitutes an
important source of protein (Galland et al., 2016).

Island ecosystems of the United Nations Educational, Sci-
entific and Cultural Organization World Heritage Site, the
Galapagos Islands, are affected by global and regional an-
thropogenic pollution and chemical releases despite their
remoteness (Alava & Ross, 2018). However, little is known
about Hg levels in the Galdpagos and other island ecosys-
tems. In the Galdpagos Islands and the Ecuadorian mainland
coast, metal assessments have been reported at high con-
centrations for various toxic elements (Al, B, Ba, Cd, Ni, Pb,
and Sr) above safety guidelines and regional values for a few
large pelagic and demersal fishes (i.e., yellowfin tuna;
common dolphinfish or “dorado,” Coryphaena hippurus;
palm ruff, Seriolella violacea), and several demersal fish spe-
cies (South Pacific hake, Merluccius gayi; Peruvian weakfish,
Cynoscion analis; rock basses, Paralabrax spp.; ocean white-
fish, Caulolatilus princeps; and sailfin grouper, Mycteroperca
olfax (Franco-Fuentes et al., 2021). In particular, Maurice et al.
(2021) recently reported that differences in Hg isotope values
were a function of feeding area and that high Hg concen-
trations were present due to specific feeding regimes in
several species of pelagic sharks from the Galdpagos Marine
Reserve and surrounding oceanic waters.

Isotope tracer methods have been applied to examine the
influence of food web dynamics and changes in Hg sources
because these relate to Hg burdens in pelagic fish. Nitrogen
isotopes (6"°N) have been used to examine Hg variation
as a function of trophic level, and carbon isotopes (6"3Q)
allow discrimination between oceanic versus coastal and pe-
lagic or demersal habitats in marine fishes and help us to
understand the role of foraging habitat in Hg bio-
accumulation (Pethybridge et al., 2015). Similar to carbon and
nitrogen isotopes, Hg isotopes undergo mass-dependent
fractionation (MDF), which has been leveraged to examine
source changes in biological tissue, often recorded as §2°?Hg
(Janssen et al.,, 2019), and mass-independent fractionation
(MIF) including the odd isotopes A'*’Hg and A?°'Hg, mainly
driven by photochemical reactions in the environment
(Bergquist & Blum, 2007; Blum & Bergquist, 2007). Patterns
in MIF have been used in ocean food webs to assess
foraging depth, with decreasing A'""Hg values associated
with decreasing light penetration with depth and the

influence of epipelagic Hg sources on mesopelagic or deep
sea consumers (Blum et al., 2013, 2020). Also occurring in
A?°°Hg, MIF has been attributed to atmospheric pools of Hg
such as precipitation and gaseous elemental forms (Blum
et al., 2013), allowing for an additional vector of source
identification.

In the present study we provide the first assessment of Hg
concentrations and C, N, and Hg isotope values in yellowfin
tuna during the warm and cold seasons in the Galdpagos
Marine Reserve and waters off the Ecuadorian mainland coast.
Our primary objectives were to determine whether individuals
from the two regions differ in Hg concentrations and isotopic
values (6202Hg, A199Hg, and AZOOHg), to infer sources (natural/
geogenic vs. anthropogenic) of the Hg, and to explore possible
relationships with Hg exposure as a function of trophic posi-
tion, using bulk stable isotopes (68"3C and &'°N). It is vital to
understand the dynamics of Hg bioaccumulation and de-
termine ecological factors that may be driving elevated Hg
concentrations in yellowfin tuna given their importance to
fisheries in the Pacific Ocean.

MATERIALS AND METHODS
Sample collection

Sampling was conducted in two regions, the Galapagos
Marine Reserve and along the Ecuadorian mainland coast
(Figure 1). These two regions were chosen because of the
influence of different ocean currents and also the habitat use
and distribution of yellowfin tuna how according to the last
movement assessment in the region and their attraction to
islands (Schaefer & Fuller, 2022). The Galdpagos Marine Re-
serve samples were obtained at two sites, the ports of San
Cristobal Island and Santa Cruz Island, where local fishermen
provided access to their catch after their arrival at the ports.
At the Ecuadorian mainland coast, samples were obtained at
the port of Santa Rosa, Santa Elena province. Samples were
collected during the cold season of 2015 (July and August)
and the warm season of 2016 (January and February;
Figure 1). Therefore, to explore seasonal effects on tuna size,
total mercury (THg), and isotopic values that could result from
the influence of the Humboldt (cold) and Equatorial (warm)
currents, a total of 347 samples was obtained, including 104
from the Galdpagos Marine Reserve and 46 from the Ecua-
dorian mainland coast during the cold season in 2015, and
139 samples from the Galdpagos Marine Reserve and 58 from
the Ecuadorian mainland coast during the warm season of
2016. Each tuna sampled was individually measured for
standard length (tip of snout to edge of caudal peduncle keel)
and, using a porcelain knife, we collected approximately 2 g
(wet wt) of red muscle from the top mid-dorsal line. The tissue
was immediately stored in Eppendorf tubes on ice at -8 °C.
For 134 individuals whose heads had been removed by the
fishermen prior to their arrival to the port, the standard length
was predicted by a linear regression applied to 65 individuals
in which both the standard length and the headless length
were measured. Only tuna from artisanal fisheries and known
capture sites were sampled and measured to ensure that the
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Fishing zones of Mainland Ecuador and Galapagos Marine Reserve
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FIGURE 1: Map of fishing zones showing the sampling sites in marine waters around the Galdpagos Marine Reserve (left) and off the Ecuadorian
mainland coast (right). The Galdpagos Islands are located 1000 km from the Ecuadorian coast.

tuna came from two different regions (Ecuadorian mainland
coast and Galdpagos Marine Reserve).

Hg analyses

All samples were freeze-dried for 24 h to remove moisture
using a TFD5503 Bench-Top freeze dryer (LABCONCO),
followed by homogenization using a mortar and pestle at the
Agricultural Biotechnology laboratory of the Universidad San
Francisco de Quito (Ecuador). Measurements of THg in tissues
were performed on a Milestone DMA-80 Hg analyzer at the
University of North Carolina Wilmington (USA). Each set of 20
samples was preceded and followed by two method blanks, a
sample blank, and two samples each of standard reference
material (DORM-4 and DOLT-5 from fish protein and dogfish
liver, respectively, certified by the National Research Council,
Canada). Mean (weighted) percent recovery of certified refer-
ence material was 96.6% (DORM-4 =99.9%, DOLT-5=93.3%,
0.02 g). Most of the THg measured in these tuna was assumed
to be MeHg because it has been shown that between 90% and
100% of the total Hg found in muscle samples from the dorsal

musculature, especially apex predators, is in this form (Madigan
et al., 2018). The Hg concentration values obtained in dry
weight were converted to wet weight values to compare our
results with those of other studies and with the tolerable
intake values internationally approved by the World Health
Organization, which are estimated on a wet weight basis. The
transformation of the dry weight to wet weight values was
performed using a moisture percentage of 70% as reported by
Teffer et al. (2014) for yellowfin tuna.

Hg stable isotopes

A subset of tuna samples from the Galdpagos Marine Re-
serve (n=10) and the Ecuadorian mainland coast (n=10) was
selected randomly for Hg isotope analysis at the US Geological
Survey (USGS) Mercury Research Laboratory (Middleton, WI).
Tissue samples were digested in concentrated nitric acid
(100 mg of tissue/1 ml of acid) and heated at more than 90 °C
for 8 h. Following the initial heating, samples were amended
with bromine monochloride to a final concentration of 10%
prior to heating for an additional 2-3h. Prior to isotope
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analysis, samples were diluted with ultraure water to a final acid
content of 20%. Isotope ratios were measured using a Neptune
Plus multicollector inductively coupled plasma—-mass spec-
trometer to stannous chloride reduction in a custom-designed
gas-liquid separator (Yin et al., 2016). Samples were analyzed
using standard bracketing with National Institute of Standards
(NIST) 3133 and measured simultaneously with aerosol in-
troduction of Tl (NIST 997) to correct for instrument bias (Blum
& Bergquist, 2007). During analysis six Hg isotopes were
monitored ("7 Hg, '""Hg, ?®Hg, #°'Hg, ***Hg, and ***Hg)
simultaneously with thallium (*®*TI and ?°°Tl). Isotope values
were calculated based on a convention such that MDF is
expressed in terms of §**Hg and calculated as:

5*Hg(%o) = { (xxxHg/""®Hgsample)
I(xoxxHgl'BHgNIST - 3133) - 1} x 1000 (1)

where XXX is used to signify the Hg isotope of interest.
Mercury also undergoes MIF of both even and odd isotopes,
calculated as:

Axxng ~ 6xxng - (6202Hg x B) 2)

where B represents the mass scaling factor.

A secondary standard (UM Almaden, NIST RM 8610)
was measured every 5-10 samples to ensure accuracy and
precision (6202Hg =-0.51+0.10; A199Hg =-0.02 + 0.06;
A200H9=0.01 +0.04, 2 standard deviation [SD]; n=13). In
addition, a certified reference material, International Atomic
Energy Agency 407 (fish homogenate), was also measured to
verify digestion efficiency every 10 samples (6°“’Hg=0.70 +
0.08; A'"Hg=1.05+0.12; A*®°Hg=0.07 +0.04, 2 SD; n=4)
and agreed with previously published values (Janssen et al.,
2019). Finally, a linear correction to remove fractionation as-
sociated with photochemistry was applied using the method
outlined in Blum et al. (2013), these values were termed
6202HgCOR. The values obtained were compared with those for
other oceanic fish collected in the northern (Blum et al., 2013)
and western Pacific (Madigan et al., 2018) and fish collected in
the coastal areas (Balogh et al., 2015; Liu et al., 2007; Liu et al.,
2018; Senn et al., 2010).

Carbon and nitrogen stable isotope analysis

Stable isotope abundances are expressed in § notation in
per mil units (%o), according to the following equation:

oX = [(Rsample/Rstandard) - 1] x 1000 (3)

where X is "*C or "°N and v is the corresponding ratio *C/'2C
or ™N/"N. The R standard values were based on the Vienna
PeeDee Belemnite for "*C and atmospheric N? for "5N.

For each analysis (carbon and nitrogen isotopes),
0.4-0.6 mg dry weight of each sample was used. The first step
was incineration in a Costech ECS4010 elemental analyzer.
Subsequently, stable isotope ratios of nitrogen (5'°N) and
carbon (6"3C) were analyzed in a Thermo Delta mass

spectrometer (IRMS) at the Center for Marine Science at
University of North Carolina Wilmington. The values of
nitrogen and carbon were normalized using reference
materials. The reference material was depleted and enriched
glutamic acid (USGS-40: 8"C=-26.4%, &"°N=—4.5%,
USGS-41: 6"3C=37.6 ppm, 5N =47.6 ppm). The precision of
the sample, based on a repeated sampling of the reference
materials, was 0.1%o for 8'3C and 0.2%. for §'°N.

We used the equation of Post et al. (2007), tested by
Sardenne et al. (2015), in tropical tuna including yellowfin tuna
to normalize the results obtained from carbon, which serves as
a proxy of both diet and lipid composition. The correction
applied for carbon was:

613Cnormalizeol = 613Cuncorrected - 3.32+0.99
x C : Nuncorrected 4)

Statistical analysis

We used generalized linear mixed models with gamma
distribution (and log link) because the data did not meet nor-
mality assumptions and all numerical variables were positively
skewed. Due to the spatial-temporal sampling scheme within
each region, different locations were sampled during the warm
and the cool seasons; overall seasonal effects were analyzed
separately from models that explored spatial (region, season,
location) effects and the relationship among THg, §'3C, and
5"°N values and tuna size (standard length).

All analyses were performed in R Ver 3.6.1 (R Studio Team,
2020). All equations and raw data are located in the supporting
information, Tables S1-54.

RESULTS

Our results showed no differences in THg between regions
(t=0.74, p=0.45; Table 1), with a mean+SD for the Ecua-
dorian mainland coast of 1.11+1.67 ppm wet weight and
1.72 +1.11 ppm wet weight in the Galdpagos Marine Reserve.
The §'3C was lower in the Galdpagos Marine Reserve
(b=-0.526 [-0.80 to —0.25] t=3.71, p<0.001), with a mean
of —17.66 +0.33%. wet weight, whereas the mean in the
Ecuadorian mainland coast was —15.10 + 1.45%. wet weight.
The &'°N was lower in the Galdpagos Marine Reserve
(b=-0.046 [-0.085 to —0.006] t=2.27, p=0.023), with a
mean of 11.15+0.85% wet weight versus a mean in the
Ecuadorian mainland coast of 11.43 + 1.18%. wet weight. Tuna
length did not differ between regions (t=0.88, p=0.37). The
average tuna length in the Ecuadorian mainland coast was
63.71 £ 26.65 cm, and in the Galdpagos Marine Reserve it was
90.05 + 25.08 cm (Supporting Information, Figure S1).

A difference in THg was not indicated by our seasonal
analyses (t=0.88, p=0.37; Table 2). Mean Hg was 1.45+
1.34 mg/kg wet weight during the cold season and 1.65+
1.32 mg/kg wet weight during the warm season. Carbon had a
similar behavior, with no differences between seasons (t=0.48,
p=0.62), a mean of —17.0%. (SD = 1.15) wet weight during the
cold season, and —16.9 + 1.63%. wet weight during the warm

© 2022 SETAC

wileyonlinelibrary.com/ETC



THg and N, C, Hg isotopes in yellowfin tuna—Environmental Toxicology and Chemistry, 2022;00:1-13 5

. . . TABLE 2: Descriptive statistics by seasons
~ (@) N —
< 0 4 = = =
(ﬁ‘ o 3 ; % - L En Season
£ hat {9; g 8 e ~ I‘ & 9
T Ne 2w ] o oI Overall
S| g —= T 7 TR Cold (n=148) Warm (n=343)  (n=102)
3 L C L
THg (ppm wet wt)
Mean (SD) 1.45 (1.34) 1.61(1.32) 1.54 (1.33)
_ 5 < — Median 1.25 1.10 1.20
in < = ~ o
< § o~ g\: I ° & <) = 1!(Smin, max) (0.30, 9.40) (0.20, 9.60) (0.20, 9.60)
I ) . ™M . T o o
o~ O — O - s | M < 5N (/Jo)
Sl 82 X8 wTs oS Mean (SD) 10.6 (0.99) 11.6 (0.73) 11.1(0.97)
3| 25 S0 = = 139 Median 10.4 11.5 11.2
= 0 o ! L Y (min, max) (8.30, 14.4) (8.60, 14.2) (8.30, 14.4)
© A 13
° 5'3C (%)
@ Mean (SD) -17.0 (1.15) -16.9 (1.63) -16.9 (1.44)
2 < <) <) & . Median -17.5 -17.6 -17.5
o | wv >~ :, @ 5 < <5 (min, max) (-19.4, -13.7) (=185, -11.9) (-19.4, -11.9)
£ It ~ S ~ - =<7 5 Standard length (cm)
| £ S S = < ) g
> | - g N 5 < in < Mean (SD) 75.9 (25.6) 87 (29.2) 82.2 (28.2)
2153 Bg e ST~ 22 Median 74 (41,200)  78(43,171) 74 (41, 200)
o 3 g - ! L o (min, max)
g =
% ppm = parts per million; SD = standard deviation; THg = total mercury.
O — —
S) 5 3 5 = 2
S| =od g% @ L o<
Il Lo . sNT Ng . . . _
< sl ¢c9 eJ! =9 season. Nitrogen was higher during the warm season (b= 0.09,
£ e - =3 = ik Se [0.06 to 0.12] t=6.92, p>0.001), with a mean of 11.6 + %. 0.73
S = ~ . .
S = =2 Ty ® 2 wet weight, whereas during the cold season the mean was
z = -~ L 5 9 9
o 10.6 + 0.99%o wet weight. Between seasons, there was no dif-
g
_ ference in the standard length of the fish (t=0.02, p=0.97).
& R = = ] _5 Th i ft during th Id n
© I S e mean size of tuna during the cold season was
'c' g g § - 2~ :; = S 75.9 +25.6cm, whereas during the warm season, it was
| 28 ~2 NTw o8 87 +29.2 cm (Figure 2).
€ o 2v < 2 9o According to our model, a seasonal analysis within each re-
S 0 S | N 9 Yy
o - = — ~ ion showed that THg was lower in the Ecuadorian mainland
g g
coast during the warm season (b=-0.826 [-1.37 to —-0.27]
N <) = —~ — t=2.94, p=0.003), whereas there was no detectable effect in
o ¥ g & o _g | P . )
N o = I = 9 IS the Galdpagos Marine Reserve (t=1.21, p=0.22). No evidence
£ =9 =2 Tuw ' da of seasonal effect within regions was indicated in 6&'°C
< T8 Col 99 9
© =S Te sla o= (Galdpagos Marine Reserve: t=1.338, p=0.18; Ecuadorian
o o °o~ T = 3 pag P
> 0 - o o mainland coast: t=0.99, p=0.36). The §'°C was higher durin
O o - P 9 9
- the warm season in both regions, that is, in the Ecuadorian
c > 9
5 . < . | 3 mainland coast (b=0.08 [0.042-0.128] t=3.86, p<0.001) and
E 3 &‘8 s 9 5 &\E g the Galdpagos Marine Reserve (b=0.09 [0.07-0.123] t=7.18,
c | ! N s o~ Y95l = <0.001). The standard length showed no seasonal variation
c | £ Y 23 ~ ' a9l % P 9
5| s IS we 27 ® e 3|5 within regions (Galdpagos Marine Reserve: t=0.64, p=0.52;
g é Ng s T o EU’ Ecuadorian mainland coast: t=0.66, p=0.51). Finally, no asso-
o o - - - £ ciation was found between THg levels and &N (t=1.89,
g _ s & <| B p=0.06), 8"°C (t=0.87, p=0.38), or tuna size (t=1.72, p=0.09;
< : o~ > .
o ~ 50 &Y § % ol S Figure 2).
gl | &| 2¢ Sg Sr 3393
8 Tl ws ~ne 7Y L3 2
e = n - ~ ~ 0 4 ©
2 c o 2w T < wolw .
& 3 S s ' L "~y Hg stable isotopes
2 = 2
2 = = % T = L/E) All fish from our study had Hg isotope values comparable to
8 o 2 g g & 2 2 those of previous studies examining fish tissue in the Pacific
5 z - g P 9
§ 5 £ £ £ 5 £|3 Ocean (Blum et al.,, 2013; Madigan et al., 2018) as well as
o 29, % %% a % 8 9% g coastal regions across different ocean basins (Balogh et al.,
o &g% %._'6" %% _(g %% % 2915, Liu et al., 2907, Liu et al.,, 2018; Senn et al.,, 2010;
E:n' gé’ SZSSVSS c =2 ¢ Figure 3). Yellowfin tuna samples from the Galdpagos
[ = o P3) g & Marine Reserve exhibited higher A'"?Hg than those from the

wileyonlinelibrary.com/ETC © 2022 SETAC



Environmental Toxicology and Chemistry, 2022;00:1-13—Mufioz-Abril et al.

(A), (B)
¢ 14-
.
2- 5 _
g 8 12-
) R
E 1= ° - - —"'O & :
H 10- - 8
b = | |
! ' 8- . .
EMC GRM EMC GRM SEASON
REGION REGION E3 cold
(C)—12- ’ (D)gog. $ Warm
14- | =
) 9, 50
2
o 18- & :
o 16 : g i
«© ° o J
- ] _#_#_ § o a :
18- T g ‘
w
. . é%— ]
EMC GRM . !
EMC GRM

REGION

REGION

FIGURE 2: Boxplots of total mercury (THg; A), 5N (B), §'3C (C), and standard length (D) of yellowfin tuna by region and season. White is warm, and
yellow is cold. EMC = Ecuadorian mainland coast; GMR = Galdpagos Marine Reserve.

Ecuadorian mainland coast (A199Hg =2.86+0.04%0 vs.
A199Hg =2.33+0.07%.; W=4, p=0.00012). The same trend
was observed for MDF tracers (6202Hg =0.79 +0.03%0 vs.
§?°2Hg=0.61+0.05%; W=18.5, p=0.01), although it is
noted that tuna from the Ecuadorian mainland coast have a
larger range for this isotopic signature (Figure 3). The photo-
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perimental studies of photochemical demethylation, which is
typically assessed to have a slope of 1.3 (Motta et al., 2020).
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FIGURE 3: Comparison of Hg isotope values §2°?Hg and A'"’Hg between oceanic and coastal fish. Samples from the present study are shown in
the inset chart (white and gray squares for Ecuadorian Mainland Coat [EMC] and Galdpagos Marine Reserve [GMR], respectively). Data are
referenced from the following: coastal and offshore Gulf of Mexico (Senn et al., 2010); coastal Japan (Balogh et al., 2015); coastal Pearl River (Yin
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(Madigan et al., 2018).
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and the Ecuadorian mainland coast groups. Using this correc-
tion, the 6202HgCOR values for the Ecuadorian mainland coast
(6*°?Hgcor=—-0.35+0.15%, n=10) and the Galapagos
Marine Reserve (SZOZHgCORz —0.38 +0.10%., n=10) were not
statistically different, although some variation was observed
between individuals, indicating that there is no source differ-
ence prior to photochemical processing of Hg. All the tuna
sampled also had positive 4?°°Hg signatures, ranging from
0.04%, to 0.15%.. Positive values of A?®°Hg have been recorded
in precipitation and have been further used as conservative
tracers for atmospheric sources of Hg. No fractionation of
£?%°Hg has been observed by photochemical demethylation
(Bergquist & Blum, 2007) in the water column or metabolic
processes that can affect other Hg isotopes (Feng et al., 2015),
indicating that A?®®°Hg in the tuna are derived from an atmos-
pheric source of Hg.

Hg isotopes in combination with 6"°N and 6'3C

Correlations among §"°N, §"3C, and Hg isotopic signatures
were investigated to identify the most important factors
influencing Hg accumulation in yellowfin tuna from the
Galdpagos Marine Reserve and the Ecuadorian mainland
coast, specifically the potential relation between Hg and C
sources. No significant trends were found between A'*?Hg and
§'°N (rho=-0.43, p=0.21 in the Galdpagos Marine Reserve
and rho=-0.22, p=0.53 in the Ecuadorian mainland coast),
or 6202Hg and 6"™N (rho=0.24, p=0.48 in the Galdpagos
Marine Reserve and rho=-0.31, p=0.37 in the Ecuadorian
mainland coast) in yellowfin tuna from either the Galdpagos
Marine Reserve or the Ecuadorian mainland coast.

Similarly, no significant trends were found between A'""Hg
and 8'3C values (rho =0.21 p=0.55 in the Galdpagos Marine

(A),,]

0 11 12 13 14
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Reserve and rho=-0.12, p=0.73 in the Ecuadorian mainland
coast), and 6202Hg and 8'3C (rho=0.15 p=0.66 in the
Galédpagos Marine Reserve and rho=-0.12, p=0.73 in the
Ecuadorian mainland coast). Our analyses between A'”’Hg and
THg showed no significant trends in the Galdpagos Marine
Reserve (rho=-0.11, p=0.75) or the Ecuadorian mainland
coast (rho=0.44, p=0.20). The same occurred for 6202Hg and
THg, in which no significant trends were found in either site
(rho=-0.09, p=0.8 in the Galdpagos Marine Reserve, and
rho=0.56, p=0.08 in the Ecuadorian mainland coast).
Combining both the Galdpagos Marine Reserve and the
Ecuadorian mainland coast data, we found positive relation-
ships between A199Hg and THg (rho =0.46, p=0.04), and be-
tween 6202Hg and THg (rho=0.49, p=0.04). Similarly,
combining both the Galdpagos Marine Reserve and the Ecua-
dorian mainland coast data to assess the relationship between
A"Hg and 8"°N at a regional scale in the southeastern
Pacific Ocean, we found a significant negative relationship
(rho=-0.63, p=0.0037) between A199Hg and 8"°N, but no
significant relationship (rho =-0.28, p=0.23) between 62°2Hg
and §"°N. In a pooled analysis of both the Galdpagos Marine
Reserve and the Ecuadorian mainland coast data, we found
significant negative relationships between A'"’Hg and &§'3C
(rho=-0.64, p=0.003), and no significant relationships
between 6202Hg and 8"3C (rho=-0.19, p=0.42; Figure 4).

DISCUSSION

Factors influencing Hg concentrations in
yellowfin tuna
The lack of inter-regional and seasonal differences, and

size influences (standard length) in THg concentrations
measured in yellowfin tuna from the Galdpagos Marine
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FIGURE 4: Relationships between mercury isotopes (A199Hg, 6202Hg) and stable isotopes of nitrogen and carbon (6"°N, 8"3C) measured in yellowfin
tuna sampled in waters of the Galdpagos Marine Reserve and the Ecuadorian mainland coast. Correlation of (A) A199Hg with §'°N, (B) A199Hg with C,

(C) 6202Hg with §"°N, and (D) 6202Hg with §'3C.
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Reserve and the Ecuadorian mainland coast could be ex-
plained by similar long-term exposure and accumulation of
MeHg over the lifetime of the individuals or other biological
factors such as size, trophic position, migration pattern,
growth, and prey type abundance (which varies or depends
on the environment; Tseng et al., 2021). Although some re-
cent tuna studies have demonstrated a relationship between
age/size and THg (Tseng et al., 2021), in our study no sig-
nificant relationships were observed between standard
length and THg (Supporting Information, Figure S1). One of
the principal reasons is probably that our samples were
fishing—dependent, and most of the tuna sizes ranged from
55 to 83 cm due to the artisanal fishing gear used.

Some studies have reported regional residency based on
Hg concentrations, showing that populations could be sepa-
rated because yellowfin tuna accumulate Hg from their area of
residence or habitat use (Graham et al., 2010; Houssard et al.,
2017; Lorrain et al., 2015). These studies support research
using satellite marks that indicate yellowfin tuna are restricted
to an area with a radius of approximately 1852 km (Schaefer &
Fuller, 2022; Schaefer et al., 2014). Although we found a dif-
ference between Hg isotopic signatures between both loca-
tions, which suggests a distinction of foraging sites, it is
possible that the sampled individuals might have inhabited the
entire region, because we found no differences in THg con-
centration between tuna from the Ecuadorian mainland coast
or the Galdpagos Marine Reserve and because the areas where
the fish were caught are only separated by approximately
1500 km (Mufioz-Abril et al., 2022). Likewise, as previously
stated, the favorable oceanographic conditions (i.e., upwellings
providing food) would allow individuals to have access to
stable resources and permanently inhabit this area. Variations
in A’"?Hg are likely derived from photochemical degradation of
MeHg in the water column, as has been observed in laboratory
studies (Bergquist & Blum, 2007), as well as in other oceanic
fish (Madigan et al., 2018), indicating that there are differences
in Hg processing between the Galdpagos Marine Reserve and
the Ecuadorian mainland coast regions that may relate to up-
welling zones.

The Eastern Pacific Ocean is one of the most productive
ecosystems on the earth, primarily due to the influence of the
Humboldt Current System off Peru, which produces the largest
amount of fish/unit area in the world, or approximately 10% of
the world fish catch in an area equivalent to 0.1% of the world
ocean surface (Chavez et al., 2008). Due to sinking and decay
of primary productivity at the surface, this area of the Pacific
Ocean is one of the largest oxygen minimum zones in the world
(Chavez et al., 2008). The anaerobic bacteria, the low dissolved
oxygen levels, and the upwelling condition in this area produce
MeHg, and some authors have suggested there are high con-
centrations of it in the Pacific Ocean (Bowman et al., 2020;
Houssard et al., 2019; Kraepiel et al., 2003). According to
Drevnick et al. (2015), Hg concentrations in Hawaii, located in
the North Pacific Ocean, have shown an increase in MeHg due
to anthropogenic forces. As expected for a marine top pred-
ator, Houssard et al. (2019) reported concentrations of Hg
between 0.05 and 5.1 mg/kg wet weight in yellowfin tuna from

the Western and Central Pacific Ocean (Australia to Pitcairn
Islands) during 2001-2015, and Chen and Li (2019) reported a
range between 0.39 and 2.60 mg/kg wet weight using data
from different studies in the Pacific Ocean. Our samples are
within the former range, but some individuals showed con-
centrations of 9.60 mg/kg wet weight, which are higher than
reported concentrations in yellowfin tuna in this oceanic region
(Drevnick et al., 2015). Drevnick et al. (2015) found a lack of
significant changes in MeHg concentrations in consumers at
the third trophic level in the area influenced by the Humboldt
Current System and suggested that Hg concentrations are
explained by the regional effect of the system rather than by a
particular climatic or upwelling event. Even though in
2015-2016 a minor El Nifio phenomenon was reported, our
data suggest that regional differences still control Hg cycling,
further supporting the notion that lower Hg concentrations in
the Ecuadorian mainland coast during the warm season could
be explained by the regional influence of the Humboldt
Current System. This conclusion may also explain why no
significant relations were found among nitrogen, carbon, and
tuna size.

Variations in trophic status

The isotopic signature of 6'°N was observed to be sig-
nificantly higher throughout the warm season. The yellowfin
tuna in our study inhabit areas with specific oceanographic and
seasonal conditions that exhibit regional differences in primary
productivity and upwelling zones, driving the §'°N isotopic
signature in marine species such as pelagic fish and pinniped
species inhabiting Galdpagos waters (Paez-Rosas et al., 2012,
2020). The southern Tropical Eastern Pacific Ocean is indeed
characterized by high primary production because of upwel-
lings of nutrient-rich waters, and the biomass produced is the
nourishment of large fishes (Kdmpf & Chapman, 2016). As a
result of the elevated respiration rates associated with high
biological production, the southern Tropical Eastern Pacific
Ocean holds the largest worldwide oxygen minimum zone
under its thermocline, as mentioned in the previous section,
Factors influencing Hg concentrations in yellowfin tuna
(Fuenzalida et al., 2009; Gilly et al., 2013). Likewise, high ocean
temperatures promote the reduction of oxygen, which could
ultimately have effects on larger marine organisms including tuna
(Oschlies et al., 2018). With the oxygen depleted, anoxic bacteria
resort to nitrate (NO3) as a terminal electron acceptor during
denitrification, converting it to nitrite (NO,; Gruber & Sarmiento,
1997). Due to the preferential uptake of §"*N in NO3 by phyto-
plankton, the remaining NOj is gradually enriched by §"°N, re-
sulting in an inverse relation between the amount of NO3 and the
values of 8"°N (Farrell et al., 1995). Denitrification rates in this
region of the Tropical Eastern Pacific Ocean are among the
highest in the world. Lorrain et al. (2015) suggest that the §"°N
values are explained by isotopic composition at the base of the
food web. The differences in §'°N are a consequence of diverse
processes such as denitrification in the oxygen minimum zones
in upwelling areas, variability in primary production, resource
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availability, and different dynamics of N, in organisms at low
trophic levels (Pethybridge et al., 2018).

Higher 6"°N values during the warm season can result from
seasonal variability in the intensity of marine upwellings along
the Ecuadorian mainland coast. Similar results found by
Houssard et al. (2017) and Rafter and Sigman (2016) suggest
that nitrogen concentrations vary throughout the southern
Tropical Eastern Pacific Ocean, especially within seasons and
with water temperatures and, therefore, are not useful for
tracing the trophic position of tuna. Other authors have found
that it is not possible to use the relationship between §'°N and
yellowfin tuna length as an estimator of an individual's trophic
level (Ménard et al., 2007). We found the same result: the re-
lationship between those variables was not significant, and
those nitrogen values are the result of multiple processes.
Nonetheless, measuring 6"°N values in top predators is crucial
to track the nitrogen dynamics and the sources fueling marine
food webs and influencing the general nutrient cycle (Pethy-
bridge et al., 2018).

High 8'3C and 8'°N values are associated with areas of high
primary productivity, whereas low values occur in areas of low
productivity (Cherel & Hobson, 2007; Graham et al., 2010;
Pethybridge et al., 2018). We found a regional effect on both
5N and 6"3C, with lower values of both isotopes occurring in
the Galdpagos Marine Reserve despite the occurrence of some
"hotspots” for upwellings in the region. Several studies have
defined the existence of isoscapes in the southern Tropical
Eastern Pacific Ocean, showing a gradual increase of "N and
§"3C from north to south (Espinoza et al., 2017). The Galdpagos
Marine Reserve is on the northern edge of this zone, which
could explain our findings.

Also, Galdpagos Marine Reserve ecosystems are in a
transition area affected by waters of the warm South Equa-
torial and Panama currents, and the cold Humboldt Current
(Liu et al., 2014), whereas individuals from the Ecuadorian
mainland coast were caught near the border with Peru, and
they are heavily influenced by the Humboldt Current System,
which is perhaps the most productive in terms of fish catches
(Liu et al., 2007), and seasonal nutrient-enriched upwellings
(Mollier-Vogel et al., 2012). The complexities of the inter-
actions between these currents and the local conditions result
in the Ecuadorian mainland coast area producing almost
double the biomass/m? as the Galdpagos Marine Reserve,
which could cause higher §"3C and 6'°N values in the Ecua-
dorian mainland coast. In addition, the enrichment of §"°N in
yellowfin tuna collected in waters off Ecuador may be asso-
ciated with high nitrogen inputs from riverine outflow and
nutrient exports from agricultural lands and crops that enter
the highly productive estuary of the Gulf of Guayaquil,
Ecuador (Borbor-Cordova et al., 2006). Similarly, studies on
waved albatross (Phoebastria irrorata) in the Galapagos found
higher levels of §'°N when individuals had just arrived from
their feeding grounds off Peru in comparison with the same
individuals during the brooding period when foraging is
constrained within the Galdpagos Marine Reserve (Awkerman
et al., 2007), which might correspond to a larger seasonal
variation in the entire region.

Carbon stable isotopes

We found lower §'3C values in Galdpagos Marine Reserve
tuna individuals than in those from the Ecuadorian mainland
coast. Cherel and Hobson (2007) verified that §'3C at the base of
the food chain should be reflected in top predators such as
penguins in the Southern Ocean. Carbon baselines depend di-
rectly on many factors including primary productivity and abiotic
factors (West et al., 2010). The §'3C is associated with biological
and physical variables related to temperature-dependent con-
centrations of CO,, nutrient availability, and fractionation during
the uptake of inorganic carbon in the photosynthesis of plankton,
resulting in a direct relation between warmer temperatures and
higher values of §'3C. Likewise, regions with high upwelling
support high plankton growth rates and have higher §'3C values
than those with poor upwelling systems (Magozzi et al., 2017). A
recent study found that §"*C measurements in tuna muscle were
closely linked to phytoplankton, which is consistent with spatially
constrained movements, implying that tuna muscle §'*C could
reflect the local carbon baseline (Logan et al., 2020). The differ-
ences we found in 6"3C values therefore likely result from dif-
ferent local baselines at the Galdpagos Marine Reserve and the
Ecuadorian mainland coast, where different individuals were
caught. A recent study suggested that the characteristic patterns
of vertical movements of yellowfin tuna allow them to develop for
aging strategies aimed at capturing prey from deeper areas
during the day, which favors a longer association with island
platforms (Paez-Rosas et al., 2020). Likewise, in the same study,
acoustic tagging showed a strong loyalty of this species to the
study area. The higher concentrations of 6"*C in Ecuadorian
mainland coast individuals could also be explained by the
nutrient- and carbon-enriched mass of waters from the north-
ermmmost region of the Peruvian Coastal Upwelling (Pennington
et al., 2006).

Differences in Hg processing within yellowfin
tuna populations

The Hg isotopic signatures we observed in yellowfin tuna
are similar to those reported for this species from the open
ocean and Hawaiian Islands in the Pacific (Blum & Bergquist,
2007; Blum et al, 2013), and in shark species from the
Galdpagos Marine Reserve (Maurice et al., 2021), indicating
uniformity of Hg isotope values for top predators in the Pacific
Ocean (Figure 3). However, we observed variation in the extent
of photochemical processing between the Galdpagos Marine
Reserve and Ecuadorian mainland coast groups. This variation
in A""7Hg and §?°?Hg fractionation, related to photochemical
demethylation, in the Pacific Ocean has been explained by
differences in feeding depths in previous studies (Figure 3;
Blum et al., 2013; Madigan et al., 2018; Sackett et al., 2017).
Although MeHg is the most bioavailable form of Hg in the
open Pacific Ocean, mainly produced in the mesopelagic layer
and especially in the oxygen minimum zones (Blum et al., 2013;
Hammerschmidt & Bowman, 2012), higher values of A199Hg
and 8?%2Hg are likely related to more photodemethylation of
MeHg sources in the epipelagic and photic zones of the
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oceanic environment (Blum & Bergquist, 2007; Blum et al.,
2013; Madigan et al., 2018). Variation in 62°2Hg was not di-
rectly correlated to §'3C and §"°N values, indicating that there
are compounding factors outside foraging habits that drive
§?92Hg values in fish tissues. Areas with high productivity can
promote microbial demethylation, and hence it is possible that
this reaction generates Hg sources with positive 6202Hg
(Madigan et al., 2018). Internal cycling, such as demethylation,
partitioning, or excretion can also alter 6202Hg in fish, seabirds,
and mammals (Poulin et al., 2021), although it is unknown how
these reactions affect the isotope values in wild yellowfin tuna
populations. Thus we believe the differences between A'77Hg
in both the Galdpagos Marine Reserve and Ecuadorian main-
land coast relate to more intense photochemical demethylation
occurring in the Galdpagos Marine Reserve than in the Ecua-
dorian mainland coast, whereas variability associated with
§?°2Hg may relate to other nonphotochemically driven Hg
processes.

Interestingly, we did not see strong coastal versus oceanic
or offshore environment differences in the Ecuadorian main-
land coast and Galdpagos Marine Reserve, respectively, as
previously observed in the Gulf of Mexico (Senn et al., 2010;
Figure 2). Coastal fish in the Gulf of Mexico as well as in other
studies with developed coastal regions (Balogh et al., 2015; Yin
et al., 2016) often have much lower A199Hg and more variable
6202Hg than oceanic counterparts (Figure 3). This difference
suggests that the coastal-oceanic/offshore separation between
the Galdpagos Marine Reserve and coastal Ecuador is not as
pronounced as that observed in other oceanic studies or that
other factors are driving Hg cycling, such as feeding differences
(denoted by §'3C) or ancillary Hg processing (denoted by
A"Hg). Furthermore, mathematical corrections to remove
photochemical fractionation (Blum et al., 2013) indicate that
the initial 5°“?Hgcor of MeHg in both sets of tuna, prior to
photochemical demethylation, is from a similar source. These
results are consistent with those of studies that showed an
apparent common marine source of bioavailable MeHg for
most large pelagic fish in the Pacific Ocean (Besnard et al.,
2021; Blum et al., 2013). Our data suggest that precipitation
(i.e., atmospheric wet deposition) is the primary Hg exposure
pathway for this portion of the southern Tropical Eastern Pacific
Ocean food web due to the prevalence of positive 47°°Hg
observed in the Galdpagos Marine Reserve and Ecuadorian
mainland coast populations. Motta et al. (2020) also concluded
that precipitation is an important source tied to sinking par-
ticulates. Even though the tuna samples from the Galdpagos
Marine Reserve are from a region thought to be impacted by
volcanism, no isotopic anomalies were observed in this pop-
ulation compared with that of the Ecuadorian mainland coast.
Precipitation Hg signatures in Galadpagos Marine Reserve and
Ecuadorian mainland coast tuna likely originate by means of
atmospheric transport, presumably from distant anthropogenic
sources from the Pacific coast of South America including ar-
tisanal and small-scale gold mining in southern Ecuador
(Carling et al., 2013). Emissions from human-made sources
and industrialization in the Gulf of Guayaquil, for example,
may explain THg concentrations on the order of 2.76 and

4.90mg/kg dry weight observed in estuarine sediments and
mangrove mussels (Mytella strigata), respectively (Calle et al.,
2018). Comparably, Hg contamination (i.e., concentrations
ranging from 1.92 to 3.63mg/kg dry wt) in skin samples of
bottlenose dolphins (Tursiops truncatus) from the Guayaquil
Gulf was also recently reported (Alava et al., 2020).

During 2015 to 2016, a weak El Nifio event was reported in
the area, which caused shifts in the 6"°N and §'3C baseline due
to changes in nutrient regimes related to upwelling dynamics
(Renedo et al., 2021; Zarn et al., 2020). When pooling the
A"""Hg and THg data for both the Galdpagos Marine Reserve
and Ecuadorian mainland coast, we infer the influence of for-
aging depth on THg exposure using A"?Hg as a tracer (i.e.,
A199Hg values decrease from the surface to aphotic waters;
Blum et al., 2013). Thus large pelagic tuna (THg is higher as
A""?Hg increases) appear to be foraging on uppermost pelagic
prey in shallow waters (i.e., exhibiting the highest A'""Hg) in-
stead of on mesopelagic prey from the deepest waters. These
changes could also be explained by shifts in the food chain
composition or structure given the oceanographic patterns
related to the Humboldt Current System dynamics during El
Nifio or La Nifia events. Supporting this idea, a recent study
with stable isotopes (8"3C and 8'°N) reported that tuna from
Galdpagos (including yellowfin tuna) present a pelagic foraging
strategy (Pdez-Rosas et al., 2020). A positive correlation be-
tween the two variables also suggests that foraging higher in
the water column leads to elevated Hg concentrations within
these fish despite the enhanced removal of MeHg in the water
column due to photochemical demethylation. These results
demonstrate that even within populations that have the same
source of Hg, concentration differences can be driven by the
potential ecological and biogeochemical cycling of Hg within a
region. This information is crucial to understand this region of
the Pacific, where little Hg data exist along with the environ-
mental changes associated with climate change and ecological
factors, which could exacerbate the expansion of the Eastern
Pacific oxygen minimum zone (Kdmpf & Chapman, 2016), af-
fecting both Hg cycling and the populations of predatory fish.

CONCLUSIONS

We did not find significant variation in THg between the
Ecuadorian mainland coast and Galdpagos Marine Reserve,
which could be related to similar degrees of exposure to an-
thropogenic Hg contamination or natural sources such as vol-
canos, and different processes of methylation and transport
related to contrasting ecological structures and circulation
patterns across the Tropical Eastern Pacific Ocean. However,
subtle changes related to upwellings and feeding depth could
be tracked with carbon, nitrogen, and Hg isotopes and are
important factors that can influence Hg concentrations in yel-
lowfin tuna.

Scarce data on the feeding preferences, food web and diet
composition, distribution, and habitat use of yellowfin tuna in the
waters of Galapagos and Ecuador limited our understanding
of the behavioral and foraging ecology in tandem with the
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environmental exposure to and dietary routes of Hg in this spe-
cies. A larger set of tuna fish muscle samples for Hg isotope
analyses may better reflect or corroborate the isotopic signature
of this species in the Tropical Eastern Pacific Ocean because the
limited sample size we used may have precluded a more con-
certed isotope analysis. Assessing the cumulative impacts of re-
gional climate change forcing (i.e., ocean warming, acidification,
hypoxia in oxygen minimum zones, and changes in primary
production) and fishing pressure on Hg bioaccumulation in this
large pelagic fish species is an ecotoxicological research area of
particular importance to pursue in the region. Our research
contributes new baseline data on Hg contamination and isotopic
signatures, helping us to understand the exposure, accumulation,
and putative sources and thus support ecotoxicological risk as-
sessment in tandem with Hg emissions mitigation in nations
along the Tropical Eastern Pacific Ocean.

Supporting information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10/1002/
etc.5458.
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