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Abstract

Mercury, omega-3 (docosahexaenoic acid, DHA and eicosapentaecnoic acid, EPA) and
macronutrients (fat and proteins) were quantified on a wet weight (ww) basis in 20 species of fish
taken as bycatch in tropical tuna fisheries. Based on a hazard quotient taking into account
mercury and omega-3 contents, a benefit-risk assessment for the consumption of these pelagic
species was conducted for three people categories: young children, children and adults. All fish
bycatch were found to be an excellent source of proteins (min—max = 14.4-25.2 g/100g fillet),
had low omega-6/omega-3 ratios (< 1, except for silky shark), and had mercury content below the
safety limits defined by sanitary agencies. Silky shark and Istiophoridae had the highest mercury
contents (min—max = 0.029-0.317 ppm ww). Omega-3 contents were the lowest in silky shark
(0.2+0.2 mg/100g fillet) and the highest in striped marlin (3.6+3.2 g/100g fillet). Billfishes
(Istiophoridae, including striped marlin), minor tunas (Scombridae), and Carangidae had the
highest omega-3 contents (min—max = 0.68-7.28 g/100g fillet). The highest hazard quotient
values obtained for silky shark and great barracuda reflected a lower nutritional benefit (i.e., low
omega-3 source) than risk (i.e., mercury exposure), making them not advisable for consumption.
Eight species had low hazard quotients, and among them cottonmouth jack and flat needlefish
were found of high health interest (high protein, moderate fat contents, and low omega-6/omega-
3 ratio). A daily serving portion of 85-200 g (according to people category) can be recommended
for these species. Batfish, and to a lower extent pompano dolphinfish and brassy chub, can also
be consumed safely and would provide greater health benefits than risks. These results advocate

for a better access of these species to local populations.

Capsule
Based on omega-3, fat, protein, and mercury contents, most fish bycatch from tuna fisheries

would be good food sources to reduce nutritional insecurity for local populations.

Keywords: Contaminant, Polyunsaturated Fatty acids, Hazard quotient, Pelagic fish, Western

Indian Ocean
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1. Introduction

Commercial fisheries generate different levels of bycatch (i.e. incidental catch of non-targeted
fish), accounting for a global annual estimate of discards larger than nine million metric tons
(Pérez-Roda et al., 2019; Zeller et al., 2018). The reduction of fish discards has become a global
concern over the last decades as high discarding mortality can play an important role in
population and biodiversity decline (Gilman, 2011; Viana et al., 2013). Furthermore, discarding
constitutes a substantial waste of food while the consumption of fish bycatch may reduce food
insecurity, particularly in developing and least-developed coastal countries (Bell et al., 2015;
Pilling et al., 2020). Consequently, many countries have implemented public policies to enforce
the landing of fishing discards over the last decade although the outcomes of such policies remain

debated (e.g., Sarda et al., 2015).

Global high seas fisheries targeting tuna and tuna-like species produce substantial bycatch, with
about 170,000 and 100,000 metric tons discarded annually by longline and purse seine fisheries,
respectively (Fonteneau et al., 2013; Hall et al., 2017). Although non-targeted small oceanic
tunas and neritic tunas constitute the bulk of the purse seine bycatch across all ocean basins,
bycatch is also composed of a highly diverse assemblage of > 50 edible fish species from several
families, predominated by Istiophoridae, Carangidae, Balistidae, Coryphaenidae, Scombridae,
and Carcharhinidae (Lezama-Ochoa et al., 2015; Torres-Irineo et al., 2014). In the western Indian
Ocean, recent discard rates derived from fisheries observer programs suggest the total bycatch of
these species could vary around 8,000 and 10,000 metric tons annually (Ruiz Gondra et al.,
2018). Following the ban on discards of non-target fish caught with purse seine that entered into
force in January 2018 (IOTC Resolutions 17/04 and 19/05), most fish bycatch from the western
Indian Ocean tuna fishery are now landed in Port Victoria, Seychelles, where they are (i) mostly
transhipped in containers for export to African and Asian countries and further processed (all
species mixed), (ii) processed by local companies (e.g. smoked fish) for the most valuable species
such as dolphinfishes (Coryphaenidae) and billfishes (Istiophoridae) for export, and (iii) locally

consumed for the valuable species such as tripletail Lobotes surinamensis.

Fish is critical to food and nutrition security as the primary source of animal protein, especially in
tropical countries and for coastal communities (Béné et al., 2015). Fish is also the most important
source of essential fatty acids and a unique source of minerals, micronutrients often reported as
deficient in the diets of vulnerable populations (Haddad et al., 2016; Hicks et al., 2019). Tropical

countries mainly depend on small-scale coastal fisheries, which are highly impacted by
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overfishing and climate change (Bell et al., 2018; Dulvy and Allison, 2009; Robinson et al.,
2020). Consumption of fish bycatch from industrial tropical tuna fisheries could then be a
complementary or an alternative source of essential nutrients for tropical coastal communities
(Bodin et al., 2017; Pilling et al., 2020). In the western Indian Ocean for instance, high levels of
zinc and selenium have been reported in several istiophoriformes (Bodin et al., 2017,
Kojadinovic et al., 2007), but information is still lacking regarding the content of fish bycatch
from the tuna fisheries in other healthy nutrients such as essential fatty acids.

Omega-3 fatty acids such as eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid
(DHA; 22:6n-3) have important human health benefits, including brain and retina development
and coronary heart disease prevention (Swanson et al., 2012; FAO/WHO, 2010). Adequate
dietary intake of omega-3 fatty acids is recommended due to inadequate biosynthesis capacities
(Plourde and Cunnane, 2007). The most abundant natural dietary source of EPA and DHA is fish,
especially pelagic fish (Gladyshev et al., 2018). Omega-6 fatty acids such as arachidonic acid
(ARA; 20:4n-6) are also essential to human health, although they may be responsible for
inflammation and cardiovascular diseases when present in excess (Mori and Hodgson, 2012). The
omega-6 to omega-3 ratio could thus balance health outcomes (the lower the ratio the better)
(Simopoulos, 2002) and is often considered in nutrition studies (e.g., NiSevi¢ et al., 2019; Strain
et al., 2008). Mercury may also be a concern when investigating the nutritional value of fish.
Indeed, mercury is neuro-, nephro-, and immunotoxic for humans in its methylated form (Bose-
O’Reilly et al., 2010). Its content in most consumed fish should not exceed maximum limits of 1
mg.kg! wet weight (ww) for large predatory fish and 0.5 mg.kg! ww for other fish (FAO Codex
Alimentarius Commission, 2011). Avoiding the consumption of fish because of mercury might
however reduce its essential health benefits (Strain et al., 2008; Hu et al., 2017). In this context, a
benefit-risk assessment appears essential to determine which fish species to consume and how
much, in order to promote better health outcomes, i.e., to ensure adequate omega fatty acids

intakes while minimizing exposure to mercury.

This study aimed to assess the nutritional value of 20 pelagic fish species belonging to 10
families and caught as bycatch in tropical tuna fisheries from the western Indian Ocean. We
focused on their beneficial contents in proteins, fats and essential omega-3, and considered also
the omega-6/omega-3 ratio and mercury content. The benefit-risk assessment used a hazard
quotient for three people categories: young children, children and adults. The influence of fish

length on the nutritional composition of muscle was also assessed.



106

107

108
109
110
111
112
113
114
115
116
117
118
119
120

121

122
123
124
125
126
127
128
129

130

131
132
133
134
135
136
137

2. Material and methods

2.1. Fish and tissue collection

Common fish bycatch from the western Indian Ocean were sampled between April and October
2018 (18 fishing dates/geographical positions). A total of 168 individuals from 18 species were
collected during the unloading of purse seiners at Port Victoria, Seychelles, and complemented
with seven billfishes (from two species) collected during the unloading of longliners. Fish length
was measured with a caliper to the nearest cm: in lower-jaw-fork length for the Indo-Pacific
sailfish Istiophorus platypterus and striped marlin Tetrapturus audax, in total length for silky
shark Carcharhinus falciformis, tripletail L. surinamensis, unicorn leatherjacket Aluterus
monoceros, and rough triggerfish Canthidermis maculata, and in fork length for all other species.
Then, a piece of dorsal muscle (left side, under the fish dorsal spine) was sampled from each
individual. Immediately after collection, samples were stored in cryotubes at -80°C at the
Seychelles Fishing Authority Research Laboratory, Victoria, Seychelles, for several months

before analysis.

2.2. Moisture

Moisture (i.e. water content) was used to convert concentrations from dry weight (dw) to wet
weight (ww), as all biochemical analyses were performed on dry samples. The percentage of
moisture was determined gravimetrically as the difference between wet and dry masses of
samples after a 72-hour freeze drying using a Christ Alpha 1-2 LD plus lyophilizer. The mean
analytical variability of the method was < 1%. After freeze-drying, samples were ground to a
homogeneous powder with a ball mill and stored again at -80°C at the Seychelles Fishing

Authority Research Laboratory, Victoria, Seychelles, for a month before subsequent analysis.

2.3. Crude protein content

Non-protein nitrogenous compounds found in high amounts in sharks (urea and trimethylamine
oxide) were removed from an aliquot of silky shark dry powder with three distilled water rinses
(Li et al., 2016). Aliquots of about 500 pug of dry powder (urea-free for silky shark and bulk for
all other bycatch fish) were weighted to the nearest ug on an analytical balance, and analysed for
nitrogen content by continuous flow on a Flash EA2000 elemental analyser (Thermo Fisher
scientific) at the Pole Spectrométrie Océan, University of Brest, France. The analytical variability

of the method was 0.1%, based on reference material checked every six samples (acetanilide;
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nitrogen content = 10.3%). Nitrogen content was converted into crude protein using a conversion
factor of 5.58 adapted to fish muscle (Mariotti et al., 2008). Crude protein content was expressed

in mg.g”! ww.

2.4. Fatty acids and total fat content

Aliquots of dry bulk powders were treated as described in Sardenne et al. (2019). Lipids were
extracted from ca. 100 mg of powder with 6 mL of the modified Folch mixture directly added
into glass vials. Extracts were flushed with gas nitrogen, vortexed, sonicated, and stored over 24
hours at -20°C. Tricosanoic acid (23:0; 2.3 ug) was added as internal standard to 1 mL of lipid
extract. Lipids were transesterified with 800 uL of H2SO4 (3.8 % in MeOH) at 100°C for 10 min
then washed with hexane-saturated distilled water. Fatty acid methyl esters (FAME) were
separated and quantified on a Varian CP8400 gas chromatograph equipped with a Zebron ZB-
WAX and a ZB-5HT column (both 30 m length, 0.25 mm internal diameter, 0.25 pm film
thickness; Phenomenex) and a flame ionisation detector at the Lipidocean facility, University of
Brest, France. Samples (2 uL) were injected in splitless mode at 280°C and carried by hydrogen
gas. The oven temperature was raised from 60°C to 150°C at 50°C.min", to 170°C at 3.5°C.min"
I to 185°C at 1.5°C.min’!, to 225°C at 2.4°C.min! and then to 250°C at 5.5°C.min"!. FAME
were identified by comparing sample retention times to those of commercial standard mixtures
(37-component FAME mix and PUFA no. 1 and 3 mix; Supelco) on both columns using Galaxie
1.9.3.2 software (Varian). The mean analytical variability of the method was 8.1%, based on
Supelco 37-component FAME mix routinely checked. FAME content was converted into fatty
acids content. Total fat content was calculated as the sum of individual fatty acids, and expressed
in TAG-equivalents using WHO conversion factors (Ratnayake, 2018). Individual fatty acids

contents and total fat content were expressed in mg.g"' ww. Omega-6/omega-3 ratio is unitless.

2.5. Total mercury content (THg)

Aliquots of all dry bulk powders (10-50 mg dw) were analysed in duplicate (n=336) by thermal
decomposition, gold amalgamation and atomic absorption detection (DMA-80, Milestone, Italy)
at the Seychelles Fishing Authority Research Laboratory, Victoria, Seychelles. Calibration blanks
were run in between each sample to ensure THg levels were reset to 0.1 ng. Analytical
performance was checked every 15-20 samples against two laboratory control analyses

(performed on large homogenized samples of white muscle and liver from Thunnus obesus, THg
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= 0.141+0.004 and 0.986+0.036 mg.kg!, respectively) and the certified reference material, tuna
fish flesh homogenate (IAEA-436; THg = 4.19+0.39 mg.kg!) (Bodin et al., 2017). Satisfactory
accuracy (97-104%) was calculated with an analytical variability below 5% (n = 29). Limits of
quantification were calculated from blank measurements, with THg values of 0.0016 ppm (i.e.
ug.g). The results (means of duplicate values) were reported in ppm ww. Note the contribution
of methylmercury to total mercury is about 80-100% in most marine fish, depending on species,

size, age and diet (EFSA, 2012a).

2.6. Data analysis
2.6.1. Hazard quotient calculation

Benefit-risk ratio, or hazard quotient (HQ), was computed for all individuals based on the
equation of Gladyshev et al. (2009). HQ was already applied for several fish species (e.g.,
Anishchenko et al., 2017; Briones and Lazaro-Llanos, 2016; Razavi et al., 2014) and is computed
as follows:

_ REFAXC
"~ C XRfD xW

HQ

where Rera (mg.d™!), for Reference dose for essential fatty acids, is the daily dose recommended
for EPA+DHA for a human person according to the sanitary agencies, ¢ (ug.g!) is the mercury
content for a given fish, C (mg.g™!) is the EPA+DHA content for a given fish, RfD (ug.kg.d"), for
oral Reference Dose, is the maximum tolerable daily intake of mercury according to the sanitary
agencies, and W (kg) is the average weight of the human group of interest.

HQ parameters were set based on FAO/WHO and European Food Safety Agency (EFSA)
recommendations, for three weight/age classes corresponding to young children (2—4 y), children
(4-10 y), and adults (> 10 y) (Table 1). ‘Adults’ category includes pregnant and lactating
females. EFSA aligned with WHO recommendations for EPA+DHA intakes but lowered the
tolerable intake of methylmercury for a conservative reason, set to 1.3 ng.kg.week™ (expressed as
mercury) (i.e., 0.186 pg.kg.d™") for all age classes (EFSA, 2014; FAO/WHO 2010). EFSA default
values were used for the average body weight of the age classes (EFSA, 2012b). The parameters
setup used for HQ calculation are presented in Table 1, for Rgra, RfD and W, and in Table 2 for ¢
and C (fish contents in EPA+DHA and mercury). HQ is unitless and has the advantage to be
independent from the servings size, as it is only based on the recommendation limits of sanitary
agencies for good health. HQ > 1 means the consumption benefit is lower than the risk, and HQ <

1 means the consumption benefit is greater than the risk. A nutritional rating was attributed to
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each species based on HQ values: ‘Best alternative’ when all individuals have HQ < 1, ‘Good
alternative’ when the average HQ < 1 but the range includes individuals with HQ > 1,
‘Acceptable alternative’ when the average HQ > 1 but the range includes individuals with HQ <
1, and ‘Not advisable’ when all individuals have HQ > 1.

2.6.2. Influence of species and fish length

First, correlations among fish length, THg, EPA+DHA, fat and protein contents, and omega-
6/omega-3 ratio were investigated across the entire dataset (n = 175) using Spearman’s rank
correlation, with g the correlation coefficient. Then, the effects of species, fish length, and their
interactions on the variability (i.e. variance) in fat, protein, THg, EPA+DHA contents, omega-
6/omega-3 ratio, and HQ were tested with F-tests. For HQ, only one age/weight category was
considered as the results would be identical for the three categories. All data were log-
transformed to improve normality. Normality and homogeneity of the variance were checked on
model residuals, with Shapiro and Breush-Pagan tests, respectively. Despite transformation,
residuals from all datasets did not reach normality but they were homogeneous. ANOVAs were
applied on the multiple regression models, as it is robust to normality violation. Simple linear
regressions were used to refine variability with fish length.

Data analyses were performed using R software 3.5.0 (R Core Team, 2016). All results are

reported as means + standard deviation.

3. Results

3.1.  Correlations among nutritional contents

Across the entire dataset, the strongest positive correlations were observed between fat and
EPA+DHA contents (o = 0.86, p < 0.001) and between THg content and fish length (o = 0.71, p
<0.001), then between EPA+DHA content and omega-6/omega-3 ratio (negative correlation, @ =
-0.58, p < 0.001), and between THg and protein contents (positive correlation, o = 0.55, p <
0.001) (Fig. 1). A weak negative correlation was obtained between omega-6/omega-3 ratio and
protein content (0 = -0.46, p < 0.001). No relationship was observed between THg and fat
contents (o = 0.02, p = 0.835), and THg content and omega-6/omega-3 ratio (¢ =-0.14, p = 0.08).

3.2.  Variability in fat and protein contents and omega-6/omega-3 ratio
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Variability in total fat and protein contents was mainly observed among species (Table 2).
Species explained 82% of the variability in protein content (df = 19, F = 39.5, p < 0.001), with the
highest protein contents observed for neritic tunas (231+5 mg.g™! and 223412 mg.g™! for frigate
tuna and kawakawa, respectively) and the lowest for batfishes and unicorn leatherjacket (1556
mg.g! and 162+7 mg.g™!, respectively). Similarly, species explained 51% of the variability in fat
content (df = 19, F = 12.2, p < 0.001), and the interaction between species and fish length
explained 15% (df = 19, F = 3.6, p < 0.01). The highest fat contents were observed for neritic
tunas (0.29+0.01 mg.g! for both species), and the lowest for tripletail, unicorn leatherjacket, and
batfishes (from 0.22+0.01 mg.g! to 0.23+0.01 mg.g™!) (Table 2). Species explained 82% of the
variability in omega-6/omega-3 ratio (df = 19, F = 55.0, p < 0.001), with omega-6/omega-3 ratio
< 1 for all teleost species but 2.6+1.4 for silky shark (Table 2), and the interaction between
species and fish length explained 7% (df =19, F = 5.0, p < 0.001).

3.3.  Variability in mercury and omega-3 contents

Species was the main source of variability for both THg and EPA+DHA contents, i.e. it
explained 71% and 76% of the variability, respectively. Fish length explained 10% and 1% of the
variability for THg and EPA+DHA contents, respectively, and the interaction between species
and fish length explained 6% of the variability for both THg and EPA+DHA contents (Table 3).
The highest THg contents were obtained for silky shark (0.167£0.073 ppm ww), the three
Istiophoridae species, in particular great barracuda (0.277+0.056 ppm ww), and for Scombridae,
in particular kawakawa (0.152+0.068 ppm ww). The lowest contents were obtained for batfishes
(0.0052£0.002 ppm ww), unicorn leatherjacket (0.007+0.004 ppm ww) and the two Kyphisidae
species (0.007+£0.010 ppm ww). THg content increased with fish length in seven fish species, and
especially in kawakawa (from 0.021 to 0.263 ppm ww, for specimens ranging between 23 and 55
cm in fork length; slope of 16%). For rough triggerfish, common dolphinfish, frigate tuna,
tripletail, rainbow runner, and cottonmouth jack, the increase of THg content over the studied
range sizes (i.e. slope) was < 1% (Fig. 2).

The contribution of EPA+DHA to total omega-3 ranked from 82+3% in silky shark to 96+1% in
wahoo. After DHA and EPA, the third main omega-3 was 22:5n-3 (docosapentaenoic acid),
which contributed to 5.9+3.8% of total omega-3 (0.09+0.08 mg.g”! ww in average for the whole
dataset, n=175). The highest contents in EPA+DHA were obtained for striped marlin (3.12+2.84
mg.g”! ww), kawakawa (2.64+1.48 mg.g”! ww), Indo-Pacific sailfish (1.79+0.61 mg.g! ww), and

frigate tuna (1.77+0.74 mg.g! ww), and for some Carangidae, especially cottonmouth jack
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(1.76£0.69 mg.g' ww). The lowest EPA+DHA contents were observed for silky shark
(0.19+0.13 mg.g! ww) and tripletail (0.80+0.20 mg.g' ww) (Table 3). EPA+DHA contents
increased with fish length in cottonmouth jack (from 0.97 mg.g”! ww at 21 cm to 3.29 mg.g”! ww
at 34 cm; slope of 14%), wahoo (from 0.87 mg.g! ww at 79 cm to 1.14 mg.g! ww at 105 cm;
slope of 1%), and silky shark (from 0.19 mg.g”! ww at 64 cm to 0.43 mg.g”! ww at 91 cm; slope <
1%) (Fig. 2).

3.4.  Variability in hazard quotient

HQ values varied mainly with species (74% of explained variability) and to a lesser extent with
fish length (5% of explained variability), and species-fish length interaction (6% of explained
variability) (Table 3). Overall, HQ values were the highest for silky shark (84+64, 56+43, and
29422 for young children, children and adults, respectively) and the lowest for batfish (HQ < 0.4)
and blue sea chub (HQ < 0.6) (Fig. 3). Eight species had a greater benefit than risk (average HQ
< 1) for the three population categories, with similar HQ values (unicorn leatherjacket, flat
needlefish, batfishes, pompano dolphinfish, blue sea chub, brassy chub, cottonmouth jack, and
longfin yellowtail), while nine species always had a lower benefit than risk (silky shark > great
barracuda > Indo-Pacific sailfish > wahoo > tripletail > striped marlin > kawakawa > frigate tuna
> common dolphinfish) (Fig. 3). HQ values increased with fish length and always exceeded 1 in
the largest sizes for five species: rough triggerfish, common dolphinfish, frigate tuna, tripletail,
and Indo-Pacific sailfish (Fig. 4). In contrast, HQ values decreased with length in striped marlin
mainly due to the increase in EPA+DHA content (not significant); this result however must be
taken with caution in view of the low number of specimens (n = 3) and low size range (min-max
fork length = 180-186 cm). Based on range and average values of HQ for adults, eight fish
species were ranked as ‘Best alternative’, four as ‘Good alternative’, six as ‘Acceptable
alternative’ and two were ‘Not advisable’ (Fig. 3). ‘Best alternative’ was attributed to four
species (batfishes, blue sea chub, unicorn leatherjacket, and flat needlefish) for young children

(Fig. 3).

4. Discussion

Twenty species of fish bycatch from the western Indian Ocean tropical tuna fisheries were
analysed for moisture, protein, fat, fatty acid (omega-3 and omega-6) and mercury contents, and a

benefit-risk evaluation based on hazard quotients was conducted. Despite high interspecies
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variability, all species are excellent protein sources (min—-max = 14.4-25.2 g/100g fillet), low
total fat sources (min—max = 0.2-2.4 g/100g fillet), low to good sources of omega-3 (min—max =
10-730 mg/100g fillet), and are relatively low in total mercury (min—-max = 0.003-0.317 ppm
ww). Striped marlin was the richest species in both fats and omega-3, frigate tuna was the richest
species in proteins, and great barracuda the most contaminated with mercury. Based on hazard
quotients for adults, 12 species were ranked best or good nutritional alternatives, while two
species, the silky shark and the great barracuda, were not advisable for consumption. Six species
were ranked as acceptable alternatives and should be considered in priority for complementary
nutrition studies. Hazard quotients increased with fish length in five species, mainly due to

increasing mercury contents with length.

4.1.  Nutritional composition of fish bycatch from the tropical tuna fisheries in the western

Indian Ocean

Across the entire dataset, no individual had mercury content above the maximum limits of 1 and
0.5 ppm ww defined by sanitary agencies for large fish and other fish, respectively. The most
contaminated species (Istiophoridae and silky shark) were high order predators with trophic
levels > 4.3 (FishBase, 2019), while the less contaminated were herbivorous (Kyphosidae) or first
order predators (unicorn leatherjacket and batfishes) with trophic levels from 2.0 to 3.8
(FishBase, 2019). A positive relationship between mercury contamination and trophic position
was indeed highlighted for several species from the Seychelles Exclusive Economic Zone (EEZ)
(Bodin et al., 2017; Sardenne et al., 2017) due to mercury biomagnification in food webs (Kidd et
al., 2011). However, the trophic position alone does not explain the mercury contamination of a
species. Mercury content also increases with individual fish length, as previously measured in the
western Indian Ocean for some of the studied species (Bodin et al., 2017; Kojadinovic et al.,
2007). The low contamination of the common dolphinfish in the present study is more likely
related to the small-sized individuals analysed (fork length = 42—71 cm, THg = 0.011-0.078 ppm
ww, n = 13) and may not be representative of the overall THg range for this bycatch species
caught by purse-seiners in the region. First, average size for common dolphinfish caught as
bycatch is 80+20 cm, with individuals larger than 100 cm commonly observed in the fishery
(SFA, unpublished data); secondly, largest individuals of dolphinfish targeted by longliners were
around 4 and 6 times more contaminated in Seychelles EEZ (fork length = 92-106 cm, THg =
0.1774£0.043 ppm, n = 10; Bodin et al., 2017) and Mozambique Channel (fork length=100-115
cm, THg=0.245+0.230 ppm, n=5; Kojadinovic et al., 2007), respectively. The same issue might
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occur for silky shark, rainbow runner, and wahoo for each of which our samples might not well
reflect the maximum levels of contamination expected from the consumption of larger
individuals caught in the fishery. The highest mercury content was however obtained for great
barracuda (0.277+0.056 ppm ww) with body length close to the average length measured for this
species in the purse seine tuna fishery (92+18 cm; SFA, unpublished data), suggesting the
observed contamination level might be representative for the species in the fishery. While all
studied species are pelagic, differences in habitat use (e.g. coastal, neritic, epipelagic) can also
affect mercury contamination, as found for several large pelagic fish (Choy et al., 2009).
Structure of the planktonic food web can also influence mercury contamination in fish, since
lower trophic levels (e.g. organic matter, invertebrate species such copepods) can be
contaminated by mercury at different levels (Kainz et al., 2008; Signa et al., 2019), as well as fish
age: regardless of size, older fish are generally more contaminated than their younger congeners

(van der Velden et al., 2012).

This study provides baseline values for the western Indian Ocean as data on omega-3, DHA, and
EPA contents were scarce for the studied species in the area, especially data expressed in
concentrations. Overall, our values of EPA+DHA contents are within the medium range reviewed
by Gladyshev et al. (2018) for 172 species which ranked from 0.1 to 25.6 mg.g”! ww, the highest
contents being generally obtained for Clupeiformes. Fish phylogeny and eco-morphology seem
indeed the two main factors explaining variability in EPA+DHA contents (Gladyshev et al.,
2018). Among the 10 families studied here, Istiophoridae and Scombridae generally contained
more EPA and DHA than the other families. However, in comparison to other world regions,
most studied species had lower EPA and DHA contents. Higher contents in EPA and DHA were
found for coastal frigate tuna from Philippines, eastern Indian Ocean, with 1.1+0.0 and 3.9+0.3
mg.g!' ww (n=3) vs. 0.2+0.1 and 1.6+0.7 mg.g”! ww here, respectively (Briones and Lazaro-
Llanos, 2016). These differences might be related to the location of the sampled tissue: tuna
dorsal muscle analysed in our study is leaner than the ventral one (total muscle was analysed in
the Philippines) (Nakamura et al., 2007). EPA and DHA contents for the common dolphinfish
were similar to those obtained in the United States of America (unspecified ocean) by Cladis et
al. (2014): 0.2+0.1 and 1.440.4 mg.g' ww (n = 11) vs. 0.1+0.0 and 1.0+0.2 mg.g"' ww in the
present study, although the species was leaner in the present study (fat content of 8.5+2.5 vs.
3.3+0.6 mg.g”! ww here). Wahoo contained less EPA and DHA in the present study than in the
eastern Pacific: 0.120.0 and 0.9+0.1 mg.g!' ww vs. 0.5£0.2 and 3.6+1.6 mg.g! ww (n = 2),

respectively (Cladis et al., 2014). The same trend was observed for tripletail from Mexico,
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western Atlantic ocean, with EPA and DHA contents of 0.7 and 3.2 vs. 0.1 and 0.7 mg.g"! ww in
the present study (Castro-Gonzélez et al., 2013). These differences among areas could stem from
partial oxidation during on-board storage, differences in method among laboratories (e.g. location
of muscle sample, analytical differences), and/or differences related to species’ ecological and
biological factors such as habitat, season, and reproductive status. Variability in EPA and DHA
proportions (in %) and omega-6/omega-3 ratio were indeed observed with season in tuna species
from the western Indian Ocean which co-occur with the studies species (Dhurmeea et al., 2020;
Sardenne et al., 2016). EPA and DHA are mainly produced by diatoms and dinoflagellates at the
food webs basis and their proportions in tuna were correlated to sea surface temperature
(Dhurmeea et al., 2020; Pethybridge et al., 2015). Due to global climate change, the omega-3
production at the food webs basis is predicted to be reduced by ca. 8% and 28% for EPA and
DHA, respectively (Hixson and Arts, 2016). Phytoplankton communities have already changed in
the northwest of the Indian Ocean with a reduction of diatoms biomass during winter, eventually
impacting the composition of higher trophic level species (Do Rosdrio Gomes et al., 2014). In
this context, the composition in macronutrients and micronutrients of fish should be routinely

monitored to ensure adequate recommendations in terms of fish consumption.

4.2.  Fish bycatch consumption recommendations based on hazard quotients

Hazard quotients (HQ) based on mercury and EPA+DHA contents were highly variable among
species. Highest HQ were obtained for the top predators (silky shark and great barracuda in
particular) and often for the largest individuals, due to an increase in mercury content with fish
size/age in several species (see previous section). Silky shark was found with very low omega-3
contents (i.e. the daily serving portion required to supply 300 mg of EPA+DHA would be 1.6 kg,
which would lead to a mercury consumption of 268 pg). For these reasons, benefit is lower than
risk for the consumption of these species. Eight species were ranked as ‘Best alternative’ or
‘Good alternative’ for the three people categories: batfishes, brassy chub, blue sea chub, unicorn
leatherjacket, cottonmouth jack, flat needlefish, longfin yellowtail, and pompano dolphinfish.
Among them, cottonmouth jack was lipid-rich (about 10 mg.g' ww) and flat needlefish was
protein-rich (about 198 mg.g! ww). Based on mercury and EPA+DHA contents, these two
species can be particularly recommended for human consumption, especially for young children
and children, with respective daily serving portions of 85 g and 142 g (cottonmouth jack) and 117
g and 196 g (flat needlefish) (Table 4). Other species, such as pompano dolphinfish and brassy

chub are also good food sources, especially for adults as some individuals can have higher risk
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than benefit (daily serving portion between 99 g and 264 g according to people category and fish
species; Table 4). The consumption of species ranked ‘Not advisable’ (Fig. 3) should not be
daily, especially for young children, children, and pregnant women, as prenatal exposure to

mercury might affect children development (NiSevic et al., 2019).

4.3. Caveats about hazard quotient and recommendations

For the benefit-risk assessment to be complete, other positive and negative nutritional
components must be included in the HQ calculation: e.g. essential nutrients such iodine and
selenium, but also organic contaminants such dioxins-like compounds, and toxins such as
ciguatera. For instance, selenium, a mineral constituting proteins involved in the antioxidant
system, might be important to balance the negative effects of mercury on health (Ralston et al.,
2016), but this potential remediation remain to be confirmed (Gerson et al., 2020). In contrast,
ciguatera poisoning was reported for some of the studied species, caught from Atlantic and
Pacific Oceans: e.g. ciguatera toxins were found in blue sea chub from French Polynesia (57% of
29 tested fish; Gaboriau et al., 2014) and in longfin yellowtail and wahoo from Canary islands
(17% of 793 tested fish and 3% of 32 tested fish, respectively; Sanchez-Henao et al., 2019). The
consumption of these species from the western Indian Ocean should thus be cautious until the
risks are fully evaluated. Persistent organic pollutants were found in relatively low levels in
swordfish and tuna from the western Indian Ocean, except for fishes from the Mozambique
Channel which showed higher dichlorodiphenyltrichloroethane levels (DDT; Munschy et al.,
2020). An evaluation of these pollutants in fish bycatch from tropical tuna fisheries would also be

useful to improve the consumption recommendations.

WHO states adequate intakes for EPA+DHA are 250-2000 mg.day™', while specifying there is no
evidence of gain for health to consume 2000 mg.day!, unless for secondary prevention of
coronary health disease (FAO/WHO, 2010). HQ calculation was set on EFSA and WHO
optimum recommendations (300 mg.day! for adults, but see Nagasaka et al., 2014) because an
unnecessary increase in fish consumption of ca. 6 fold would not be sustainable for fish stocks,
most of them being already fully exploited or overfished worldwide (Link and Watson, 2019;
Worm et al., 2006). Such an increase in fishing effort would be particularly counterproductive as
overfishing, in association with climate change, has been shown to increase mercury content in
predator fish by causing dietary shifts (Schartup et al., 2019). The best option to obtain DHA and
EPA from marine fisheries would be to increase by-product utilization and reduce food waste

(Hamilton et al., 2020). Assessing the risks and benefits associated with the consumption of
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fisheries bycatch is a step in this direction.

Conclusion

Every year, more than 10,000 metric tons of edible fish species are landed in the Seychelles as
bycatch of tuna fisheries, with little or no value. However, most of these species were found to be
good sources of nutrients (omega-3, fat and protein contents) and little exposed to mercury.
Among the 20 studied species, silky shark and great barracuda should be consumed with
moderation, while eight species (batfishes, brassy chub, blue sea chub, unicorn leatherjacket,
cottonmouth jack, flat needlefish, longfin yellowtail, and pompano dolphinfish) were classified as
best alternative. Those species would be good food sources to reduce nutritional insecurity for
local populations, including for young children. Evaluation and monitoring on further
contaminants, toxins and micronutrients would be useful to strengthen the consumption

recommendations.
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Table 1. Parameters setup for hazard quotient calculation, based on reference values from
sanitary agencies (FAO/WHO and EFSA). Rera = Reference dose for essential fatty acids
(EPA+DHA); RfD = oral Reference Dose for mercury. Adults and teens with body weight below
70 kg should be referred to children category. *arbitrary set to the upper range limit.

Rera (mg.d™') Mercury RfD Weight

weoones Optimum __ Range (hgkgd) ()
Young children (2-4 y) 150* 100-150 0.186 12
Children (4-10 y) 250" 150-250 0.186 30
Adults & teens (> 10 y) 300 250-2000 0.186 70
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713

Table 2. Nutritional composition of dorsal muscle for 20 bycatch fish species collected in the

western Indian Ocean in 2018. Total fat is in triacylglycerol equivalents.

DHA =

docosahexaenoic acid (22:6n-3), EPA = Eicosapentaenoic acid (20:5n-3), ww = wet weight. See

Material and Method section for the length measurement method of each species.

Crude Omega-6 /
Family Scientific name English name Code n Length Mercury D‘jA EP1A Ome_?a 8 Tmét fat protein Woa ter Omega-3
(cm) (ppmww) — (mg.g"ww)  (mg.g ww)  (mg.g ww) (mg.giww) o (%) ratio

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD  Mean + SD Mean + SD Mean + SD

Balistidae Canthidermis maculata  Rough triggerfish CNT 13 29.6 + 3.3 0.028 + 0.021 0.80 £+ 0.15 0.18+ 0.04 1.06 + 0.16 3.6 £ 0.5 170 + 8 77+ 0 0.4 £ 0.1
Belonidae Ablennes hians Flat needlefish BAF 4 87.0 + 157 0.012+ 0.004 1.18+ 0.29 0.09 + 0.03 1.40 + 0.37 3.8+ 1.1 198 + 16 73 £ 1 0.2+ 0.0
Carangidae Decapterus macarellus ~ Mackerel scad MSD 9 332 + 34 0.030 + 0.021 1.24 + 0.28 0.19 £ 0.07 1.53 + 0.39 42 + 11 219 + 18 72 £ 1 0.2 £ 0.0
Elagatis bipinnulata Rainbow runner RRU 11 58.0 + 13.0 0.054 + 0.059 1.30+ 0.24 021 + 0.08 1.64 + 0.36 52+ 1.6 202+ 9 74 £ 1 0.2+ 0.0
Seriola rivoliana Longfin yellowtail YTL 4 289 +55 0.021+£0.016 129+ 020 0.18+ 0.03 157+ 0.24 4.4 + 0.6 205 £ 11 73 £ 1 0.2+ 0.0
Uraspis secunda Cottonmouth jack USE 14 285 +35 0.018+0.012 151+056 024+0.14 212+09 10.1+ 6.7 188 + 15 72 £ 2 0.3+ 0.0
Carcharhinidae Carcharhinus falciformis  Silky shark FAL 8 745 +98 0.167 + 0.073 0.16 £ 0.12 0.02 + 0.02 0.23 + 0.17 32+ 04 221 + 18 74 + 2 26+ 1.4
Coryphaenidae Coryphaena equiselis Pompano dolphinfish CFW 4 428 + 38 0.019 £ 0.007 128+ 0.26 0.23+ 0.03 1.61+ 0.28 42 + 0.6 205+ 5 74+ 0 0.3 £ 0.1
Coryphaena hippurus Common dolphinfish DOL 9 59.8 + 9.1 0.043 £ 0.022 096 + 0.22 0.11 £ 0.03 1.13 + 0.26 3.3+ 0.6 195+ 8 75 £ 1 0.2 £ 0.0
Ephippidae Platax spp Batfishes BAT 2 205 +78 0.005+0.002 1.06+030 025+0.09 146 0.46 5.7 £ 27 155+ 6 78 £ 1 0.3+ 0.0
Istiophoridae  Istiophorus platypterus  Indo-Pacific sailfish SFA 4 188.0 + 26.4 0.151 + 0.101 160 £+ 0.52 0.19+ 0.09 1.94 + 0.70 6.0 £ 24 184 + 13 77 £ 1 0.3+ 0.0
Sphyraena barracuda Great barracuda GBA 2 88.0 %57 0.277 £+ 0.056 0.98 + 0.04 0.08 £+ 0.02 1.13 + 0.08 3.5+ 0.6 189 + 3 76+ 0 0.3+ 0.0

Tetrapturus audax Striped marlin MLS 3 182.7 + 3.1 0.130 £ 0.030 2.68+ 232 044+ 0.52 3.58 + 3.21 13.8 + 9.1 178 + 14 76 + 4 0.3 £ 0.1
Kyphosidae Kyphosus cinerascens  Blue sea chub KYC 11 233 +23 0.007 + 0.002 1.13+0.23 020+ 0.05 1.58 + 0.36 6.3 £ 29 182 + 6 76+ 0 0.3+ 0.0
Kyphosus vaigiensis Brassy chub KYV 21 269 +35 0.007+0.010 096+0.16 018+ 0.04 133+ 0.25 53+ 1.4 178 £ 13 76 £ 1 0.4 + 0.1

Lobotidae Lobotes surinamensis Tripletail LOB 10 442 +79 0.061 +£0.043 0.72% 0.19 0.08 £ 0.01 0.87 £ 0.22 29+ 0.8 171+ 6 78 £ 1 0.3 £ 0.1
Monacanthidae Aluterus monoceros Unicorn leatherjacket ALM 10 39.2 + 6.7 0.007 £ 0.004 0.78 £ 0.07 0.15+ 0.04 0.99 + 0.07 3.1+£03 162 + 7 77 £ 1 0.4 + 0.1
Scombridae Acanthocybium solandri W ahoo WAH 5 944 + 10.7 0.086 + 0.046 0.91 £ 0.13 0.11 + 0.01 1.06 + 0.14 29+ 0.3 204 £ 6 74 £ 1 0.3+ 0.0
Auxis thazard Frigate tuna FRI 18 38.7 +42 0.092+0.042 155+ 065 022+ 0.09 1.88+ 0.80 6.3 £29 231+ 5 710 0.2+ 0.0
Euthynnus affinis Kawakawa KAW 13 481 +79 0.152+0.068 228+ 1.24 037+ 0.25 2.88 + 1.66 9.9 + 6.1 223 + 12 71 + 1 0.3+ 0.0
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714  Table 3. ANOVA results testing the influence of species, fish length and their interactions on
715  total mercury and EPA+DHA contents, and hazard quotient values, obtained for 20 bycatch fish
716 species from the western Indian Ocean in 2018. DHA = docosahexaenoic acid (22:6n-3); EPA =
717  Eicosapentaenoic acid (20:5n-3); df = degrees of freedom; Sum Sq = sum square error; F = Fisher

718  statistic; p = p-value.

Factors Mercury EPA+DHA Hazard Quotient
df SumSq F p df SumSq F p d SumSq F p
Species 19 167.8 40.5 <0.001 19 50.1 32.2 <0.001 19 216.8 345 <0.001
Length 1 23.5 107.7 <0.001 1 0.9 114 0.001 1 15.1 456 <0.001
Species*Length 19 14.4 3.5 <0.001 19 42 27 0.001 19 172 27 0.001
719 Residuals 135 29.5 135 11.0 135 446
720
721
722

723  Table 4. Daily serving of fish fillet (g) required to cover eicosapentaenoic + docosahexaenoic

724  acids (EPA+DHA) needs for young children, children, and adults (FAO/WHO, 2008).

English name Code Daily serving portion (g)
Young children  Children Adults
Rough triggerfish CNT 140 234 280
Flat neediefish BAF 117 196 235
Mackerel scad MSD 57 94 113
Rainbow runner RRU 84 140 168
Longfin yellowtail YTL 154 257 309
Cottonmouth jack USE 48 80 9%
Silky shark FAL 99 166 199
Pompano dolphinfish CFW 99 165 198
Common dolphinfish DOL 105 176 211
Batfishes BAT 801 1335 1602
Indo-Pacific sailfish SFA 142 236 283
Great barracuda GBA 132 220 264
Striped marlin MLS 84 141 169
Blue sea chub KYC 102 170 204
Brassy chub KYV 85 142 171
Tripletail LOB 147 246 295
Unicorn leatherjacket ALM 115 191 229
Wahoo WAH 162 269 323
Frigate tuna FRI 112 187 225
795 Kawakawa KAW 187 3N 374
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Figure 1. Correlation plot among individuals length, mercury (THg) and nutritional contents
(protein, fat, EPA+DHA contents and omega-6/omega-3 ratio) of 20 bycatch fish species
collected from the western Indian Ocean in 2018. The coloured cells indicate a significant
correlation between the two tracers (p < 0.05) while the blank cells indicate a non-significant
correlation. The numbers in the cells are the associated Spearman’s correlation coefficient (@)
calculated for each pair and the cell’s colour intensity is proportional to o. DHA =

docosahexaenoic acid (22:6n-3), EPA = Eicosapentaenoic acid (20:5n-3).
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735 Figure 2. Changes in total mercury levels (THg, ppm ww) and eicosapentaenoic +
736  docosahexaenoic acid contents (EPA+DHA, mg.g"! ww) with fish length (cm) for 20 bycatch fish
737  species collected from the western Indian Ocean in 2018. Linear regressions are plotted when

738  significant (p < 0.05). See Table 2 for definition of species acronyms. Y-axis is log scale.
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Figure

eicosapentaenoic + docosahexaenoic acid (EPA+DHA) contents for 20 bycatch fish species
collected from the western Indian Ocean in 2018. HQ were computed for 3 people categories

(young children, children and adults; see Table 1 for parameters). The horizontal grey line

defines

nutritional rank. See Table 2 for definition of species acronyms and details on nutritional

composi

3. Boxplots of hazard quotient values (HQ) based on total mercury levels and

the HQ threshold of 1, and species (X-axis) are ordered according to their mean

tion. Y-axis is log scale.
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Figure 4. Changes in hazard quotient (HQ) with fish length (cm) for 20 bycatch species collected

from the western Indian Ocean in 2018. Scales are adjusted to each species. The horizontal grey

line defines the HQ threshold of 1 (HQ < 1 when benefit is greater than risk and vice versa).

Linear regressions are plotted when significant (p < 0.05). See Table 2 for definition of species

acronyms. Y-axis is log scale.
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