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A B S T R A C T   

Tunas are among the most exploited top predators worldwide, with negative impacts on some of their stocks. 
Changes in their population abundance can impact marine food-webs and have the potential to alter entire 
ecosystems. To better understand the impacts of the exploitation of tuna stocks in the most critical habitats, basic 
knowledge on the diet of these species in each region is required. Here, we describe the diet of the two most 
fished tuna species in the archipelago of Madeira, the Bigeye tuna Thunnus obesus and the Skipjack tuna Kat
suwonus pelamis, based on stomach contents analysis. To gain further insights into the diet, and also better assess 
the possible bias caused by the occurrence of live bait in stomachs, we compared tuna mercury values with those 
of two other predators with similar diets that are not directly targeted by fisheries, and with Bigeye and Skipjack 
tunas from other ocean basins. Bigeye tunas fed mostly on Atlantic chub mackerel Scomber colias and mackerel 
Trachurus sp., which together contributed with 85% of total prey weight. Only 7.5% of prey weight was 
constituted by mesopelagic prey, including myctophids and cephalopods. Skipjack tunas had an epipelagic diet 
(NF = 97%), with the Atlantic chub mackerel representing half of the total prey weight, despite Longspine 
snipefish Macroramphosus scolopax and Sand smelt Atherina sp. accounting for 62.9% of the total number of prey. 
There were interannual variations in diet likely linked to interannual pelagic community shifts. Bait did not bias 
the results of the stomach analysis of these tunas and bait species were observed to be part of the natural diet of 
both tuna species. Baseline data provided by this study should allow for more informed decisions for an efficient 
ecosystem-based fisheries management.   

1. Introduction 

Marine top predators are among the most threatened functional 
groups in the ocean, and tunas are one of the most targeted by the fishery 
industry. In 2018, around 5.2 million tonnes of commercial tunas were 

landed worldwide (ISSF, 2017), reaching up to 7.9 million tonnes when 
including all tuna and tuna-like species (ca. 9% of global total marine 
catches) (FAO, 2020). In the Atlantic Ocean, an average of half a million 
tonnes of tunas are captured per year (2000–2018; ICCAT, 2020). Such 
pressure has led to the depletion of some stocks, such as the Bigeye tuna, 
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which is currently considered overfished in the Atlantic Ocean (ISSF, 
2017). The decline of top predators impacts the structure of commu
nities and the diversity of food webs, as well as the productivity and 
connectivity of the ecosystems (Doney et al., 2012). Impacts are not only 
observed directly on their prey but can produce cascading effects on 
other marine species and communities. For example, the increase in tuna 
fishing activity in the 1960’s in the eastern tropical Atlantic Ocean and 
the consequent decline of tuna populations in that area is thought to 
have caused a shift in the diet and a dramatic decline of the once massive 
Sooty tern Onychoprion fuscatus population of Ascension island which 
depends on interactions with sub-surface predators to locate and catch 
prey (Reynolds et al., 2019). 

The Bigeye tuna Thunnus obesus and the Skipjack tuna Katsuwonus 
pelamis are the main targeted tuna species around the archipelago of 
Madeira (Gouveia et al., 2019), located in the subtropical NE Atlantic 
Ocean. In this archipelago there is a strong tuna fishing tradition taking 
place mostly from March to October (Gouveia and Mejuto, 2003). Here 
tunas are caught mostly using pole-and-line, which uses small pelagic 
fish as live bait. In Madeira, an average of 1667 (±481 SD) and 549 
(±461 SD) tonnes of Bigeye and Skipjack tuna, respectively, are landed 
every year (2007–2017; Gouveia et al., 2019), comprising an average of 
35% of local fisheries landings and even reaching 50% in some years 
(Hermida and Delgado, 2016). Contrary to the Bigeye tuna stock 
assessment, the Eastern Atlantic Skipjack tuna stock is not considered 
overfished, even though it accounts for nearly 50% of the catches in 
weight in the Atlantic Ocean (ISSF, 2017). 

Despite the considerable economic importance of tunas in the sub
tropical and temperate NE Atlantic, more specifically in Madeira, Azores 
and the Canary Islands, few ecological studies on these species have 
been conducted in this region. This contrasts with the various studies 
conducted in the Pacific on their distribution (eg. Houssard et al., 2019; 
Lehodey et al., 1997), movements (eg. Schaefer et al., 2009), repro
duction (eg. Hunter et al., 1986), and contamination (eg. Chen et al., 
2014), and also in the South and NW Atlantic (Matthews et al., 1977; 
Matsumoto and Miyabe, 2002; da Silva et al., 2019). Large knowledge 
gaps on the ecology of these species remain in the Atlantic, such as 
migratory routes, spawning periods and foraging ecology. According to 
our literature search, only a single study on the foraging ecology of 
Skipjack tuna was conducted around the Canary Islands (Ramos et al., 
1995), with no records for Bigeye tuna. 

Tunas are opportunistic predators which means that their main prey 
shift according to region, reflecting prey availability in the different 
ocean compartments (Ménard et al., 2006; Gorni, 2016; Ohshimo et al., 
2018). Therefore, knowledge on their diet will contribute to our un
derstanding of food web dynamics and allow to infer broad 
community-scale changes in the abundance, availability, and diversity 
of poorly known mid-trophic prey. Such knowledge is required for 
ecosystem-based fisheries management and the conservation of large 
pelagic predators, including tunas. 

Analysis of stomach contents is a direct and reliable way to assess the 
diet of tunas (eg. Glaser et al., 2015; Varela et al., 2019). However, the 
use of live bait during fishing events may raise concerns about what 
proportion of stomach content is bait. Indirect techniques, like deter
mination of mercury concentration in tissues have allowed researchers 
to infer the diet of several predators for which sampling stomach con
tents is difficult (Layman et al., 2012; Teffer et al., 2014). Mercury 
concentrations can help distinguish between a meso
pelagic/bathypelagic diet and an epipelagic one, as deep-ocean species 
have significantly higher concentrations of mercury than epipelagic 
species due to the higher rate of microbial mediated methylation of 
mercury in sub-thermocline low oxygen waters (Choy et al., 2009). 

This study describes the diet of two important top predators, the 
Bigeye and the Skipjack tunas, in the pelagic region around the archi
pelago of Madeira, using stomach content analysis. To control for po
tential biases due to the use of live bait in this fishery, we also 
determined the mercury concentration in tissues of these two tunas and 

of two other abundant pelagic predators from the region with epipelagic 
diets, the Yellowmouth barracuda Sphyraena viridensis and the Longfin 
yellowtail Seriola rivoliana. Further comparisons of mercury concentra
tions with tunas from other ocean basins were also done. 

2. Methods 

2.1. Tuna sampling 

Seventy-one bigeye and 61 Skipjack tuna stomachs collected from 16 
and 10 fishing events, respectively, were obtained directly from local 
fishermen. The average fork length of Bigeye tunas was 77.0 ± 26.1 cm 
(60− 170 cm) and of Skipjack tunas was 50.1 ± 3.8 cm (42.6–59.3 cm). 
Fish were captured using pole-and-line fishing vessels in Madeira island 
in 2016/2017 and 2016–2018 for Bigeye and Skipjack tuna, respec
tively. Stomachs were removed and kept frozen until sorting in the 
laboratory. A sample of blood from the branchial arches was also 
collected for analysis of mercury concentration, and frozen until further 
processing in the laboratory. 

Coordinates from 22 tuna fishing events that took place in September 
2017 and May-October 2018 were obtained from local fishermen 
(Fig. 1). 

2.2. Prey identification 

Once in the laboratory, stomachs were thawed, and the contents 
carefully removed and classified according to digestive state and taxo
nomic group (fish, cephalopods, crustaceans). Digestion levels for fish 
and cephalopods were attributed according to Aloncle and Delaporte 
(1974) and Alonso et al. (2018), respectively (Supplementary Material, 
Table A.1). Whenever the digestion level corresponded to I or II, fish 
prey were weighed (±0.1 g), measured (±0.1 cm, fork length) and 
identified to the lowest taxonomic level possible (family, genus, species) 
using morphologic characteristics (Whitehead et al., 1989). Individuals 
with digestion levels of III or higher were identified using our reference 
collection of fish skeletons and otoliths from the NE Atlantic (currently 
comprising over 700 specimens of ca. 100 species). Specific vertebrae 
were measured in order to obtain size estimations and weights of each 
individual (Granadeiro and Silva, 2000). When identification using hard 
structures was not possible, a small piece of muscle was collected for 
DNA barcoding analysis. Cephalopods were identified to the lowest 
taxonomic level possible (family, genus, species) based on morphology 
guides of the lower beak (Clarke, 1986; Lu and Ickeringill, 2002) and 
DNA-barcoding analysis. Beaks with no tissue attached were excluded 
from the quantitative analysis due to the impossibility of knowing for 
how long they had been in the stomach. This way we avoid 
over-representation of cephalopod prey in the tuna’s diet. The number 
of individuals in a sample was estimated by counting all identifiable 
structures and only considering the one which represented the highest 
number of individuals of each species. The Blue jack mackerel is the 
most common species of the genus Trachurus to be found in this marine 
region. However, due to the similarities of vertebrae between Trachurus 
picturatus and Trachurus trachurus and inability to confirm the exact 
species, we refer to this genus as Trachurus sp.. 

Tissues of 21 fish, 23 cephalopods and 6 crustaceans were sampled 
from stomach contents of Bigeye tuna and Skipjack tuna from which 
DNA was extracted using the E.Z.N.A. Tissue DNA kit (Omega Bio-tek). 
Optimized PCR conditions were used to amplify the 3’ end region of the 
16S rRNA gene of each prey DNA using the universal primers 16Sar and 
16SSbr of Palumbi (1996) (Alonso et al., 2014). Both directions of the 
PCR products were sequenced in outsourcing (Macrogen Inc.). The 
resulting sequences were queried using BLAST (NCBI) and searches with 
similarity values higher than 98% were considered as positive 
identifications. 
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2.3. Diet characterization 

The diets of Bigeye and the Skipjack tuna were characterized using 
numeric frequency (NF, number of individuals of a species in relation to 
the total number of individuals found in the stomachs), frequency of 
occurrence (FO, number of stomachs in which a specific prey was found 
in relation to the total number of stomachs analysed), and prey weight 
percentage (W, sum of weights of a species in relation to the total weight 
of individuals found in the stomach contents). Not all individuals had 
length or weight measurements available due to the high digestion level 
or missing hard parts. Thus, we calculated the average weight of species 
using individuals with weight data and assumed it to be the weight of the 
rest of the individuals of that species. Still, for some prey species we did 
not have any information on their weight and so, we excluded them from 
this analysis. We do not feel that the exclusion of these species would 
significantly influence the analysis, since most of these prey rarely 
appeared in the stomach contents, and the overall description of the diet 
would remain the same. The Shannon-Wiener diversity index was used 
to calculate the prey diversity found in the stomachs of the two tuna 
species. Ontogenetic differences in the diet of Bigeye tunas were 
assessed using Permutational multivariate analysis of variance (PER
MANOVA). Bigeye tunas were divided into three length classes: 60− 80 
(n = 40), 80− 100 (n = 12) and >100 cm (n = 16), corresponding 
approximately to one, two and more than three years old, according to 
Zhu et al. (2009). Bigeye tunas with more than 100 cm are considered 
mature individuals. It was not possible to measure the length of one of 
the tunas. 

2.3.1. Bait 
In Madeira, the Bigeye tuna fishery involves the use of live bait, 

particularly Atlantic chub mackerel Scomber colias and Blue jack 
mackerel Trachurus picturatus, to attract tunas to the surface. On the 
other hand, Skipjack tuna fisheries use European pilchard Sardina pil
chardus, Sand smelt Atherina sp. or Bogue Boops boops, and when 
abundant, Longspine snipefish Macroramphosus scolopax. 

Live bait is considered to potentially bias foraging ecology studies 
due to difficulties distinguishing it from the natural diet (Ankenbrandt, 
1985; Ramos et al., 1995). To address this issue, we (1) compared 
mercury concentrations in the tissues of the tunas studied with two other 
local predatory fishes known to have an epipelagic diet: Yellowmouth 
barracuda Sphyraena viridensis and Longfin yellowtail Seriola rivoliana, 
and with Bigeye and Skipjack tunas from other ocean basis which have a 
mesopelagic and an epipelagic diet, respectively. A comparison with 
other epipelagic and mesopelagic predator fishes will help to address if 
the diets of the Bigeye and Skipjack tunas in the archipelago of Madeira 
are closer to epipelagic or mesopelagic diets. We also (2) excluded the 
bait (species known to be used as bait and with digestion levels I and II) 
from the original stomach content dataset and compared it with the diet 
inferred from the complete stomach content dataset (NF, FO, and W) 
(Ankenbrandt, 1985; Ramos et al., 1995). 

Muscle samples of Yellowmouth barracuda and Longfin yellowtail 
were obtained from commercial fisheries in Madeira island and from a 
seizure of illegal fishing in the Selvagens islands, respectively. Each in
dividual was measured (±1 cm) and weighted (±1 g) upon capture. 
White muscle was collected for measurement of mercury concentration. 

Mercury concentrations were analysed using blood for the tuna 

Fig. 1. Main areas (in grey) used by the tuna fishing vessels from Madeira island (95 % Kernel Utilization Distribution). Areas were defined using coordinates of tuna 
fishing events in September 2017 and May-October 2018, as provided by fishermen (n = 22). Isobathic lines of 1000, 2000, 3000, 4000m. 
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species and muscle for the two other predators. By using the tuna’s 
blood, we attempted to minimize the contribution of assimilated diet 
that would have been obtained in more distant waters used by tunas 
before arriving in Madeira. As it was not possible to collect blood for the 
two other predator species, white muscle was used instead. These 
predators are not known to perform long migrations like tunas 
(McClellan and Cummings, 1997; Fontes and Afonso, 2017), therefore, 
both tissues should represent the mercury values accumulated in the 
marine environment around the archipelago of Madeira. Because mer
cury accumulates differently among tissues (Storelli et al., 2005; Voeg
borlo et al., 2007), we also measured the concentration of mercury in the 
muscle of the same individuals of Bigeye tuna (n = 20) that we analysed 
for blood (Supplementary Material, Figure A.1). 

The blood and muscle tissues were first lyophilized and reduced into 
a homogenous powder that was then used to determine the total con
centration of mercury. Samples (weighing 3− 17 mg) were analysed 
using thermal decomposition atomic absorption spectrometry alongside 
gold amalgamation in LECO AMA-254 equipment. A maximum coeffi
cient of variation of 10% was defined for a minimum of 2 mercury 
readings (Furtado et al., 2019). Tort-2 and Tort-3 were used as the 
certified reference material to support the precision of the method 
(muscle tissue, certified value of 0.27 ± 0.06 mg kg− 1 and 0.292 ± 0.22 

mg kg− 1, respectively). The recovery efficiency for Tort 2 was 82.2 ±
0.8% (n = 6), and for Tort 3 was 84.4 ± 2.4% (n = 8). Mercury con
centrations are reported on a dry weight basis (dw). 

All statistical analyses were performed using R version 4.0.2 (R Core 
Team, 2020). 

3. Results 

3.1. Bigeye tuna diet 

A total of 762 prey items were found in 69 stomachs of Bigeye tuna (2 
stomachs were empty), of which 95% were identified to family, genus or 
species level, resulting in 24 species, 23 genus and 20 different families. 
Teleost fish were the most consumed prey, followed by cephalopods 
(Table 1). The Bigeye tuna presented an epipelagic diet (NF = 84% and 
W = 92%) with only 9% (W = 7.5%) of the prey belonging to mesope
lagic layers. The Atlantic chub mackerel was the most consumed species 
overall (NF = 41.1% and W = 48.8%), followed by mackerel Trachurus 
sp. (NF = 25.7% and W = 36.4%) and Longspine snipefish (NF = 10.6% 
and FO = 14.5%) although it only represented 2.2% of prey weight. Only 
the Bogue Boops boops and the Long snouted lancetfish Alepisaurus ferox 
contributed with more weight to the diet than the Longspine snipefish, 

Table 1 
Diet of the Bigeye tuna Thunnus obesus and the Skipjack tuna Katsuwonus pelamis inferred through numeric frequency (NF), frequency of occurrence (FO) and weight 
percentage (W). Depth refers to the layer occupied by the prey. Numbers between brackets represent the sample size.  

Taxa Family Species  Bigeye  Skipjack     

Depth NF (762) FO (69) W NF (550) FO (57) W 

Teleostei    92.7 98.6 – 97.8 100 –  
Scombridae Scomber colias Epipelagic 41.1 69.6 48.8 14.4 47.4 49.5  
Carangidae Trachurus sp. Epipelagic 25.7 69.6 36.4 4.5 21.1 12.0  
Centriscidae Macroramphosus scolopax Epipelagic 10.6 14.5 2.2 35.8 35.0 11.0  
Atherinidae Atherina sp. Epipelagic    27.1 36.8 13.2  
Sparidae Boops boops Epipelagic 1.2 10.1 2.8 4.5 14.0 2.5  
Scomberesocidae Scomberesox saurus Epipelagic 0.8 2.9 1.7     
Clupeidae Sardina pilchardus Epipelagic    10.4 22.8 10.9   

Sardinella sp. Epipelagic    0.2 1.8 0.4   
Unidentified Epipelagic    0.7 7.0 –  

Bramidae Brama brama Mesopelagic 0.3 2.9 0.9     
Molidae Ranzania laevis Epipelagic 0.3 1.4 –     
Alepisauridae Alepisaurus ferox Mesopelagic 0.4 2.9 4.9     
Paralepididae Arctozenus risso Mesopelagic 1.0 7.2 –      

Sudis hyalina Mesopelagic 0.1 1.4 –     
Trichiuridae Unidentified Mesopelagic    0.2 1.8 –  
Nomeidae Cubiceps gracilis Mesopelagic 2.9 7.2 0.5     
Scopelarchidae Scopelarchus sp. Mesopelagic 0.3 1.4 –     
Myctophidae Diaphus sp. Mesopelagic 0.8 5.8 0.2      

Diogenichthys atlanticus Mesopelagic 0.1 1.4 –      
Gonichtys cocco Mesopelagic 0.1 1.4 <0.1      
Hygophum hygomii Mesopelagic 0.1 1.4 <0.1      
Hygophum reinhardtii Mesopelagic 0.3 1.4 <0.1      
Hygophum taaningi Mesopelagic 0.4 1.4 <0.1      
Hygophum sp. Mesopelagic 4.9 1.4 0.3     

Unidentified fish   1.3 8.7 –    
Cephalopoda    3.5 15.9 – 0.2 1.8 –  

Mastigoteuthidae Mastigoteuthis sp. Mesopelagic 0.1 1.4 –     
Ommastrephidae Todarodes sagittatus Mesopelagic 0.5 2.9 0.5      

Ommastrephes bartramii Epipelagic    0.2 1.8 0.4   
Unidentified  0.5 5.8 –     

Onychoteuthidae Onychoteuthis sp. Epipelagic 0.5 2.9 0.2     
Decapodiformes Unidentified Unknown 0.3 2.9 –     
Argonautidae Argonauta sp. Epipelagic 0.3 2.9 –     
Octopodidae Unidentified Unknown 0.1 1.4 –     
Unidentified cephalopod  Unknown 1.2 4.3 –    

Arthropoda    3.7 14.5 – 0.4 1.8 –  
Penaeidae Funchalia villosa Mesopelagic 0.3 2.9 –     
Decapoda Unidentified Unknown 1.0 1.4 –     
Platyscelidae Platyscelus sp. Unknown 1.3 1.4 –     
Unidentified crustacean  Unknown 1.0 11.6 – 0.4 1.8 – 

Gastropoda  Unidentified Unknown    1.6 1.8 – 
Tunicata    0.1 1.4    –  

Thaliacea Unidentified Unknown 0.1 1.4    –  
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despite appearing in less stomachs and numbers (W = 2.8% and FO =
10.1%, and W = 4.9% and FO = 2.9%, respectively). Few mesopelagic 
preys were found in the stomach contents, mostly comprising mycto
phids of the genus Hygophum (NF = 5.7% and W = 0.4%) and Diaphus 
(NF = 0.8 % and W = 0.2%), Driftfish Cubiceps gracilis (NF = 2.9% and W 
= 0.5%), and barracudinas (Arctozenus risso with NF = 1.0% and Sudis 
hyalina with NF = 0.1%). Cephalopods comprised NF = 3.5% and W =
1.2% of the prey items. Other cephalopods, represented by older beaks 
with no remaining flesh, were also found in the stomachs of this tuna 
species (Supplementary Material, Table A.2). The Shannon-Wiener di
versity for the Bigeye tuna was 1.79 ± 0.14 (n = 69). 

The importance of the main prey of the Bigeye tuna changed slightly 
between 2016 and 2017, with Atlantic chub mackerel decreasing its 
importance from 2016 to 2017 (NF = 49.1% (n = 642) and W = 51.2 % 
to NF = 9.2% (n = 120) and W = 28.3%), and Trachurus sp. (from NF =
28.2% and W = 35.1% to NF = 19.2% and W = 46.6%) and Longspine 
snipefish (from NF = 2.7% and W = 0.4% to NF = 54.2% and W =
17.1%) increasing it (Fig. 2), although fewer individuals of Trachurus sp. 
have been found in the stomach contents. 

Finally, no variation in the consumption of mesopelagic and epipe
lagic were found between the different tuna length classes (PERMA
NOVA: F2,65 = 1.03, r2 = 0.03, p = 0.39). The numeric frequency of 
Atlantic chub mackerel and Trachurus sp. combined was 53.1% for tunas 
in the length class 60− 80 cm, 84.5% in the length class 80− 100 cm, and 
76.7% in the length class >100 cm. 

3.2. Skipjack tuna diet 

A total of 550 prey individuals were found in 57 stomachs of Skipjack 
tuna (4 empty stomachs), and 98% of the prey were identified resulting 
in 8 species, 10 genus and 8 families (Table 1). Teleost fish were the most 
consumed prey by the Skipjack tuna, which also showed a preference for 
epipelagic species (NF = 97%). The Longspine snipefish was the most 
consumed species (NF = 35.8% and W = 11.0%), followed by Sand smelt 
Atherina sp. (NF = 27.1% and W = 13.2%). When considering weight, 
the Atlantic chub mackerel contributed the most to its diet, although it 
was not the most numerous prey (W = 49.5% and NF = 14.4%). The 
European pilchard also had an important role in the Skipjack tuna diet 
(NF = 10.4% and W = 10.9%). Trachurus sp. had a numeric frequency of 
4.5% but contributed with 12.0% of the total prey weight. No 

myctophids were found in Skipjack stomachs. The Shannon-Wiener 
Diversity Index for the Skipjack tuna was 1.59 ± 0.12 (n = 57). 

We found differences among years with the most consumed prey 
shifting from Sand smelt (NF = 55.8% (n = 138) and W = 18.8%) and 
Atlantic chub mackerel (NF = 33.3% and W = 78.6%) in 2016, to 
Atlantic chub mackerel (NF = 10.3% (n = 292) and W = 34.2 %), Eu
ropean pilchard (NF = 19.5% and W = 20.3%) and Longspine snipefish 
(NF = 38.7% and W = 12.2%) in 2017 (Fig. 2). The consumption of 
Longspine snipefish increased even more in 2018 (NF = 70.0% (n =
120), FO = 61.5% (n = 13), and W = 44.9 %), becoming the most 
consumed prey in number and weight. 

3.3. Exclusion of bait from diet 

Small differences were found in the relative importance of prey in the 
diet of these tunas when all bait species with digestion levels I and II 
were excluded, with the most abundant prey remaining the same. For 
the Bigeye tuna, Atlantic chub mackerel remained with NF = 41.1%– 
42% and FO = 69.6%–70.8%. Trachurus sp. decreased from NF = 25.7% 
to 14.3% and from FO = 69.6% to 50.0%. and Longsnipe snipefish 
slightly increased from NF = 10.6% to 14.3% and from FO = 14.5% to 
20.8% (Supplementary Material, section A.1, Figure A.2). For Skipjack 
tuna, all bait species varied less than 5% when including all prey found 
in the stomachs and when excluding fresh bait species (Supplementary 
Material, section A.1, Figure A.3). Furthermore, in the stomach contents 
of Skipjack tunas captured in 2018 (when we had information on the 
bait used), we found highly digested remains (digestion state IV) of 
species used as bait and which should only be found undigested if the 
tunas only ate them as bait (Supplementary Material, section A.1, Table 
A.2). 

3.4. Mercury concentration comparisons 

Differences among predators in mercury concentrations were also 
found (ANOVA: F3,82 = 22.35, p < 0.001). Two distinct groups were 
observed: Bigeye tuna (blood) and Yellowmouth barracuda (muscle), 
which had the highest values, and Skipjack tuna (blood) and Longfin 
yellowtail (muscle) which presented the lowest values (Table 2). Only 
the Bigeye tuna presented a significant positive correlation between 
mercury concentration in blood and weight (r(18) = 0.73, p = 0.0002 on 

Fig. 2. Interannual variation of prey found in the stomachs of Bigeye Thunnus obesus and Skipjack tuna Katsuwonus pelamis captured in Madeira pelagic region in 
2016-2018. 
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log transformed data) (Fig. 3); individuals <100 cm had 1.08 ± 0.25 mg 
kg− 1 dw (0.57–1.58) and individuals >100 cm had 2.12 ± 0.96 mg kg-1 

dw (1.50–4.04). 

4. Discussion 

The use of stomach contents allowed us to document the diet of the 

two most fished tuna species, the Bigeye and the Skipjack tuna, in the 
waters around the archipelago of Madeira. Here, both species presented 
a diet based on epipelagic organisms, and in the case of the Bigeye tuna 
complemented by some mesopelagic prey. Some prey species might 
have been found in the stomachs analysed should our sampling be more 
intensive for both species. Still, this would not affect our conclusions as 
their contribution to the diet of these tunas should be small. Further
more, samples were well spread across the study period, and therefore 
any strong seasonal signal in the abundance of particular prey would 
have become apparent in our data. Nonetheless, more studies should be 
carried out in the region, to allow a more complete description of the 
prey of both tunas. 

4.1. Diet of the Bigeye and Skipjack tunas 

The diet of the Bigeye tuna captured in the archipelago of Madeira 
consisted of 92% weight of epipelagic fish prey (NF = 84%), in contrast 
with what was documented in other regions of the Atlantic and Pacific 
oceans. The published evidence suggests that in both oceans, the diet of 
Bigeye tuna consists mainly of mesopelagic species, both fish and 
cephalopods, such as Bramidae, Alepisauridae, Myctophidae, Gempyli
dae, Paralepididae (eg. Matthews et al., 1977; Moteki et al., 2001; 
Allain, 2005; Young et al., 2010; Junior et al., 2012) and Ommas
trephidae (Logan et al., 2013). These families were scarcely represented 
(NF = 9% and W = 7.5%), or entirely absent in our study. Besides our 
study, where Scombridae and Carangidae were the main prey items, 

Table 2 
Mercury concentrations (Hg; wet weight (ww); dry weight (dw) when mentioned) of tunas, yellowtails and barracudas worldwide. The wet-to-dry weight ratios were 
estimated as 1 mg kg− 1 wet weight to 3.3 mg kg− 1 dw (Houssard et al., 2019). Values are represented as Mean ± SD (Min-Max), when possible.  

Species Region N Tissue Length (cm) Weight (kg) Hg (mg kg− 1) Reference 

Bigeye tuna Thunnus obesus 

Madeira 20 Blood 
97.6 ± 35.8 
(66− 170) 

25.2 ± 25.6 
(7.7− 86.0) 

1.44 ± 0.76 dw 
(0.57− 4.04) 

This study 

Madeira 20 Muscle 97.6 ± 35.8 
(66− 170) 

25.2 ± 25.6 
(7.7− 86.0) 

1.76 ± 1.29 dw 
(0.74− 5.53) 

This study 

Atlantic 30 Muscle (60− 167)  0.76 (0.34− 1.29) Besada et al., 2006  

NE Brazil 30 Muscle (54− 139)  
0.545 ± 0.339 
(0.09− 1.75) Lacerda et al., 2017  

Azores 15 Muscle  10.6 ± 0.8(SE) 0.14 ± 0.08 Torres et al., 2016  
Atlantic 7 Muscle  38.9 (35− 43) 0.27 ± 0.01 Yamashita et al., 2005  
Atlantic 121 Muscle (70− 200) 56 ± 33 0.89 ± 0.47 (0.32− 3.13) Chen et al., 2011  
Pacific 30 Muscle  59.4 (41− 99) 0.98 ± 0.34 Yamashita et al., 2005  

Hawaii 50 Muscle 92 ± 5 (84− 98)  0.43 ± 0.20 (0.15− 1.01) Ferriss and Essington, 
2011  

Taiwan 75 Muscle 
140.8 ± 27.4 
(81− 200) 53.4 ± 28.1 (9− 140) 0.93 ± 0.67 (0.16− 3.32) Chen et al., 2014  

N Pacific 6 Muscle 
113.7 ± 33.5 
(75− 164)  

0.54 ± 0.21 (0.20− 0.76) Blum et al., 2013  

Hawaii 50 Muscle  41.2 ± 20.4 
(11.3− 89.8) 

0.6 ± 0.3 Kaneko and Ralston, 
2007  

W Pacific 726 Muscle 91 ± 31 (31− 175)  0.43 ± 0.48 
(0.005− 2.865) 

Houssard et al., 2019  

Indian 27 Muscle 87 ± 46  0.34 ± 0.29 Bodin et al., 2017  
W Indian 110 Muscle 130 ± 31 (53− 198) 41 ± 27 (1− 110) 0.68 ± 0.23 (0.22− 1.88) Chen et al., 2011 

Skipjack tuna Katsuwonus pelamis 
Madeira 18 Blood 49.9 ± 3.4 (43− 58) 2.6 ± 0.7 (1.8− 4.2) 

0.23 ± 0.09 dw 
(0.12− 0.49) 

This study 

Azores 53 Muscle 49.7 (28− 84)  0.19 (0.09− 0.34) Andersen and Depledge, 
1997  

Azores 15 Muscle  3.3 ± 0.2(SE) 0.04 ± 0.01 Torres et al., 2016  
Canary Islands 132 Muscle   0.34 (0.15, min) Armas et al., 1993  
Central N 
Pacific 10 Muscle  8.6 ± 1.3 (6.4− 10.4) 0.3 ± 0.1 

Kaneko and Ralston, 
2007  

N Pacific 6 Muscle 
65.7 ± 16.03 
(35− 80)  

0.28 ± 0.13 (0.06− 0.41) Blum et al., 2013  

Reunion 
Island 

37 Muscle 68 (41− 85) 9 (1− 16) 0.67 ± 0.26 dw Kojadinovic et al., 2007  

W Indian 13 Muscle 57 ± 10  0.21 ± 0.11 Bodin et al., 2017 

Longfin yellowtail Seriola rivoliana Madeira 20 Muscle 43.8 ± 1.6 (41− 48) 1.6 ± 0.2 (1.3− 2.2) 
0.26 ± 0.05 dw 
(0.17− 0.34) This study 

Yellowmouth barracuda Sphyraena 
viridensis Madeira 8 Muscle 63 ± 2.7 (59− 67) 1.2 ± 0.2 (1.1− 1.6) 

1.09 ± 0.20 dw 
(0.82− 1.4) This study  

Fig. 3. Mercury concentration (mg⋅kg− 1 dry weight) per fork length of each 
individual and species, Bigeye tuna Thunnus obesus, Skipjack tuna Katsuwonus 
pelamis, Yellowmouth barracuda Sphyraena viridensis and Longfin yellowtail 
Seriola rivoliana. 
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only one other study performed in the equatorial eastern Pacific in a 
pole-and-line fishery, found the Bigeye tuna to mostly prey on an 
epipelagic species (the Buccaneer anchovy Stolephorus buccaneeri) (Hida, 
1973). In this region, the bait consisted mostly of 4 epipelagic forage fish 
which were unimportant as prey items (Hida, 1973). 

Bigeye tunas are known to perform daily vertical migrations, 
descending on average up to 500 m during the day and ascending to the 
surface at night, to forage (Matsumoto et al., 2005). However, a study 
carried out in the Azores showed that Bigeye tunas in this archipelago 
(mean weight: 36.6 kg (20− 60 kg)) do not perform vertical migrations 
as deep as elsewhere (Arrizabalaga et al., 2008). In that region, tunas 
remained mostly in the upper 50 m layer, rarely venturing beyond the 
300 m depth. Arrizabalaga et al. (2008) hypothesized that oceano
graphic features in the Azores would enhance primary production and 
concentrate tuna food resources in surface layers, allowing Bigeye tuna 
to forage on shallower waters. This may suggest that in the Azores, like 
in Madeira, this tuna concentrates on epipelagic prey. Alternatively, it 
could be that in the Azores mesopelagic prey are more accessible at 
shallow depths, which is strongly suggested by their prominence in the 
diet of surface foragers (Monteiro et al., 1996; Granadeiro et al., 2002). 
Further studies on the diet and vertical migrations of Bigeye tuna are 
required for the Madeira and Azores region in order to confirm or 
contradict any of these hypotheses. 

Some studies have suggested that there is an ontogenetic variation in 
the diet of several species of tunas (eg. Graham et al., 2007; Lacerda 
et al., 2017), including the Bigeye tuna of which larger individuals feed 
on higher proportions of mesopelagic species, due to its higher capacity 
to reach greater depths (Ohshimo et al., 2018). However, in our study, 
we found no differences in diet between the different size-classes. While 
we recognize that the larger size-classes (80− 100 and >100 cm) were 
represented by less stomachs (n = 12 and 16, respectively), the pre
dominance of epipelagic species in the diet of these individuals is clear 
(Atlantic chub mackerel and Trachurus sp., combined NF of 84.5% and 
77%, respectively). 

The diet of the Skipjack tuna in the archipelago of Madeira is similar 
to what has been documented in other regions of the Atlantic, with a 
predominance of Clupeidae, Scombridae, Carangidae and Serranidae 
(Postel 1955; Batts, 1972; Dragovich, 1970; Dragovich and Potthoff, 
1972). Around the Canary Islands, where pole-and-line technique with 
live bait (sardine and sand smelt) is also used, the diet of this species is 
composed mainly of Atlantic chub mackerel (Ramos et al., 1995). In the 
Pacific, families like Exocoetidae, Engraulidae and reef fish are also part 
of the skipjack’s diet (Alverson, 1963; Hida, 1973; Allain, 2005). In 
smaller proportions, mesopelagic species, such as Gonostomatidae, 
Gempylidae and Myctophidae are also part of its diet in the Atlantic and 
the Pacific oceans (Ahlstrom and Counts, 1958; Dragovich, 1970; 
Ankenbrandt, 1985). Still, its diet is mostly epipelagic. In our study the 
only mesopelagic prey found was a Trichiuridae. Crustaceans, such as 
euphausiids (Ankenbrandt, 1985), stomatopods and megalopa larvae, 
completed the diet of this tuna in several regions of the Atlantic and 
Pacific (Alverson, 1963; Dragovich, 1970; Batts, 1972; Dragovich and 
Potthoff, 1972; Bernard et al., 1985). However, in Madeira, the contri
bution of crustaceans was negligible (NF = 0.4% and FO = 1.8 %). 

As opportunistic species, tunas are known to shift their diet between 
foraging regions but also in response to prey community shifts (Olson 
et al., 2014). The increase of Longspine snipefish in the diet of the Bigeye 
and more markedly in the diet of Skipjack tuna follows the trend 
observed in the diet of the Cory’s shearwaters Calonectris borealis in the 
same oceanic region (Romero et al., 2021), where the authors suggested 
that a shift happened in the pelagic community of the subtropical 
northeast Atlantic with an increase of the Longspine snipefish popula
tion from 2016 to 2017/2018. 

4.2. The importance of bait in the diet of tunas 

This study considered the issues of bait prevalence on our 

understanding of Bigeye and Skipjack tuna foraging ecology by 
excluding fresh bait species and comparing mercury concentrations 
between predator fishes. 

The exclusion of the least digested prey used as bait in Madeira (see 
eg. Ankenbrandt 1985; Ramos et al., 1995) had minimal impact in the 
assessment of the diet. Furthermore, highly digested remains of bait 
species were found in Skipjack tunas, strongly suggesting they are also 
caught as natural prey. Therefore, the decision to exclude bait species 
from the diet analysis (rather than discarding only freshly ingested prey) 
as done in some studies (eg. Ankenbrandt 1985; Ramos et al., 1995), 
may be excluding prey that are actually important in the diet of these 
predators. 

The analysis of mercury revealed two different groups of predators, 
one with higher concentrations (Bigeye tuna and Yellowmouth barra
cuda) and one with lower concentrations (Skipjack tuna and the Longfin 
yellowtail). Bigeye tuna showed slightly higher Hg values than the other 
predators, most likely because the diet of the former includes mesope
lagic species, which have high concentrations of mercury (e.g. Monteiro 
et al., 1996). This is further supported by Choy et al. (2009) which 
concluded that predators with a mesopelagic diet have higher concen
trations of mercury than those with an epipelagic diet. The barracuda 
also presented higher mercury values despite reportedly having an 
epipelagic diet, just like the Longfin yellowtail, mainly composed of a 
variety of schooling epipelagic species, such as Engraulidae, Clupeidae, 
Scombridae, Carangidae and Sparidae (Allam et al., 1999; Barreiros 
et al., 2002, 2003; Kalogirou et al., 2012; Manooch and Haimovici, 
1983). It is worth mentioning that in the Azores, the main diet of bar
racudas and yellowtails are Blue jack mackerel and Atlantic chub 
mackerel (Barreiros et al., 2002, 2003). In the archipelago of Madeira, 
the yellowtail feeds on European pilchards and Blue jack mackerels 
(Cavaleiro et al., 2018) while the barracuda feeds on Atlantic chub 
mackerels (M. Hermida unpubl. data). These species corresponded to the 
main tuna prey we observed in this study. The reasons for the differences 
in mercury concentrations between these predator fishes are still un
known, but the fact that Hg levels in Bigeye tuna are only slightly higher 
than in barracuda further supports the conclusion that mesopelagics are 
not an important component of the tuna’s diet, or else we would expect a 
larger difference between these species. 

Overall, the mercury concentrations in tissues of tunas presented in 
this study are lower than in others from the Atlantic, Pacific, and Indian 
oceans (Table 2), which helps support our conclusion that the diet of the 
Bigeye tuna around the archipelago is epipelagic. Personal observations 
onboard tuna fishing vessels have also supported the idea that the pro
portion of live bait used is very small in comparison with the size of 
tunas’ schools. While intraspecific differences in mercury burdens have 
also been attributed to the availability of mercury in different foraging 
regions (Peterson et al., 1973; Ferriss and Essington, 2011; Houssard 
et al., 2019), the use of conventional diet in our study, indicates that the 
differences in relation to other areas might be better explained by an 
epipelagic diet of the Bigeye tuna. Other variables, such as elimination 
and uptake rate of mercury, may explain the variations observed among 
species (Peterson et al., 1973). According to Ferriss and Essington 
(2014), the Skipjack tuna has a higher elimination rate than the Bigeye 
tuna (0.376 and 0.077 y− 1, respectively) which might explain the lower 
concentrations. Trudel and Rasmussen (1997) stated that the elimina
tion rate responds negatively to the predator’s body mass which could 
explain the differences between these two species. There are no elimi
nation rates described for barracudas and yellowtails, remaining unclear 
what are the mechanisms driving the differences in mercury concen
trations for barracudas and yellowtails. 

The mercury values described in this study for the Bigeye, Skipjack, 
yellowtail and barracuda were obtained using blood for tunas and 
muscle tissue for the two other predators. When comparing the mercury 
values for blood and muscle for the Bigeye tuna, the calculated mean 
blood-muscle ratio was 1:1.17. This suggests that mercury levels in 
blood and muscle are broadly comparable, but more studies are needed 
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to better assess that, as three (out of 20) of the individuals, which were 
also three of the biggest sampled tunas, presented higher mercury ratios. 

The baseline information provided in this study raises new questions 
on the functioning of the ecosystem of this region. The Bigeye and the 
Skipjack tuna presented an epipelagic diet in the pelagic region of the 
archipelago of Madeira, which in the case of the Bigeye tuna suggests a 
different behaviour than the one often presented by this species. Further 
studies on the variability in oceanographic variables and its effects on 
the distribution and abundance of prey, as well as on the vertical 
movements of tuna in this area are required to understand their 
behaviour and explain why this mesopelagic predator presents an 
epipelagic diet in Madeira. The results of this study will allow for more 
informed decisions on an ecosystem-based fisheries management by 
considering not only the tuna but also the role they may have in the 
regional food webs and their interactions with other species. 
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