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A B S T R A C T   

Skipjack tuna (Katsuwonus pelamis) sustain a large-scale fishery in the southwest Atlantic Ocean (SWA), but 
information about its foraging ecology in this region is still limited. Here we use carbon (δ13C) and nitrogen 
(δ15N) stable isotope analysis of muscle from individuals collected in 2017–2018 (n = 383) to quantify diet 
composition and characterize movement patterns. We found a relatively small degree of variation in δ13C (range: 
-18.9 to − 16.5‰) in comparison to δ15N values (6.7–14.7‰). At higher latitudes in the southern area (30–34◦S), 
individuals had higher mean (±SD) δ15N values (12.2 ± 1.3‰) in comparison to those collected in the northern 
area (9.7 ± 1.5‰) between 20–26◦S. At the northern area, isotope mixing models with informative priors 
showed that lanternfish (median: 50%) and krill (31%) were the primary foods. In the southern area, lanternfish 
(53%), krill (23%) and small pelagic fish (23%) were the primary food sources. Spatial shifts in diet composition 
were related to warming events that likely resulted in low abundance of sardines in the northern area. The 
latitudinal pattern in skipjack and krill δ15N values mirrored that of regional zooplankton isoscapes, suggesting 
residency at the timescale of isotopic turnover for muscle (~2–4 months), and that geographical variation in the 
baseline isotopic composition can be exploited to characterize seasonal movements of skipjack and other top 
marine consumers in this region.   

1. Introduction 

Understanding trophic links and energy flux in exploited ecosystems 
is a primary component of ecosystem-based fisheries management, 
whose primary objective is to sustain healthy marine ecosystems and the 
fisheries they support (Cury et al., 2008; Hilborn et al., 2020). Tunas 
(family Scombridae) support extensive fisheries worldwide in terms of 
landings and economic value (Brill and Hobday, 2017; FAO, 2018). Like 
marine mammals and seabirds, tunas evolved to take advantage of 
places and times that are best-suited to different phases of their life 
cycle, often migrating long distances for breeding and feeding (Dufour 
et al., 2010). Some tuna species reach sexual maturity quickly and have 
the fastest growth rates among fishes (Murua et al., 2017) as a conse-
quence of their anatomical, biochemical, and physiological adaptations 
for a high energy expenditure lifestyle that is fueled by generalist 

foraging strategies (Olson et al., 2016). 
Skipjack tuna (Katsuwonus pelamis) have a global distribution in 

tropical and sub-tropical oceans (Wild and Hampton, 1993) and have 
been consistently placed in the top three marine species that contribute 
to food security worldwide (FAO, 2018). In the southwestern Atlantic 
Ocean (SWA), the species has a high social and economic relevance for 
fishers, producers, and markets that sustain the tuna canning industry in 
Brazil (Schmidt et al., 2019). Brazilian catches averaged 23,566 t/year 
from 2000 to 2018, reaching a peak of 32,438 t in 2013 followed by a 
56% decrease to 18,133 t two years later (ICCAT, 2019). This decrease in 
catches was not related to overfishing, but rather to sea surface tem-
perature (SST) anomalies, specifically an extreme heating episode in the 
SWA (Manta et al., 2018) that also impacted the sardine fishery in Brazil 
(Schmidt et al., 2019). 

The annual lifecycle of skipjack in the SWA involves movements 
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between spawning and feeding grounds located at tropical and sub-
tropical areas, respectively (Matsuura 1986; Castello and Habiaga, 
1989; Matsuura and Andrade, 2000). Spawning occurs in waters with 
SST >24 ◦C and can occur year-round in the Guiana Current off the 
northeast coast of Brazil, and seasonally in the Brazil Current (BC) off 
the southwest coast of Brazil (Matsuura, 1986). Skipjack feeding 
grounds are located near the Subtropical Convergence (30–36◦S) formed 
by the confluence of the warm and oligotrophic waters carried by the BC 
and the nutrient-rich and cold subantartic waters of the Malvinas Cur-
rent (Garcia, 1997). Over the continental shelf, primary production in 
this region is also boosted by the Rio de la Plata and Patos Lagoon 
drainages (Möller et al., 2008). Consequently, this region sustains a 
large biomass of pelagic forage fish like Argentine anchovy (Engraulis 
anchoita) and lanternfish (Maurolicus stehmanni) (Matsuura and 
Andrade, 2000; Madureira et al., 2009), which represent important food 
resources for numerous top predators such as pelagic and demersal fish, 
seabirds, and marine mammals (Castello, 1997; Velasco and Castello, 
2005; Marques et al., 2018). 

The fishing season for skipjack in the SWA starts during the austral 
spring (October–December) when schools are swimming southwards 
following the BC. The peak of the fishing season and relative abundance 
of the species in the region occurs during the summer (January–March) 
when SST reaches its maximum. During the fall (April–June), the 
schools move northwards again as the SST decreases with the advance of 
the Malvinas Current from the south (Andrade and Garcia, 1999; Lima 
et al., 2000; Coletto et al., 2019). 

Several studies based on stomach content analysis (SCA) have shown 
that skipjack diet is affected by prey distribution, migration, and 
oceanographic conditions (e.g. Roger, 1994; Potier et al., 2002). Eu-
phausiids (i.e. krill) and small pelagic fish are the primary prey of 
skipjack in the eastern Pacific Ocean (Alverson, 1963). Krill is the pri-
mary prey of skipjack in coastal Baja California, while flying-fishes are 
important prey in offshore areas (Alatorre-Ramíres et al., 2017). The 
lightfish (Vinciguerria nimbari) can be an important prey item for skip-
jack in the eastern tropical Atlantic Ocean (Dragovich and Potthoff, 
1972). A recent study found that krill (Meganyctiphanes norvegica), flying 
fish (Exocoetus volitans), and the anchovy (Engraulis encrasicolus) were 
the primary prey of skipjack in the Balearic Sea, Alboran Sea, and Gulf of 
Cadiz respectively in the Mediterranean Sea (Varela et al., 2019). In the 
SWA off Brazil, the primary prey of skipjack in the 1990’s were lan-
ternfish (M. stehmanni) and krill (Euphausia similis), and the importance 
of the latter prey type decreased with increasing skipjack size (Anken-
brandt, 1985). In the southern region of the SWA, the Argentine anchovy 
(Engraulis anchoita) has also been noted as an important source of prey 
(Vilella, 1990). 

Conventional dietary techniques such as SCA, however, can only 
provide a snapshot of ingested foods and likely underestimate diet items 
that are quickly assimilated by the consumer (Chipps and Garvey, 2007). 
Additionally, the high frequency of empty stomachs of species like 
skipjack, or those filled with bait species, are also limitations of using 
SCA to study the diet of commercially exploited species like tunas over 
large spatial and temporal scales (Vooren 1976; Ankenbrandt, 1985; 
Vilella, 1990; Roger, 1994; Varela et al., 2013). Given these limitations 
and the overall paucity of information on the diet of skipjack in the SWA, 
additional proxies are needed to better characterize dietary shifts across 
a range of latitudes and ontogeny to understand the energy pathways 
that sustain large-scale fisheries in this region. 

Carbon (δ13C) and nitrogen (δ15N) stable isotopes are widely used as 
intrinsic biochemical tracers of animal diet composition and movement 
(Phillips et al., 2014; Hobson and Wassenaar, 2019). The main premise 
of stable isotope analysis (SIA) is that the δ13C and δ15N values of con-
sumer tissues mirror those of its food, but are slightly offset due to 
physiologically-mediated processes associated with assimilation and 
tissue synthesis, often called trophic discrimination. The systematic 
enrichment in the heavier isotope with increasing trophic level is greater 
for δ15N (2–4‰) than for δ13C (0–2‰) (DeNiro and Epstein, 1978, 1981) 

and as such nitrogen isotopes are often used to estimate trophic position 
(Post, 2002), while carbon isotopes are used to assess the relative in-
fluence of different primary producers in fueling the food webs utilized 
by the consumer (Peterson and Fry, 1987). One of the primary advan-
tages of SIA over conventional dietary proxies like SCA is that it can 
provide a time-integrated measure of dietary inputs depending on the 
tissue analyzed (Martinez del Rio et al., 2009). Some tissues (e.g. liver) 
have rapid isotopic incorporation rates that reflect information about 
the ecology and physiology of organisms from days to weeks, while 
others like muscle or bone collagen reflect ecological information inte-
grated over month to year timescales (Pinnegar and Polunin, 1999; 
Martinez del Rio et al., 2009; Martinez del Rio and Carleton, 2012). 

Often the most complete dietary information is obtained when SCA 
and SIA are combined because the advantages of one technique offset 
the disadvantages of the other (Phillips et al., 2014; Swan et al., 2019). 
Specifically, SIA integrates information on resource and habitat use over 
multiple timescales but does not typically provide taxon-specific data on 
diet composition, which is an advantage of SCA. As such, SCA and SIA 
can be combined to estimate the contribution of different sources (prey) 
to a mixture (consumer) via isotopic mixing models (Phillips et al., 
2014) that use informative priors based on SCA identification of prey 
species consumed by the population (Moore and Semmens, 2008; 
Franco-Trecu et al., 2013; Swan et al., 2019). 

Studies focused on niche partitioning and resource use often quantify 
isotopic niches of individuals and/or populations, which provide a proxy 
for resource and/or habitat use (Newsome et al., 2007). The most 
common metric used to estimate isotopic niches is the standard ellipse 
area calculated by means of frequentist or Bayesian methods (Jackson 
et al., 2011). However, the elliptical nature of SEAs does not adequately 
capture the multi-modal structure of some datasets, which can lead to 
inaccurate estimates of the isotopic niche (Franco-Trecu et al., 2014). 
More recently, an approach based on kernel densities has been applied 
to isotopic data as it is less sensitive to extreme (outlier) values and 
performs well with more structured multi-modal datasets (Eckrich et al., 
2019). 

In this study, we aimed to quantify skipjack diet composition and 
characterize movement patterns in the SWA. We combined δ13C and 
δ15N values of skipjack muscle and their primary prey with data from 
SCA to generate quantitative estimates of the assimilated diet in the 
primary feeding grounds of the species in this region. Lastly, we used 
kernel isotopic niche estimates to explore habitat use and seasonal 
movement patterns across ontogeny along the range of latitudes 
(20–34◦S). 

2. Material and methods 

2.1. Sample collection 

Muscle tissue samples were obtained from skipjack collected during 
catch landings at Niterói (Rio de Janeiro –RJ) and Rio Grande (Rio 
Grande do Sul–RS), Brazil between January 2017 and December 2018 as 
part of the Bonito Project. Fishing positions were plotted using QGIS 
software (Version 3.4.9). Catches occurred between 20 and 34◦S, and 
skipjack and prey samples were divided into two groups hereafter 
referred to as northern (20–28◦S) and southern (28–34◦S) areas (Fig. 1). 
We chose these areas because they are characterized by distinct 
oceanographic conditions. The southern area is heavily influenced by 
the cold waters of Malvinas Current, especially during fall and winter 
(Garcia, 1997; Lopes et al., 2006) and continental water runoff from Rio 
de la Plata and Patos Lagoon (Möller et al., 2008). The northern area is 
dominated by tropical water and coastal and shelf-break upwellings of 
South Atlantic Central Water driven by the Brazil Current (Campos et al., 
1995, 2000; Acha et al., 2004; Lorenzetti et al., 2009). The northern and 
the southern areas are 1,000–1,200 km distant from each other. The 
oceanographic processes driving nutrient availability and distribution 
were found to be responsible for the latitudinal patterns in zooplankton 
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δ13C and δ15N isoscapes (Troina et al., 2020). 
All individuals (n = 383) were measured for straight fork length 

(SFL), weighed to the nearest gram, and sexed by macroscopic identi-
fication of ovaries and testes. Individuals were categorized into size 
groups according to the SFL that 50% (L50 = 46 cm) and 100% (L100 =

63 cm) of the specimens are likely to have reached sexual maturity in the 
SWA (Soares et al., 2019). Size groups were defined as juveniles (SFL <
47 cm), young adults (SFL 47–63 cm), and adults (SFL > 64 cm). 

2.2. Stable isotope analysis 

We used a scalpel to remove ~5 g of white muscle from the region 
adjacent to the second dorsal fin of each individual, which was kept 
frozen (− 20 ◦C) until processing in the laboratory. For isotope analysis, 
samples were rinsed with distilled water, lyophilized or oven-dried at 
60 ◦C for 48 h, and homogenized with a mortar and pestle (Sulzman, 
2007). Aliquots of ~0.5 mg of the resulting powder were weighed into 
tin capsules and δ13C and δ15N values were measured at the University of 
New Mexico (UNM) Center for Stable Isotopes (CSI) in Albuquerque, NM 
or the University of California Davis (UCD) Stable Isotope Facility (SIF) 
in Davis, CA. Analyses at UNM-CSI were performed with a Costech 
ECS-4010 elemental analyzer (Valencia, CA) coupled to a Thermo Sci-
entific Delta V Plus isotope ratio mass spectrometer (Bremen, Germany), 
while analyses at UCD-SIF were performed with a Europa Hydra 20-20 
mass spectrometer. Isotope values are reported in δ notation using the 
equation: δX = [(Rsample/Rstandard) - 1] × 1000, where X is 13C and 15N 
and R is the ratio 13C/12C or 15N/14N (Peterson and Fry, 1987). Inter-
nationally accepted standards for δ13C and δ15N are Vienna Pee Dee 
Belemnite (V-PDB) and atmospheric N2, respectively. Within-run 
analytical precision (±SD) was estimated via analysis of proteinaceous 
internal reference materials and estimated to be ±0.1‰ for both δ13C 
and δ15N. We compared inter-laboratory measurements by analyzing 
replicates of skipjack muscle (n = 3) measured in both isotope 

laboratories. The mean difference for δ13C (0.2‰, paired t-test, t2 =

− 8.41, p = 0.01) and for δ15N (0.1‰, paired t-test, t2 = 1.37, p = 0.15) 
was small and the slope for the linear regression among replicates did 
not differ from zero for δ13C (r2 = 0.98, F1,1 = 56.86, p = 0.08). Owing to 
low mean (±SD) weight percent [C]:[N] ratios of skipjack white muscle 
(3.2 ± 0.1) that is indicative of pure protein, we did not lipid-extract 
samples prior to isotope analysis (Post et al., 2007). 

2.3. Skipjack potential prey 

Ankenbrandt (1985) analyzed skipjack stomachs collected from the 
commercial pole and line fishery in Brazil between 1981 and 82 and 
reported krill (Euphausia similis) and lanternfish as the primary prey 
between 22 and 28◦S. Vilella (1990) analyzed samples from the com-
mercial pole and line fleet between 1986 and 89, as well as samples from 
exploratory purse-seine fishing (1983–86). Sardines were the primary 
prey found in stomachs collected from the commercial pole and line fleet 
samples, while lanternfish, krill and anchovy were the primary prey of 
tuna caught in the exploratory purse-seine fishery (Vilella, 1990). Based 
on this previous work, we selected potential prey items consumed by 
skipjack in the study area. Isotopic data for these prey species were 
obtained from published studies conducted in the same area (Troina, 
2019; Troina et al., 2020) as well as from samples we collected 
throughout the study (n = 19) and one sardine purse-seine landing at 
Rio Grande in May 2019 (n = 12). Prey samples were processed and 
analyzed following the same protocol we used for skipjack muscle. 

2.4. Data analysis 

Permutational multivariate analysis of variance (PERMANOVA) was 
used to test for differences in isotope values among skipjack collected in 
the two areas (northern and southern) and between sex. Permanova was 
based on Euclidian distance matrix of δ13C and δ15N values. The ho-
mogeneity of multivariate dispersion was tested with ‘betadisper’ 
function from ‘vegan’ package (Oksanen et al., 2020). Linear regression 
analyses were applied to test the relationship between skipjack δ13C 
values and SFL, and between δ15N values of skipjack and euphausiids 
latitude of collection. Mann-Whitney rank sum tests were used to verify 
the differences in skipjack muscle δ13C and δ15N values for the monthly 
comparisons between areas during the 2017 and 2018 fishing seasons 
and for comparisons among size classes from each area. Statistical an-
alyses and graphical outputs were performed in R 3.6.0 (R Core Team, 
2019). 

Because lipids are depleted in 13C, we used tissue- and taxa-specific 
equations to normalize δ13C values of prey samples that had C:N > 3.5. 
We used Eqn. 1 and Eqn.2 from Logan et al. (2008) for fish samples 
(except lanternfish) and for Euphausiids, respectively. Lanternfish δ13C 
values were normalized following Hoffman and Sutton (2010). Lipid 
normalization for carbon isotope values of cephalopod muscle was 
performed following Logan and Lutcavage (2013), that applied a general 
equation for fish muscle reported in Logan et al. (2008). Food web 
studies often use hydrochloric acid (HCl) to remove the inorganic C, as 
calcareous structures may bias δ13C values (Carabel et al., 2006). We 
choose not to treat prey samples with HCl because studies show that this 
pretreatment can influence δ15N values (Bunn et al., 1995; Carabel et al., 
2006). 

To reduce the number of sources for ensuring discriminatory power 
in our mixing models (Phillips et al., 2014), we grouped sources a priori 
by family and region (northern and southern) and compared their mean 
δ13C and δ15N values (Mann-Whitney rank sum test). We then grouped 
families based on their statistical similarity (p > 0.05 for δ13C and δ15N) 
and considering their ecological function within each region (Phillips 
et al., 2005). Using mean isotope values for prey groups sources, we 
simulated mixing polygons through a Bayesian statistical framework 
with the sp and splancs packages in R (Bivand et al., 2013; Rowlingson 
and Diggle, 2017). This is a quantitative method based on a 

Fig. 1. Seasonal distribution for skipjack tuna in the Southwest Atlantic 
Ocean. Size classes are denoted by symbol size: juvenile (JUV), young adult 
(YAD), and adult (AD). Seasons are indicated by symbol shapes and colors: 
summer (red, Jan–Mar); fall (blue, Apr–Jun); spring (orange, Oct–Dec). No 
fishing activities occur during the winter (Jul–Sep). The limit (dashed line) 
between northern and southern areas was defined in Santa Marta Cape 
(~28◦S). Points from the same sampling event are shown as a square grid 
around the central catch position. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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point-in-polygon premise for assessing whether a proposed mixing 
model is likely to explain the isotope values of consumers and the ac-
curacy of trophic discrimination factors (TDF; Smith et al., 2013). 
Mixing polygons were run with 1500 iterations. 

The mixing polygon for skipjack collected in the northern area was 
simulated with the following prey groups: (1) krill (Euphausiidae); (2) 
cephalopods and fish (Carangidae, Ommastrephidae); (3) lanternfish 
(Maurolicus stehmanni); and; (4) small pelagic fish (Clupeidae). The 
mixing polygon for skipjack collected in the southern area was simulated 
with the following prey groups: (1) krill (Euphausiidae); (2) cephalo-
pods (Ommastrephidae); (3) lanternfish (Maurolicus stehmanni) and; (4) 
small pelagic fish (Clupeidae, Engraulidae). For each polygon simula-
tion, we used three sets of trophic discrimination factors (TDF) to correct 
for isotopic offset between skipjack and prey sources: (1) Thunnus ori-
entalis reported in Madigan et al. (2012) (Δ13C 1.8 ± 0.4‰, Δ15N = 1.9 
± 0.4‰); (2) adult Thunnus thynuus (Δ13C − 0.2 ± 0.6‰; Δ15N = 1.6 ±
0.2‰ reported in Varela et al., 2011) and; (3) juvenile Thunnus thynuus 
(Δ13C 0.3 ± 0.1‰; Δ15N = 1.5 ± 0.1‰ reported in Varela et al., 2012) 
(Appendix 1, Fig. A1). We chose to use the TDF estimates reported in 
Madigan et al. (2012) for reasons discussed below. 

The relative contribution of prey groups to skipjack diet was esti-
mated with Stable Isotope Mixing Models in R (SIMMR; Parnell, 2019). 
SIMMR were run with uninformative priors (SIMM-UP) and with 
informative priors (SIMM-IP) for each site and size class. We used the 
previously mentioned Bonito Project SCA dataset to construct informa-
tive priors for the SIMM-IP. We specified priors means and standard 
deviations and generated prior distributions through “simmr_elicit” 
function in the SIMMR package. We used prey mass as priors because it 
is considered the best measure of relative importance of prey in animal 
diet (Swan et al., 2019). When estimating total biomass for small pelagic 
fish, we removed anchovies and sardines that had a low degree of 
digestion and assumed they were ingested as bait. Mean (±SD) isotope 
values for prey groups and informative priors used in mixing models are 
shown in Table 1. Models were fitted using 10,000 iterations, 1000 
burn-in, with a thinning interval of 10 and four Markov Chain Monte 
Carlo (MCMC) chains. Convergence was first checked before further 
consideration. Results are reported as the median and (2.5–97.5%) 
credible interval for the contribution of each prey group to skipjack diet. 
Differences in prey contribution between size groups were compared 
through “compare_groups” function in SIMMR and reported with 
probabilities. 

Finally, we used the rKIN package (Eckrich et al., 2019) to estimate a 
Kernel Utilization Density (KUD) isotopic niche for skipjack from each 
area (northern and southern) or ontogenetic group (juvenile, young 
adults, adults). Similar to standard ellipse analysis, we assumed that the 
overlap of KUD provides an estimate for isotopic niche overlap between 
area and ontogenetic groups. Niche size and overlap are reported for 
50%, and 75% KUD contours. 

3. Results 

3.1. Skipjack δ13C and δ15N values 

Mean δ13C and δ15N (±SD) values and sample sizes for each area and 
ontogenetic group are reported in Table 2. Straight fork length (SFL) for 
all individuals ranged from 37 to 80 cm (mean ± SD: 51.6 ± 8.4 cm) and 
total body mass ranged from 0.9 to 12.0 kg (mean ± SD: 3.3 ± 2.0 kg). 
No differences were detected between sexes with PERMANOVA (p =
0.61). Isotopic values differed between areas (p < 0.001), and multi-
variate dispersion did not differ between areas (p > 0.05), suggesting 
that differences were not due to multivariate dispersion. δ13C values 
increase with skipjack SFL (F1,381 = 57.54, p < 0.001; supplementary 
Figure A1a). δ15N values increased towards higher latitudes in both 
skipjack muscle (F1,381 = 308.4, p < 0.001) and euphausiids (F1,41 =

43.3, p < 0.001; supplementary Figure A1b). δ15N values differed among 
size groups within each area, with higher values observed in young 
adults. Adults from the southern area, however, did not differ from any 
other size group in either areas for both δ13C and δ15N isotopes (Table 2, 
Appendix 1; Table A2). 

No differences in δ13C values were observed between areas in the 
monthly comparison (except on March 2017), although a slight increase 
occurred over time in both fishing seasons (Fig. 2). δ15N values differed 
consistently across areas, but became similar after March–April (Fig. 2, 
Appendix 1; Table A3). 

Table 1 
Mean measured δ13C, δ13C normalized for lipid contents (δ13Cnorm), δ15N values (‰), weight percent carbon-to-nitrogen (C:N) ratios, and informative priors of four 
prey categories used in mixing models for skipjack tuna collected in the northern and southern areas of Southwest Atlantic Ocean.  

Area Prey Group Stable Isotope Values Informative Prior 

n δ13C ± SD δ13Cnorm ± SD δ15N ± SD C:N ± SD Biomass proportion ±SD 

North krill 20 − 21.0 ± 1.2 − 19.1 ± 0.5 3.7 ± 1.1 4.9 ± 1.4 0.065 ± 0.052 
cephalopods and fish 15 − 18.6 ± 0.4 − 18.0 ± 0.5 6.7 ± 1.4 3.4 ± 0.2 0.148 ± 0.073 
lanternfish 27 − 20.3 ± 0.4 − 20.3 ± 0.4 10.0 ± 1.0 3.8 ± 0.2 0.057 ± 0.054 
small pelagic fish 6 − 17.0 ± 1.3 − 17.0 ± 1.3 11.7 ± 0.8 3.3 ± 0.1 0.729 ± 0.132 

South krill 23 − 21.8 ± 0.7 − 19.8 ± 0.5 5.6 ± 1.2 4.8 ± 0.7 0.855 ± 0.060 
cephalopods 23 − 19.6 ± 0.6 − 18.1 ± 0.5 8.5 ± 1.7 3.6 ± 0.2 0.046 ± 0.039 
lanternfish 41 − 20.5 ± 0.9 − 20.1 ± 0.4 10.6 ± 1.4 4.2 ± 0.9 0.047 ± 0.039 
small pelagic fish 15 − 18.2 ± 0.5 − 17.8 ± 0.5 13.6 ± 0.6 3.4 ± 0.2 0.053 ± 0.037  

Table 2 
Mean (±SD) δ13C and δ15N values (‰) for areas (northern and southern) and size 
classes of skipjack collected in the Southwest Atlantic Ocean (n = 383). Size 
groups not connected by the same superscript letter are significantly different (p 
< 0.05).    

n δ13C 
mean ±
SD 

δ13C 
Range 

δ15N 
mean ±
SD 

δ15N 
Range 

Northern  242 − 17.6 ±
0.4 

− 18.9 to 
− 16.5 

9.7 ± 1.5 6.7 to 
13.9  

Juveniles 78 − 17.9 ±
0.2a 

− 18.5 to 
− 17.3 

9.0 ±
1.2a 

6.7 to 
13.3  

Young 
Adults 

130 − 17.5 ±
0.5b 

− 18.9 to 
− 16.5 

10.2 ±
1.6b 

7.1 to 
13.9  

Adults 34 − 17.4 ±
0.4bc 

− 18.2 to 
− 16.7 

9.5 ±
1.0c 

8.0 to 
13.1 

Southern  141 − 17.7 ±
0.5 

− 18.6 to 
− 16.6 

12.2 ±
1.3 

9.0 to 
14.7  

Juveniles 26 − 17.9 ±
0.6ad 

− 18.6 to 
− 16.6 

11.2 ±
1.2d 

9.5 to 
13.5  

Young 
Adults 

108 − 17.6 ±
0.4e 

− 18.9 to 
− 16.7 

12.5 ±
1.1e 

10.1 to 
14.7  

Adults 7 − 17.7 ±
0.3abcde 

− 18.1 to 
− 17.1 

10.9 ±
2.2bcde 

9.0 to 
13.9  
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3.2. Isotope mixing models 

The highest proportion of individuals inside the 95% probability 
contours in both the northern and southern mixing polygons were ob-
tained with TDF values reported by Madigan et al. (2012) (supple-
mentary Figure A2). Median estimates and credible intervals from 
mixing models with uninformative (SIMM-UP) and informative (SIM-
M-IP) priors for both areas and all size classes are reported in Table 3. In 
the northern area, SIMM-UP indicated that diet was composed of lan-
ternfish (median: 50%) and krill (31%), followed by cephalopods and 
fish (12%), and lastly small pelagic fish (7%). SIMM-IP estimates were 

very similar for this area, indicating that diet was composed of lan-
ternfish (50%) and krill (29%), cephalopods and fish (14%) and small 
pelagic fish (7%) (Fig. 3). In the southern area, SIMM-UP indicated 
lanternfish as the main prey (64%), followed by similar proportions of 
small pelagic fish (14%), cephalopods (13%) and krill (9%). SIMM-IP 
estimates slightly differed for this area and indicated lanternfish as the 
main prey (53%), followed by krill (23%), small pelagic fish (23%) and 
cephalopods (1%) (Fig. 3). 

Ontogenetic diet shifts were consistent between SIMM-UP and 
SIMM-IP model types in both areas (Table 3; Fig. 4). In both areas, the 
contribution of krill decreased from juveniles to young adults (Proba-
bility > 0.98). In the northern area, the proportion of cephalopods and 
fish and small pelagic fish increased in young adults and adults, in 

Fig. 2. Monthly variation in mean δ13C and δ15N values of skipjack in the 
northern and southern areas of the Southwest Atlantic Ocean during 2017 
and 2018 fishing seasons. Error bars represent SD. Asterisks denote statistical 
significance of monthly comparison on isotope values between areas. ***p <
0.001, **p < 0.05 (see Table A3 for more details). 

Table 3 
Estimates of diet proportions (medias and 95% credible intervals in parentheses) based on stable isotope mixing models with uninformative (SIMM-UP) and infor-
mative (SIMM-IP) priors for skipjack captured in the northern and southern areas of the Southwest Atlantic Ocean and of various sizes. Juveniles (JUV), young adults 
(YAD), adults (AD).    

SIMM-UP SIMM-IP JUV-UP JUV-IP YAD-UP YAD-IP AD-UP AD-IP 

Northern krill 0.31 0.29 0.42 0.38 0.21 0.20 0.31 0.30 
(0.21–0.38) (0.23–0.33) (0.37–0.46) (0.33–0.43) (0.07–0.32) (0.13–0.27) (0.15–0.43) (0.20–0.38) 

cephalopods/fish 0.12 0.14 0.04 0.07 0.18 0.19 0.18 0.19 
(0.02–0.26) (0.09–0.21) (0.01–0.08) (0.04–0.10) (0.03–0.38) (0.11–0.28) (0.03–0.41) (0.11–0.31) 

lanternfish 0.50 0.50 0.53 0.52 0.51 0.50 0.40 0.39 
(0.47–0.53) (0.47–0.53) (0.49–0.56) (0.49–0.56) (0.46–0.55) (0.47–0.55) (0.34–0.46) (0.33–0.45) 

small pelagic fish 0.07 0.07 0.02 0.02 0.10 0.11 0.10 0.12 
(0.02–0.12) (0.04–0.10) (0.00–0.04) (0.01–0.04) (0.02–0.18) (0.07–0.15) (0.02–0.18) (0.07–0.17) 

Southern krill 0.09 0.23 0.24 0.35 0.08 0.21   
(0.01–0.19) (0.19–0.27) (0.12–0.36) (0.26–0.49) (0.02–0.17) (0.17–0.26)   

cephalopods 0.13 0.01 0.08 0.01 0.11 0.01   
(0.02–0.23) (0.00–0.03) (0.02–0.22) (0.00–0.07) (0.02–0.20) (0.00–0.03)   

lanternfish 0.64 0.53 0.60 0.57 0.63 0.52   
(0.55–0.72) (0.47–0.59) (0.44–0.73) (0.35–0.71) (0.55–0.70) (0.46–0.59)   

small pelagic fish 0.14 0.23 0.06 0.05 0.18 0.26   
(0.05–0.22) (0.20–0.26) (0.01–0.16) (0.01–0.18) (0.10–0.25) (0.22–0.29)    

Fig. 3. Posterior mixing models estimates for skipjack diet composition. 
Contribution of prey sources to skipjack diet in the northern (top plots) and 
southern (bottom plots) areas of Southwest Atlantic Ocean estimated with 
mixing models using uninformative (SIMM-UP) and informative (SIMM-IP) 
priors. Table 3 reports medians and 95% credible intervals for each prey type: 
krill (KRL), cephalopods and fish (CEPH + FISH), lanternfish (LNT), and small 
pelagic fish (SPF). 
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comparison to juveniles (P > 0.94). In the southern area, the importance 
of small pelagic fish increased with skipjack size (P > 0.97). Lanternfish 
importance decreased with skipjack size in the northern area (P > 0.75), 
while no ontogenetic shifts in lanternfish consumption were evident in 
the south. No shift in the proportion of cephalopods occurred among size 
classes in the southern area. Due to small sample size (n = 7), we were 
not able to estimate diet composition of adult skipjack captured in the 
southern area. 

3.3. Isotopic niche width 

Isotopic niche estimates were larger for skipjack collected in the 
northern area, in comparison to the south (Fig. 5a), and individuals (n =
26) collected in the northern area were observed inside the KUD con-
tours defined by skipjack captured in the southern area and vice-versa 
(n = 12). Isotopic niche overlaps between areas varied from 0% to 
64.7% depending on the KUD of inference (Table 4). 

KUD estimates for ontogenetic groups showed that young adults 
have larger isotopic niches in comparison to juveniles and adults 
(Fig. 5b). Contours for KUD showed differences in the isotopic niche 
among skipjack size classes. The core area for juveniles, denoted by 50% 
contour, had the lowest δ13C and δ15N values, whereas young adults 
were distributed across the entire isotopic space and appeared to have 
two core areas: a larger one defined by relatively high δ15N values and a 
smaller one with intermediate to low δ15N values (Fig. 5b). Finally, the 
core area of adults had similar (low) δ15N values to juveniles, while adult 
δ13C values were higher than other size classes. Overlap estimates for 
50% contours were greatest among adults and young adults (36.3%), 
adults and juveniles (35.7%) and juveniles and adults (33.4%) (Table 4). 

4. Discussion 

We applied complementary approaches to study skipjack tuna 
foraging ecology and movement in the Southwest Atlantic Ocean. Mix-
ing models showed that the primary prey for skipjack is lanternfish in 
both the northern and southern feeding grounds. Krill was also impor-
tant prey in both areas, while cephalopods and fish and small pelagic 
fish (e.g. anchovy and sardine) were the secondary prey in the northern 
and southern areas, respectively. In regards to ontogenetic dietary pat-
terns, the importance of krill and lanternfish decreased, while the con-
tributions from cephalopods and fish, and small pelagic fish increased 
with increasing skipjack size. Latitudinal trends in skipjack muscle tissue 
were consistent with those of regional isoscapes of zooplankton (Troina 
et al., 2020), suggesting a degree of residency similar in timescale to the 
isotopic incorporation of tuna muscle (2–4 months) (Graham, 2007), 
and that baseline δ15N gradients may be useful for tracking movement of 
skipjack and other top marine consumers in this region. Lastly, the 
isotope-based ontogenetic patterns in skipjack seasonal movements 
agree with data on size structure dynamics gleaned from fishery 
landings. 

4.1. Skipjack diet composition 

Our results show that three primary prey types sustain the skipjack 
population in SWA feeding grounds: lanternfish, and krill in the north-
ern area, and lanternfish, krill and small pelagic fish in the southern 
area. Skipjack forages mostly on fish and crustacean prey in the Atlantic 
Ocean (Olson et al., 2016). The lightfish (Vinciguerria nimbari) have been 
identified as an abundant food source in eastern tropical Atlantic 
(Dragovich and Potthoff, 1972). In the area between 22 and 28◦S cor-
responding to the northern area in our study, Ankenbrandt (1985) found 
that the main prey consumed in the 1981–82 fishing season were 

Fig. 4. Ontogenetic shifts in prey proportion on 
skipjack diet estimated by mixing models with 
uninformative (UP) and informative (IP) priors. 
The proportion of krill and lanternfish decreased, 
while the contribution from cephalopods and fish and 
small pelagic fish increased with skipjack size, 
respectively. Colors denotes size groups: JUV (juve-
nile); YAD (young adult); AD (adult). (For interpre-
tation of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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lanternfish (Maurolicus stehmanni) and krill (Euphausia similis) that rep-
resented 26.7% and 22.2% of stomach content by volume (V), respec-
tively. Vilella (1990) also found that lanternfish was the primary prey 
for skipjack (45% V) between 30 and 34◦S from 1983 to 86, followed by 
krill (12% V), and anchovy (Engraulis anchoita; 8% V). Hydroacoustic 
cruises conducted between 1995 and 1997 indicated that lanternfish 
occurs between 22 and 34◦S in the SWA, and the highest abundances for 
the species were found near the shelf break and slope areas, where the 
South Atlantic Central Water meets the Tropical Water from Brazil 
Current (Madureira et al., 2005). During winter, the greatest lanternfish 
abundance was found in the northern area off Rio de Janeiro, while 
during the fall and spring-summer surveys, the highest abundance 

occurred in the southern area (Madureira et al., 2005). Overall, these 
patterns suggest that there is a strong trophic link between skipjack and 
lanternfish in the SWA. 

Skipjack was also reported to consume krill in the Pacific and Indian 
Oceans (Olson et al., 2016; Vooren, 1976), while north Atlantic krill 
(Meganyctiphanes norvegica) was the primary food source in the Balearic 
Sea (Varela et al., 2019). Dense patches of euphausiids are common in 
oceanographic fronts between oligotrophic and cold nutrient-rich wa-
ters in the Southern California Bight (Fiedler and Bernard, 1987). These 
conditions are similar to those associated with skipjack foraging 
behavior and fishing activity in the SWA (Andrade, 2003; Coletto et al., 
2019) where Euphausia similis occurs in the convergence of subtropical 
and subantartic waters masses that generate favorable conditions for 
krill growth, providing large nutrient-rich patches of forage for pelagic 
top consumers (Antezana and Brinton, 1981; Lopes et al., 2006). 

Mixing models show higher proportion of small pelagic fish in 
skipjack diet in the southern area in comparison to the northern area. 
Also, the ontogenetic shift in the importance of small pelagic fish with 
increasing size was more pronounced in the southern area, suggesting a 
greater availability of this prey at higher latitudes. The reduced contri-
bution of small pelagic fish in the northern area may be related to the 
low abundance of the Brazilian sardine (Sardinella brasiliensis), as indi-
cated by the lowest ever catch recorded by the Brazilian industry in 2017 
(Schmidt et al., 2019). Several impacts of climate change have been 
documented on marine fisheries in the SWA, with evidences that sardine 
is moving to the south of its traditional range (23–29◦S) (Franco et al., 
2020), which appear to be related to positive SST anomalies and the 
southward influence of the Brazil Current (Gianelli et al., 2019; Schmidt 
et al., 2019; Franco et al., 2020). It is likely that the spatial and onto-
genetic variation on skipjack diet observed here are further elucidating 
effects of the extreme warming events recorded during recent years in 
the SWA (Manta et al., 2018). 

Our mixing models indicate ontogenetic shifts in skipjack diet. 
Lanternfish and krill importance decreased with skipjack size, while the 
proportion of cephalopods and fish and small pelagic fish increased. 
Ankenbrandt (1985) found that smaller skipjack relied more on krill, 
while the importance of lanternfish and fish in general increased with 
skipjack size. Vilella (1990), however, found no shifts in diet with 
respect to skipjack size. Graham et al. (2007) found that a critical size 
threshold of ~45 cm for yellowfin tuna (Thunnus albacares) was likely 
associated with an endothermic capability to access larger prey in 
deeper, colder waters. Likewise, the average size of prey increased with 
the size of bigeye tuna (Thunnus obesus) and yellowfin tuna from the 
Indian Ocean (Ménard et al., 2006) and the eastern Pacific off Ecuador 
(Varela et al., 2017). The asymmetric shape of prey size distribution, 
however, suggests that tunas may continue to feed on small prey when 
they reach larger body sizes (Young et al., 2010), which is consistent 
with the more even proportions of prey groups in adult skipjack diet 
observed in the northern area of the SWA (Table 3 and Fig. 4). 

The relatively small but notable occurrence of skipjack with outlying 
δ15N values at both areas indicates that a few individuals were not in 
equilibrium with the isotopic composition of local prey. The inclusion of 

Fig. 5. δ13C and δ15N isotopic niche widths for skipjack tuna (Katsuwonus 
pelamis) in the Southwest Atlantic Ocean. Bi-plots for the (a) northern and 
southern areas, and (b) ontogenetic groups are shown. Kernel utilization den-
sity and niche width (insets) were generated for 50% (darker colors), and 75% 
(lighter colors) contour levels. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Estimates of isotopic niche overlap for skipjack by area and ontogenetic group 
according to kernel utilization densities at 50% and 75% contours. Overlaps are 
percentage of the first group area over the second.   

Groups 50% 75% 

Site North x South 0 22.7 
South x North 0.1 27.6 

Size Groups Juveniles x Young Adults 15.7 42.8 
Juveniles x Adults 33.4 36.9 
Young Adults x Juveniles 7.5 24.2 
Young Adults x Adults 16.2 37.2 
Adults x Juveniles 35.7 40.6 
Adults x Young Adults 36.3 72.2  
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these individuals in our mixing models may bias the estimates of dietary 
composition to some degree, however, these outliers represent a low 
proportion (~11%) of the individuals we sampled. Future isotope-based 
studies could address this potential uncertainty by focusing on tissues (e. 
g. liver or blood plasma) with faster isotopic incorporation rates. 

The posteriors for cephalopods contribution in our SIMM-IP in the 
southern area mirrored the informative priors. Since only hard parts 
such as beaks accumulate in predator stomachs with minimal digestion 
(Clarke, 1986), biomass estimates may underestimate cephalopod 
contribution to skipjack diet. The importance of cephalopods is minimal 
regardless of the index we used as priors in mixing models; i.e. biomass 
<2%; frequency of occurrence, FO 2–3% (Supplementary Table A1). 
Ankenbrandt (1985) reports Ommastrephidae as the most frequent 
cephalopod family in skipjack stomach contents (1.7% FO), followed by 
Argonautidae (1% FO). Data from Vilella (1990) shows that Teutoidea 
contributed only 1.3% of stomach content volume and had 6% FO in 
experimental purse seining, while only representing of 0.13% volume 
and 0.75% FO in commercial fishing. Santos and Haimovici (2002) 
reviewed the role of cephalopods in SWA food webs, and classified 
skipjack as an occasional predator (i.e. < 10% FO) for Ommastrephidae 
and Argonautidae. Overall, these patterns generally agree with our 
mixing model results, however, it is worth noting that dietary data based 
on SCA may be biased because some Ommastrephidae are diel migrants 
and pole and line fishing depends on visual sighting of tuna at the sur-
face during the day (Lima et al., 2000). 

In the southern area, estimates of diet composition based on SIMM-IP 
were considered more realistic in comparison to SIMM-UP. The effect of 
priors on mixing model posteriors is greater when the isotopic variation 
among sources is limited (Franco-Trecu et al., 2013; Swan et al., 2019), 
and the discriminatory power of mixing models is directly related to the 
degree of isotopic differences among sources of prey that defines the 
geometry of the mixing space (Phillips et al., 2014). The incorporation of 
priors into mixing models has the advantage of setting the range of 
feasible solutions for each source in a given model (Moore and Sem-
mens, 2008), but caution should be taken with this approach as the 
priors can transfer biases from other methods (e.g. SCA) into dietary 
estimates derived from mixing models (Franco-Trecu et al., 2013; Swan 
et al., 2019). 

4.2. Skipjack habitat use 

Skipjack caught in the southern area had higher mean δ15N values 
than fish captured in the northern area. This pattern could be related to 
diet (i.e. trophic level) as krill had a greater importance for skipjack in 
the northern area in comparison to the southern area. More importantly, 
the trend of increasing δ15N values with latitude was clear in δ15N values 
of prey collected from the two regions: e.g. krill δ15N values on average 
were ~1.9‰ higher in the south in comparison to the north. Also, δ15N 
values for both skipjack and krill increased with latitude, suggesting that 
baseline patterns were likely the cause of differences on both prey and 
skipjack δ15N values between areas. Published basin-scale isoscapes 
show that zooplankton δ15N values are ~4‰ near the upper margin of 
the northern area at Abrolhos Bank (Fig. 1), and increase to ~6‰ near 
the southern area of our study (McMahon et al., 2013), which is likely 
driven by the greater influence of N2 fixation by phytoplankton in the 
oligotrophic waters of the northern area versus higher nutrient avail-
ability and primary production in the southern area (Troina et al., 2020). 
The latitudinal trend in skipjack and krill δ15N composition is consistent 
with previous work with pelagic predators from other ocean basins. 
Yellowfin tuna and mesozooplankton δ15N values varied consistently 
with latitude in the Eastern Tropical Pacific (Popp et al., 2007). 
Swordfish (Xiphias gladius) and yellowfin tuna also reflected spatial 
variation in baseline δ15N values in the Indian Ocean (Ménard et al., 
2007), while the δ15N values varied with sampling location for dol-
phinfish (Coryphaena hippurus) and yellowfin tuna in the North Atlantic 
Ocean (Logan and Lutcavage, 2013). δ13C can also vary with latitude of 

sampling locations as shown for bigeye (Thunnus obesus), albacore 
(Thunnus alalunga) and yellowfin tunas (Logan et al., 2020). These 
patterns suggest that the baseline variation in δ15N is likely the primary 
driver of the latitudinal trend in skipjack muscle δ15N values in the SWA. 

To reflect gradients in baseline isotope composition, mobile preda-
tors should have a degree of residency that is similar to or greater than 
the isotopic incorporation rates of their tissues (Graham et al., 2010). 
Fisheries data show that skipjack occurs in the southern foraging 
grounds of the SWA from October–September until May–June of the 
following year (Coletto et al., 2019). It is important to note that our 
opportunistic sampling effort occurred for a period of 6–7 months during 
two years (2017 and 2018) in both the northern and southern areas. 
Isotopic incorporation is directly related to growth rates (Martinez del 
Rio et al., 2009), and since skipjack have the fastest growth rates among 
tunas (Murua et al., 2017), incorporation rates should be higher than 
those estimated for Pacific bluefin tuna (~5.5 months; Madigan et al., 
2012), but are likely more similar to those estimated for juvenile yel-
lowfin tuna (~2–4 months; Graham, 2007). Therefore, the increase in 
skipjack muscle δ15N values observed at higher latitudes suggests a de-
gree of residency on the timescale of a few months in the productive 
southern foraging grounds. 

In addition to nitrogen isotope difference between the northern and 
southern areas, we observed temporal patterns in skipjack δ15N that are 
likely the product of seasonal latitudinal movements. Some skipjacks 
captured in the northern area had higher δ15N values (>12.5‰) than 
expected based on the 50% KUD niche estimates that were more similar 
to mean δ15N values of skipjack captured in the southern area. Most of 
these outlier individuals (n = 16 or 76%) were caught during April and 
May. When comparing skipjack isotope composition between areas over 
time, we found that δ15N values were different during summer months 
(January–March), but during April–May δ15N values for individuals 
captured in the northern area increase and become similar to those for 
individuals captured in the southern area, which can be explained by the 
seasonal movement of skipjack from south to north in the fall. Skipjack 
latitudinal movements in the SWA are driven by seasonal displacements 
of the Subtropical Convergence Area and the warm waters of the BC that 
determine the seasonal distribution of SST across this region (Castello 
and Habiaga, 1989; Vilella and Castello, 1993; Andrade, 2003; Coletto 
et al., 2019). Skipjack seasonal migration following the displacements of 
BC in the area were observed through fishing effort and catch dynamics 
(Andrade 2003; Coletto et al., 2019), and also by tag and recovery ex-
periments, as individuals released in the southern area were subse-
quently recaptured in the northern area (Luckhurst, 2014; Fonteneau, 
2015; ICCAT, 2016). 

We also observed a smaller number of individuals (n = 3) captured in 
the southern area that had surprisingly low δ15N values (<9.2‰) similar 
to those of skipjack captured in the northern area. All three individuals 
were adults, significantly larger (SFL = 67–73) than most fish caught in 
the southern area. This pattern suggests that adult skipjack primarily 
forage at lower latitudes, but move towards the productive foraging 
areas at higher latitudes during the fall. Length frequency analysis shows 
a seasonal modal progression, with smaller sized individuals occurring 
during spring and larger individuals in the fall (Ankenbrandt, 1985; 
Andrade and Kinas, 2004; Soares et al., 2019). Larvae/egg distribution 
and size at sexual maturity suggest that spawning rarely takes place in 
the southern area, but instead during the summer months near Abrolhos 
Bank (~18◦S) near the northern margin of the northern area (Matsuura, 
1986; Vilella and Castello, 1993; Matsuura and Andrade, 2000; Soares 
et al., 2019). The higher occurrence of larger individuals during the fall 
could explain the increase in δ13C values observed at both sites towards 
the end of the fishing seasons, as δ13C increase with skipjack size. Pat-
terns in the isotopic niche of different size groups thus appear to be 
linked to skipjack lifecycle. Specifically, there was a large overlap in the 
50% KUD contours between juveniles and adults, whose δ15N values are 
lower in comparison to young adults. In contrast, young adults have 
higher δ15N values because they primarily forage in the most productive 
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southern foraging grounds at higher latitudes near the subtropical 
convergence, where baselines have higher δ15N values, and they also 
consume higher trophic level prey (e.g. cephalopods and fish, and small 
pelagic fish), while juveniles primarily consume lanternfish and krill. 

5. Conclusion 

Understanding trophic links and energy flux in exploited ecosystems 
is imperative for fisheries management. As opportunistic predators, tuna 
foraging strategies evolved to satisfy their high energetic demands by 
maximizing intake of energy-rich foods (Olson et al., 2016). The 
opportunistic strategy for skipjack includes the consumption of 
energy-rich and abundant prey such as lanternfish and krill, which form 
strong trophic links in the pelagic food webs of the SWA. Lanternfish and 
krill were the main prey regardless of skipjack size, and young adults 
and adults also consume cephalopods and fish (i.e. Omastrephidae, 
Carangidae) in the northern area, and small pelagic fish (i.e. Clupeidae 
and Engraulidae) in the southern area. We also show that the observed 
differences in skipjack δ15N values between the northern and southern 
areas reflect baseline trends in the nitrogen isotopic composition of 
zooplankton near the base of the pelagic food webs. Since this pattern 
was conserved from primary consumers to a higher trophic level pelagic 
predator, skipjack may have a degree of residency in the order of ~2–4 
months in the northern or southern SWA foraging grounds based on 
isotopic incorporation rates for similar sized yellowfin tuna. Finally, we 
recommend that the foraging patterns of the SWA skipjack population be 
continuously monitored to better understand how oceanographic con-
ditions influence skipjack distribution patterns in this highly dynamic 
pelagic environment. 
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