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1.  INTRODUCTION 

In recent decades, overfishing and climate change 
have caused significant declines of large predatory 
shark species (Dulvy et al. 2021, Pacoureau et al. 2021), 
which are particularly vulnerable due to life-history 
characteristics such as low fecundity, late maturity, 

high longevity, and wide-ranging migratory patterns 
(Frisk et al. 2005, Dulvy et al. 2014, Gallagher et al. 
2014). Sharks play a key ecological role in ecosystems 
through the balancing and controlling of populations 
at lower trophic levels (Heithaus et al. 2012). Their 
loss can therefore provoke top-down cascading ef -
fects that often reverberate through entire food webs 
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ontogenetic shifts, and niche partitioning of the co-occurring tope and juvenile smooth hammer-
head around the Azores Islands, mid-north Atlantic, based on δ13C, δ15N, and δ34S (CNS) stable iso-
tope analysis of muscle tissue of the sharks and their putative prey species. Overall, isotopic niches 
of both species indicated a reliance on similar resources throughout the sampled sizes (tope: 35–
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played a gradual shift to higher trophic levels and a more generalist diet with increasing size 
(increasing δ15N values and isotopic niche volumes, respectively), whereas smooth hammerhead 
diet shifted towards prey with lower δ34S at a constant trophic level and a more specialized diet than 
tope of comparable body size (decreasing δ34S and constant δ15N and δ13C values, respectively). 
Our results indicate contrasting ontogenetic shifts in δ13C and δ34S along with pronounced differ-
ences between niche overlap of life stages pointing to intra- and interspecific niche partitioning of 
habitat and prey.  
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(Ferretti et al. 2010, Heithaus et al. 2012). The protec-
tion of critical habitats for shark spawning, breeding, 
feeding or growth to maturity, also often termed 
‘essential fish habitats’ (EFHs), can help to slow these 
declines (Knip et al. 2012, Martín et al. 2020). The 
integration of EFHs into ecosystem-based manage-
ment has thus been emphasised as a key factor for 
attaining sustainable fisheries management and legis-
lation (Hueter et al. 2005, Speed et al. 2010). Incor-
porating EFHs into such conservation efforts requires 
empirical data about their location and role in the 
species’ life cycle. Nevertheless, assessments of most 
shark populations remain data deficient with regards 
to their ecology and habitat use (Castro et al. 1999, 
IUCN 2018), thus preventing the identification of 
EFHs and hampering conservation efforts (Dulvy et 
al. 2017, Heupel et al. 2018). 

The Azores are an oceanic archipelago situated in 
the mid-north Atlantic within the confluence of pro-
ductive temperate waters and the subtropical Azores 
current (Amorim et al. 2017, Caldeira & Reis 2017). 
These islands have been identified as a marine mega-
fauna hotspot (Afonso et al. 2020) and are a high con-
servation priority. They harbour a wide diversity of 
sharks in high abundance (Das & Afonso 2017) and 
provide EFHs for some of these species, including 
nursery areas (Vandeperre et al. 2014, Afonso et al. 
2022). These shark nurseries are typically character-
ised by regular and high abundances of juveniles and 
mature females (Heupel et al. 2007) and are often 
used communally by several shark species (Simpfen-
dorfer & Milward 1993, Heupel et al. 2019). Under-
standing shark ecology, including trophic interac-
tions during the time spent within EFHs, would help 
to fill critical knowledge gaps in the Azores archipel-
ago and thus support the establishment of effective 
marine protected areas (MPAs) (Afonso et al. 2020, 
Torres et al. 2014). 

Shark species of high conservation concern in the 
North Atlantic and the Azores include the tope 
Galeorhinus galeus (Linneaus, 1758) (IUCN status 
Critically Endangered, Walker et al. 2020; Conven-
tion on the Conservation of Migratory Species of 
Wild Animals [CMS] listed Appendix II) and the 
smooth hammerhead Sphyrna zygaena (Linneaus, 
1758) (IUCN status Vulnerable, Rigby et al. 2019; 
Convention on International Trade in Endangered 
Species of Wild Fauna and Flora [CITES] listed 
Appendix II; CMS listed Appendix II). The tope is a 
cosmopolitan predator typically found in temperate 
waters (Cox & Francis 1997, Ebert & Stehmann 2013), 
with juveniles occurring mostly in shallow waters and 
adults in shelf and oceanic waters (Thorburn et al. 

2019, Schaber et al. 2022), capable of occasional long-
distance oceanic migrations (Holden & Horrod 1979, 
Colloca et al. 2019, Thorburn et al. 2019). The smooth 
hammerhead is a cosmopolitan predator of tropical to 
warm-temperate waters (Compagno 1984, Santos & 
Coelho 2018), with juveniles using coastal waters and 
the highly migratory adults inhabiting the open 
ocean (Compagno 1998). Little is known about this 
species compared to the closely related scalloped 
hammerhead S. lewini (Camhi et al. 2009). Both shark 
species have been found to occupy similar or overlap-
ping habitats along various coasts of the world (Smith 
& Benson 2001, Watson 2013, Gonzalez-Pestana et 
al.  2021). In the Azores, the year-round presence in 
coastal waters and aggregations of young-of-the-year 
(YOY; animals less than 1 yr old) and immature juven-
iles of these 2 species suggest the presence of pup-
ping grounds and coastal nurseries in shallow waters 
(Afonso et al. 2022, D. Das et al. unpubl. data). How-
ever, our understanding of their coastal habitat pref-
erences and resource use throughout their ontogeny 
(i.e. growth and development) remains scarce (Das & 
Afonso 2017, Afonso et al. 2020, GAMPA 2020, Santos 
et al. 2020), impeding their conservation in the North 
Atlantic. 

Bulk stable isotope analysis is a powerful tool to 
assess animal trophic ecology, diet, and habitat use 
(Hobson 1999, Boecklen et al. 2011), including valu-
able ecological information on the 2 study species 
(Table 1). The ratio of heavy to light stable isotopes in 
tissues is commonly used to infer time-integrated 
diet-related proxies based on the concept ‘you are 
what you eat’ (Peterson & Fry 1987). Stable isotope 
analysis of carbon (C) and nitrogen (N) has been most 
frequently used to assess shark trophic ecology with 
complementary properties that facilitate ecological 
interpretations: δ13C (the ratio between 13C and 12C 
isotopes) undergoes little fractionation when assimi-
lated into consumer tissue and thus reflects the signa-
tures of primary producers at the base of food webs 
(DeNiro & Epstein 1978, Fry & Sherr 1989). Hence, 
contrasting δ13C values of different primary pro-
ducers can be used to draw inferences on the trophic 
ecology of consumers. Pronounced δ13C gradients lie 
between coastal and offshore primary producers 
(Peterson & Fry 1987, Perry et al. 1999) and demersal 
and pelagic producers (France 1995). By contrast, 
δ15N (the ratio between 15N and 14N) increases with 
each trophic transfer and thus is often used to infer 
trophic positions (DeNiro & Epstein 1981, Hobson 
1993). Sulphur (S) stable isotope analysis can be a 
powerful tracer to differentiate between pelagic ver-
sus demersal and offshore versus coastal primary 
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production, and it can add power when δ13C values 
alone are inconclusive (Connolly et al. 2004, Szpak & 
Buckley 2020). Three-element (CNS) stable isotope 
data can thus be analysed in a multidimensional 
space (see Swanson et al. 2015, Rossman et al. 2016) 
for a more accurate estimation and subsequent com-
parison of isotopic niche characteristics (Shipley & 
Matich 2020). 

In this study, we investigated the trophic ecology 
and resource use of tope and immature smooth ham-
merhead around the Azores Islands. We an alysed 
CNS stable isotope data of the 2 shark species and 
putative prey species and then used 3D Bayesian 
ellipse niche analysis to characterise and compare the 
trophic niches, ontogenetic shifts, and inter- and intra -
specific isotopic niche partitioning. This study consti-
tutes the first comparative study of the trophic ecol-
ogy of these 2 commonly co-occurring shark species 
of high conservation concern and provides a much-
needed baseline for the scarcely studied smooth ham-
merhead in the Atlantic. 

2.  MATERIALS AND METHODS 

2.1.  Shark sampling 

Live sharks were sampled non-lethally between 
2013 and 2019 during tagging campaigns on the north 
shore of Faial Island, Azores, Portugal (Fig. 1). Addi-
tional samples were collected opportunistically from 
dead specimens captured on the island shelf and sold 
at the local fish auction. All sampling was conducted 
according to Portuguese laws for the use of verte -
brates in research and the guidelines for the use of 
fishes in research of the American Fisheries Society. 
The handling and sampling protocols were approved 
by the Azorean Directorate of Sea Affairs of the 
Azores Autonomous Region (permits DRAM/SRRN 
ref. 24/2010). Sharks were caught with modified bot-
tom-anchored longlines set on the island shelf (Fig. 1) 
at depths between 160 and 40 m. Longlines had an 
average length of 2 nautical miles with approximately 
100 circle hooks (size 9/0, baited with squid) every 
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Fig. 1. Sample locations, with black bars showing deployed longlines. Pie charts represent the proportion of smooth ham-
merhead (blue) and tope samples (brown); numbers: number of respective shark samples. Grey contours: 100 m depth  

intervals
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30–40 m. To reduce the impact on the particularly 
sensitive smooth hammerhead, soak times were limited 
to a maximum of 3 h (mean: 1 h 50 min) be tween set-
ting start and continuous hauling. All sharks were 
landed on deck using a scoop net, de-hooked using a 
hook remover and retained in a large onboard reha-
bilitation tank (ca. 5000 l) filled with continuously 
replenished oxygen-saturated saltwater. Once the 
sharks had recovered from capture stress (showing 
unimpeded  re flexes; see Davis 2010), they were put 
into tonic immobility (state of cessation of move-
ments except rhyth mic breathing and vision when the 
sharks’ ventral side is facing up; Henningsen 1994) 
and placed on a wet surgery mat with their eyes 
covered and a constant seawater flow over the gills. 
Here, they were measured (unstretched total length 
[TL], fork length, pre-caudal length, sex, maturity 
stage, and hook position) and tagged for a concurrent 
study (for more details see Afonso et al. 2022). Muscle 
samples were excised from the dorsal side of the body 
close to the dorsal fin using a 6 mm biopsy punch or a 
scalpel. All open wounds were washed with seawater 
and treated with povidone-iodine (Harms 2005). After 
sampling and tagging (never exceeding a handling 
time of 5 min), sharks were taken out of tonic immo-
bility and kept in the rehabilitation tank until they 
showed unimpeded natural reflexes. Then they were 
released back into the sea within the longline set area. 
Samples for stable isotope analysis were stored in 2 ml 
Eppendorf vials and kept on ice until returning to the 
laboratory, where they were frozen at –20°C until 
being freeze-dried. Tope sampled at the local fish auc-
tion were measured as described above, and muscle 
was ex cised using a clean scalpel. Even though the 
exact capture locations were not disclosed, it was con-
firmed that they were caught on the Faial Island shelf. 

2.2.  Food web samples 

Samples of representative prey taxa of the Azorean 
marine food webs were analysed to assess the overlap 
of sharks with 3 different food webs: coastal, demer-
sal, and epipelagic. Samples were taken from by-
catch obtained during the shark longline tagging 
campaign, the catch of recreational coastal fishermen 
on the island of Faial in 2019 and 2020, and a benthic 
longline set from the island shelf of Faial as part of 
the annual multi-specific fisheries research cruise 
ARQDAÇO2020 in 2020 (for details see Pinho et al. 
2020). Muscle tissue was sampled from all teleosts, 
and mantle tissue was sampled from cephalopods. 
Species were classified as coastal, demersal, or epi -

pelagic, and trophic positions based on local litera-
ture (GAMPA 2020 and references therein) and Fish-
Base (Froese & Pauly 2010). 

2.3.  Stable isotope analysis 

Samples were pre-processed in the laboratory in the 
Azores and analysed in the Central Lab for Chemical 
Analysis (ZLCA) at the GEOMAR Helmholtz-Centre 
for Ocean Research Kiel, Germany. Pre-processing 
followed Kim & Koch (2012) by extracting urea from 
muscle samples by washing and sonicating with 10 ml 
of de-ionized water for 3 consecutive cycles. No lipid 
extraction was conducted since acidification during 
chemical lipid extraction processes has been shown 
to alter the S isotope ratios (Connolly & Schlacher 
2013). Freeze-dried samples were sent to GEOMAR, 
where they were ground to a fine powder for hom-
ogenization. A mass of 50 ± 10 μg of tissue was 
weighed using a micro-scale (MC 5 Micro Balance; 
Sartorius) and placed into tin cups (3.2 × 4.0 mm, 
Hekatech). Vanadium oxide (V2O5) was added (400 ± 
100 μg) into the tin cups as a catalyst to ensure com-
plete oxidation of S. These were then folded, com-
pressed to small cubes, and stored in 96-well plates 
for mass spectro metry analysis. Samples were ana-
lysed by a high- sensitivity elemental analyser (HSEA) 
connected to an isotope ratio mass spectrometer (Del-
taPlus Advantage, Thermo Fisher Scientific) as de -
scribed by Han sen et al. (2009). The measured isotope 
ratios are ex pressed as δ values in per mil deviation 
(‰) from the standard reference material Vienna Pee-
Dee Belem nite (VPDB), atmospheric nitrogen, and 
Vienna Canyon Diablo Troilite (VCDT): 

δX (‰) = [(Rsample / Rstandard) − 1] × 1000 

where X stands for 13C, 15N, or 34S and R represents the 
respective ratios (13C/12C, 15N/14N, 34S/32S). System 
calibration was implemented by the combustion of 
International Atomic Energy Agency (N1-, N2-, NO3-) 
and National Institute of Standards and Technology 
(NBS-22 and NBS-600) compounds. All δ34S values 
were calculated against primary standards IAEA-S1, 
IAEA-S2, NBS123 and NBS127 and laboratory stan-
dards (LS) CdS and hay powder. Analyses of the LS 
hay powder during all measurements within the range 
of 20–100 mg C, 2.5–8.0 mg N, and 0.3–0.9 mg S, with 
an overall precision of ±0.2‰ (mean SD) for δ13C, 
±0.3‰ for δ15N, and ±0.4‰ for δ34S. Calculations of 
the stable isotope values were performed by the ISODAT 
(Thermo Fisher) software. Carbon ratios were math-
ematically lipid-corrected following Carlisle et al. (2017) 
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using the linear model of Logan et al. (2008) with class-
specific parameters (see Text A1 in the Appendix). 

2.4.  Data analysis 

2.4.1.  Ecologically meaningful life stage 
 classification 

Ecologically meaningful size classes were first de -
fined for both shark species, based on published size at 
maturity and growth curves (Table 2). All individuals 
were assigned a class, ranging from YOY, juvenile, sub-
adult, to adult; YOY included all smaller sharks up to 
the corresponding TL of 1 yr of age, as per growth curves 
established by McMillan et al. (2021) and Rosa et al. 
(2017). The juvenile size class, when sharks are assumed 
to bear a pure signature of juvenile habitat and diet, in-
cluded individuals >1 yr of age up to the onset of ma-
turity (minimum size at maturity: 108 and 210 cm for 
tope and smooth hammerhead respectively; Table 2). 
The subadult size class included the size spectrum from 
minimum to maximum size at first maturity. All indi-
viduals larger than the maximum size at first maturity 
were considered adults. No smooth hammerhead larger 
than the minimum size at maturity were captured. 
Thus, all smooth hammerheads were considered im-
mature (in the case of males, verified in situ) and hence 
limited to YOY and juveniles. We distinguished YOY 
from ju venile sharks, as new-born shark muscle pro-
teins are expected to be influenced by maternal iso-
topic signatures for up to 1 yr (Olin et al. 2011). 

2.4.2.  Statistical analysis 

Isotope distributions of shark and food web items 
were displayed as biplots to assess positioning in iso-
tope space. Two outliers (one tope and one pelagic 
food web sample) were excluded from the analysis due 
to biologically unrealistic δ13C values (>50‰, tope) and 
very high lipid content (C:N ratio >10, pela gic sample). 

The distribution of consumer and prey values in iso-
tope space was inspected to assess the assumptions 
and applicability of stable isotope diet mixing models 
(Phillips et al. 2014). Differences between coastal, de-
mersal, and pelagic prey means were assessed with 
Kruskal-Wallis tests and post hoc Dunn tests. Then, prey 
isotope values were corrected using mean diet–tissue 
discrimination factors (DTDFs) and their respective 
standard deviations from Post (2002) and McCutchan 
et al. (2003) and were plotted using the Mix SIAR pack-
age (Stock et al. 2018). Only one shark sample fell within 
the mixing polygons on all 3 axes (see Fig. 2). Shark 
mean values were approximately 2.2‰ more enriched 
in δ13C, 2‰ more enriched in δ15N, and approximately 
0.5‰ more depleted in δ34S compared to the original 
prey sample mean. Due to the violation of various as-
sumptions underlying mixing models (i.e. consumer 
values mostly lying outside of mixing polygons, insig-
nificant differences between some prey groups; see Phil-
lips et al. 2014) and several confounding uncertainties 
concerning DTDFs and baseline shifts between samp-
ling years, these models were not developed further. 

Differences between means of each isotope per life 
stage were examined using Kruskal-Wallis and Mann-
Whitney U-tests for non-normally distributed groups 
with unequal variances (assessed using Shapiro-Wilk, 
quantile-quantile plot, and Levene’s tests respect-
ively) and the Student’s t-test for differences in C 
between the smooth hammerhead life stages (the only 
group with normal distribution and homogenous vari-
ances). The effect of sex and year on isotope values 
was assessed for each species and isotope using per-
mutational multivariate analysis of variance (PERMA-
NOVA). Each isotope was analysed as a function of 
TL in interaction with sex and, in a separate model, TL 
as interaction with year, using 999 permutations and 
the Bray-Curtis dissimilarity index (R package ‘vegan’; 
Oksanen et al. 2013). The isotopic niches of our study 
species were compared using Bayesian standard el -
lipses given their statistical robustness to compare 
the distribution, variability, and propagated uncer-
tainties of stable isotope data in isotope space. We 
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                                                     Tope                                                 Smooth hammerhead 
 
Young-of-the-year    ≤71 cm TL (supplementary data in        ≤80.2 cm TL using von Bertalanffy growth function with  
                                         McMillan et al. 2021)                                  fixed birth size (Rosa et al. 2017) 
Juvenile                        71–107 cm TL                                                >80.2 cm TL 
Subadult                       108–125 cm TL (Lucifora et al. 2004)     NA (length at maturity: 210–265 cm TL; Froese & Pauly 2010) 
Adult                             >125 cm TL                                                    NA

Table 2. Life stage definition, sizes in total length (TL), and corresponding references for tope and smooth hammerhead.  
NA: not available
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calculated 3D Bayesian ellipse volumes (SEVB) and 
their respective overlaps using the R functions of 
Skinner et al. (2019), who adapted SIBER standard 
ellipse area calculations of Jackson et al. (2011) for 3D 
data sets. For all SEVB calculations, we used 3 chains 
of 100 000 iterations with a burn-in of 10 000, thinning 
of 25, and the default uninformative priors. All data 
analysis was performed in R (R Core Team 2013) 
using significance levels of α = 0.05. 

3.  RESULTS 

Tope (n = 54; 28 females, 26 males; 35–190 cm TL) 
covered an isotopic space ranging from –17.8 to 

–13.9‰ in δ13C, 10.4 to 16.2‰ in δ15N, and 16.2 to 
19.9‰ in δ34S. By comparison, smooth hammerhead 
(n = 36; 22 females, 14 males; 54–159 cm TL) covered 
a space ranging from –17.4 to –14.0‰ in δ13C, 10.3 
to 13.4‰ in δ15N, and 13.8 to 21.1‰ in δ34S (Table 3). 
Overall isotope means of the 2 shark species indi-
cated differences in C and N space (Mann-Whitney 
U-test δ13C: U = 700, p < 0.05, δ15N: U = 621, p < 0.01) 
but showed a high overlap of the 3D standard ellipse 
volumes (SEVB overlap ≥ 44%; Fig. 2). The prey 
species analysed covered an overall isotopic space 
ranging from –20.3 to –13.5‰ in δ13C, 6.5 to 18.2‰ 
in δ15N, and 16.9 to 20.4‰ in δ34S (Fig. 2, Table 4). 
Coastal, demersal, and pelagic prey differed signifi-
cantly in δ13C and δ15N but not δ34S. Coastal prey had 
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Fig. 2. Bulk muscle stable isotope values of (A) δ13C versus δ15N and (B) δ13C versus δ34S for tope and smooth hammerhead sharks 
(blue) with shaded standard ellipse areas. Prey species uncorrected results are shown as mean points and standard deviation 
error bars (solid: coastal; dotted: demersal; dashed: pelagic) with the mixing polygon of enrichment corrected prey samples 

depicted as grey area. See Table 4 for species names

Species                                          N (F:M)                        TL (cm)                      δ13C (‰)            δ15N (‰)          δ34S (‰) 
                                                                                    Mean (min.–max.)               Mean      SD              Mean      SD             Mean      SD 
 
Tope                                             54 (28:26)                 112 (35–190)                      –16.7     ±0.7               12.1      ±1.4             18.1      ±0.8 
YOY                                                  5 (4:1)                      60 (35–70)                      –16.7    ±0.6              11.0      ±0.7             17.7      ±0.7 
Juvenile                                        21 (5:16)                    84 (71–96)                      –17.1    ±0.4              11.5      ±0.7             18.3      ±0.7 
Subadult                                        10 (3:7)                  116 (108–125)                   –16.9    ±0.7              11.7      ±1.0             17.9      ±0.9 
Adult                                             18 (16:2)                 155 (129–190)                   –16.1    ±0.8              13.3      ±1.6             18.2      ±0.9 
Smooth hammerhead             36 (22:14)                  93 (54–159)                       –16.4     ±0.7               12.5      ±0.8             18.2      ±1.2 
YOY                                               17 (12:5)                    70 (54–80)                      –16.2    ±0.6              12.7      ±0.8             18.7      ±1.0 
Juvenile                                        19 (10:9)                  113 (81–159)                    –16.6    ±0.8              12.3      ±0.7             17.8      ±1.3

Table 3. Summary of the number of samples (N), sex ratio (females:males, F:M), mean and range of total length (TL), and mean 
± SD lipid-corrected δ13C, δ15N, and δ34S stable isotope analysis results of tope and smooth hammerhead shark life stages.  

YOY: young-of-the-year
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the most elevated mean δ13C values 
and pelagic prey had the lowest. 

The analysis of isotope values in 
the context of shark size and life 
stages revealed clear trends and sig-
nificant differences in both species. 
Tope showed an increase in δ13C and 
δ15N but not in δ34S values between 
life stages (Kruskal-Wallis test δ13C: 
H3 = 16.2, p < 0.01; δ15N: H3 = 17.8, 
p < 0.001), with significant differ-
ences in δ13C between adults and 
juveniles, and adults and subadults, 
while in δ15N we detected differ-
ences between adults and YOY, and 
between adults and juveniles (post 
hoc Dunn tests, p < 0.5; Fig. 3A,B,D,
E). Values of δ15N were particularly 
elevated in the largest individuals, 
all of which were adult females. 
By contrast, smooth hammerhead 
showed less pronounced stable iso-
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                                                        N    TP   δ13C (‰)     δ15N (‰)    δ34S (‰) 
                                                                         Mean    SD       Mean   SD     Mean   SD 
 
Demersal food web                   21           −18.0   ±0.2       13.5   ±2.1      18.6   ±0.8 
Actinopterygii                                                                                                                     
 Helicolenus dactylopterus      8     3.5   −18.0   ±0.2       12.2   ±1.1     18.3   ±0.6 
 Pagellus bogaraveo                   5     4.2   −18.1   ±0.2       15.5   ±1.8     19.1   ±0.6 
Cephalopoda                                                                                                                       
 Loligo forbesii                            8     4.2   −17.8   ±1.8       10.7   ±0.8     18.7   ±0.8 
Coastal food web                        6             −17.0   ±0.3       11.2   ±0.9      19.1   ±0.4 
Actinopterygii                                                                                                                     
 Diplodus sargus                         1     3.4   −17.0                   10.9                  19.3         
 Pagrus pagrus                            3     3.9   −17.1   ±0.3       10.9   ±0.7     18.9   ±0.3 
Chondrichthyes                                                                                                                  
 Raja clavata                                2     3.8   −17.0   ±0.3       11.7   ±1.3     19.4   ±0.2 
Epipelagic food web                32           −18.9     0.5          8.1      1.5       18.9     1.2 
Actinopterygii                                                                                                                     
 Macroramphosus gracilis       6     3.4   −19.0   ±0.4        7.3     ±0.3     19.9   ±0.5 
 Macroramphosus scolopax     5     3.5   −19.1   ±0.7        7.5     ±0.8     19.5   ±0.7 
 Myctophum punctatum           6     3.4   −19.0   ±0.3        7.9     ±0.4     18.9   ±0.9 
 Scomber colias                           6     3.9   −18.8   ±0.5        8.6     ±1.2     17.7   ±0.5 
 Trachurus picturatus                6     3.3   −18.4   ±0.4       10.5   ±0.3     17.8   ±0.5

Table 4. Framework prey samples from the Azorean food webs with sample size,  
trophic position (TP), and stable isotope analysis results (mean ± SD)

Fig. 3. Tope δ13C, δ15N, and δ34S values by (A–C) size and (D–F) life stage. (A–C) Circles represent males and triangles repre-
sent females, with colours corresponding to different life stages. Dashed vertical lines: life stage intervals; (D–F) Bar: median;  

box: 25th–75th percentile; whiskers: max./min. 1.5× IQR above/below box; dots: outliers. YOY: young-of-the-year
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tope differences among sizes and life stages than 
tope, with small de creases in δ15N and δ34S with size 
(Mann-Whitney U-test δ15N: U = 234, p < 0.01; δ34S: U 
= 229, p < 0.05; Fig. 4). The sexes of both species 
showed no difference in CNS isotopes PERMANOVA 
models (Table 5), nor was there a significant differ-
ence of patterns between years (Table 5). 

To assess the isotopic niche characteristics of the 2 
species and across the life stages, SEVB and respective 
overlap probabilities were calculated. Overall SEVB of 
both species had a similar volume with a high overlap 
(≥44%) but ellipse volumes and their respective over-
lap differed substantially among different life stages 
(Figs. 5 & 6). In tope, juveniles had the smallest and 
adults had the largest SEVB. Smooth hammerhead YOY 
had a smaller SEVB (3.8) than juvenile smooth hammer-
head (5.9). The overlap probabilities of isotopic niche 
volumes between the different life stages, both intra 
and inter-specific, varied between 1 and 49% for SEVB. 
Immature tope (YOY, juveniles, and subadults) had 
higher overlap between each other (12–42% SEVB 
overlap) than with all smooth hammerhead (1–27% 
SEVB overlap). Overall, the niche overlap was particu-

larly low between younger (YOY and juveniles) and 
adult tope (2–7%), and young tope with the 2 imma-
ture smooth hammerhead life stages. Immature tope 
(YOY, juveniles, and subadults) had low overlap with 
smooth hammerhead YOY (1–5%) but an increasing 
overlap with hammerhead juveniles as size increased 
(4–27%). Adult tope had the broadest niche, overlap-
ping more with smooth hammerhead, particularly 
YOY (41%), than with im mature conspecifics (1–5%). 

4.  DISCUSSION 

The present study provides the first comparative, 
life stage-resolved study of the trophic ecology of 2 
shark species of high conservation concern, tope and 
smooth hammerhead, with a specific focus on the 
Azores Islands (North Atlantic). The CNS isotope 
analysis of shark muscle provided multi-dimensional 
isotopic niche metrics and the first data of δ34S for 
these species, in turn enabling insights into the re -
source use in coastal habitats of the Azores, where 
both species occur in aggregations. 
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Fig. 4. As in Fig. 3, but for smooth hammerhead
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4.1.  Trophic ecology of tope Galeorhinus galeus 

The stable isotope analysis of tope representing all 
life stages of this species, from YOY to mature 
adults, suggests the relevance of similar (most pro-

bably coastal–benthic) resources overall but also 
significant ontogenetic trophic shifts with increasing 
size. Overall, the gradual increase of isotopic niche 
volumes and δ15N values with size indicated a shift 
from a specialized to a more generalist diet with 
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Fig. 5. Biplots of stable isotope values and Bayesian standard ellipse areas of the different life stages of tope (GG) and smooth  
hammerhead (SZ). YOY: young-of-the-year; JUV: juveniles; SUB: subadults; AD: adults

Response      Effect                    MS                 Pseudo-F                   p                   Effect              MS                Pseudo-F                      p 
                                                   (×10–4)                                                                                             (×10–4) 
 
Tope 
C                        TL                       74.4                    20.54                 <0.001                TL                74.4                    18.61                    <0.001 
                         Year                     11.5                     3.17                     0.09                   Sex                1.7                      0.42                        0.52 
                      TL:Year                  10.3                     2.85                     0.10                TL:Sex             1.3                      0.34                        0.58 
N                        TL                      739.3                   42.57                 <0.001                TL               739.3                   42.22                    <0.001 
                         Year                      0.2                       0.01                     0.96                   Sex                2.2                      0.12                        0.73 
                      TL:Year                  15.4                     0.89                     0.34                TL:Sex             6.2                      0.36                        0.55 
S                         TL                        1.5                       0.29                     0.58                    TL                 1.5                      0.28                        0.61 
                         Year                     11.7                     2.27                     0.14                   Sex                3.7                      0.69                        0.40 
                      TL:Year                   3.7                       0.72                     0.43                TL:Sex             0.1                      0.02                        0.91 
 
Smooth hammerhead 
C                        TL                        1.8                       0.35                     0.58                    TL                 1.8                      0.33                        0.59 
                         Year                     13.6                     2.66                     0.11                   Sex                2.3                      0.43                        0.52 
                      TL:Year                   7.5                       1.47                     0.20                TL:Sex             9.3                      1.71                        0.20 
N                        TL                       45.8                     4.73                    <0.05                 TL                45.8                     5.03                      <0.05 
                         Year                      0.7                       0.08                     0.80                   Sex                0.1                      0.02                        0.91 
                      TL:Year                   1.6                       0.17                     0.59                TL:Sex            20.4                     2.24                        0.13 
S                         TL                       77.0                     7.68                    <0.01                 TL                77.0                     8.36                      <0.01 
                         Year                     27.2                     2.71                     0.14                   Sex               24.8                     2.69                        0.11 
                      TL:Year                   3.5                       0.35                     0.46                TL:Sex            31.4                     3.41                        0.07

Table 5. PERMANOVA results in which each isotope was analysed as a function of total length (TL) in interaction with year and, 
in a separate model, TL as interaction with sex, using 999 permutations and the Bray-Curtis dissimilarity index. Significant  

p-values (p < 0.05) are highlighted in bold
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increasing size. This finding is in line with onto -
genetic dietary shifts reported from other locations 
(Domi et al. 2005, Lucifora et al. 2006, Poiesz et al. 
2021). Here, the transition might reflect the more 
specialised diet and narrower prey diversity access-
ible to juveniles in coastal nurseries, followed by 
larger inter-individual differences as subadults start 
dispersing more, using different habitats and switch-
ing to a more generalist feeding mode (Lucifora et al. 
2006). Closer to the time of birth, however, the 
broader isotopic niche of YOY compared to juveniles 
could be attributed to 2 processes: (1) the maternal 
isotopic influences integrated in neonate tissues, 
reflecting the contrasting ecological niche of adult 
females (Olin et al. 2011), and (2) a still inexperi-
enced foraging mode, with limitations in gape size 
and speed of neonates limiting the access to larger 
and more mobile higher trophic level prey (Stevens 
& West 1997), as supported by the low δ15N values of 
YOY. At the same time, the low isotopic niche differ-
entiation, with comparable CNS distributions and the 
high isotopic niche overlaps among the 3 immature 
tope life stages (YOY, juvenile and sub-adult), in di -
cated a similar resource use before reaching adult -
 hood. The recurrent and aggregated local catches 
(Menezes et al. 2006) and oceanic movements re -
stricted to mature individuals (Thorburn et al. 2019, 
Schaber et al. 2022) suggest that young tope rely on 
the islands’ shelf habitats and local resources for an 
extended amount of time. 

At the onset of maturity, we identified a pro-
nounced ontogenetic shift along with the consistent 
absence of male tope above 150 cm TL on coastal 
longlines. We thus propose that in the Azores, tope 
undergo an ontogenetic diet and habitat shift around 
this size, probably concomitant with sexual segrega-
tion (as found in Argentinian populations; Lucifora 
et al. 2006). The elevated δ13C, typically associated 
with a more coastal or demersal diet (Table A2), 
together with the increasing δ15N, indicate that 
mature females do not rely on a pelagic diet but 
rather the consumption of diverse, potentially 
deeper, high trophic level prey, as observed in other 
studies (Davenport & Bax 2002, Domi et al. 2005, 
Botto et al. 2011). It is likely that females had been 
relying on this prey for at least several months 
before being captured, given the prolonged turnover 
time of elasmobranch muscle isotopes (>1 yr; Logan 
& Lutcavage 2010, Kim et al. 2012). 

Our results contradict the 2 previous studies of 
tope diet composition in the Azores (Morato et al. 
2003, Torres et al. 2014), which found large propor-
tions of different small pelagic species. However, 
both studies are limited by inherent biases: Morato 
et al. (2003)’s stomach content analysis samples were 
taken in a sampling period of unusually high abun-
dances of Capros aper (P. Afonso pers. comm.), 
identified as the most important prey item (index of 
relative importance: 93.2%). Torres et al. (2014) com-
pared the CN stable isotope values of prey samples 
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Fig. 6. Tope and smooth hammerhead life stage Bayesian mean ± SD standard ellipse volumes (SEVB) and the Bayesian SEVB  
overlap probabilities of each row group with respective column groups. Number size: proportional to probability
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from a different ecosystem from Colaço et al. (2013) 
to tope samples taken 3–4 yr later. While the mixing 
models converged, these results should be con-
sidered with care as there was no way to account for 
potential baseline differences and no inclusion of 
coastal or benthic prey sources. By contrast, our re -
sults agree with those from other parts of the world 
(see Table 1), indicating that immature and adult 
female tope have a more mixed diet, possibly 
composed of both coastal and demersal prey (Luci-
fora et al. 2006, Gonzalez-Pestana et al. 2021, Biton-
Porsmoguer 2022), also around oceanic islands. 

4.2.  Trophic ecology of juvenile smooth 
 hammerhead Sphyrna zygaena 

After the recent identification of a smooth ham-
merhead nursery area on the north coast of Faial 
Island (Afonso et al. 2022), this study reveals the first 
in sights into their trophic ecology and provides 
baseline isotope data for YOY and juveniles. Smooth 
hammerhead YOY isotopes are, like tope YOY, pro-
bably influenced by maternal isotopic signatures. 
The identified enriched δ15N and δ34S values of YOY 
fit the isotope signatures expected for adult females 
oc cupying oceanic habitats and feeding on a high 
trophic level diet (Ebert & Stehmann 2013). By 
contrast, juveniles presented the lowest δ34S values 
of the entire study, typically associated with coastal 
or demersal forging (Peterson & Fry 1987, Connolly 
et al. 2004). In the Azores, however, the organic 
matter and freshwater runoff that normally causes 
the coastal signature with low δ34S values (Fry & 
Chumchal 2011) is low (DROTRH 2006), potentially 
resulting in δ34S signatures principally reflecting the 
benthic versus pelagic foraging component (similar 
to the findings of Szpak & Buckley 2020). The telem-
etry data of Afonso et al. (2022) and a recent mercury 
stable isotope study of Besnard et al. (2023) offer 
further hints supporting demersal foraging: tagging 
information of the same specimens and size range 
analysed here (Afonso et al. 2022) found most of 
them to perform night-time migrations towards 
further offshore but also significantly deeper waters 
over the shelf while sustaining high activity levels 
that are usually associated with foraging (Speed et 
al. 2010). In the Pacific, Besnard et al. (2023) ident-
ified a coinciding shift to deeper prey resources, 
interpreted as increased meso pelagic predation. The 
low δ34S signatures across juveniles of <160 cm TL 
in our study could be caused by a diet shift to deeper 
prey; however, contrary to the interpretation of 

Besnard et al. (2023), we speculate that it could be 
related to predation on non-planktonic, primary-
production-based food chains, possibly demersal 
prey (Table A2). Our overall results for smooth ham-
merhead (minor decreases in δ15N, increase of iso-
topic niche) are in line with stable isotope analysis 
studies of comparable size classes from Pacific popu-
lations (Ochoa Díaz 2009, Loor-Andrade et al. 2015). 
The persistently low δ34S of large juveniles with a 
high degree of residency (Afonso et al. 2022) adds to 
the growing body of evidence suggesting an onto-
genetic shift to offshore habitat with a pelagic diet 
for animals larger than 160 cm TL. 

4.3.  Niche partitioning of tope and  
smooth hammerhead 

Even though tope and smooth hammerhead use 
overlapping habitats in several coastal regions of the 
globe (Smith & Benson 2001, Watson 2013, Gonzalez-
Pestana et al. 2021), only one study has briefly com-
pared the general isotopic niches of tope and smooth 
hammerhead in the Pacific (Alfaro-Cordova et al. 
2018). The authors found some evidence of poten-
tially overlapping isotopic niches, yet the unbalanced 
sample size, sampling locations, and lack of informa-
tion on movement ecology impeded further infer-
ences. In the Azores, we found a considerable isotopic 
niche overlap of the 2 study species. Around the 
islands, the catch of both species on the same long-
lines along with common sightings of both sharks on 
coastal baited remote underwater videos (BRUVs) (D. 
Das et al. unpubl. data) further underline the overlap-
ping habitat use of tope and smooth hammerhead. A 
closer look at the isotopic patterns by size provides 
first insights into potential niche partitioning mech-
anisms, with ontogenetic isotope shifts and size-
dependent interspecific isotopic niche overlap. 

The similar isotopic niche space occupied by imma-
ture tope (YOY to subadults) and significant differ-
ences from both the adult conspecifics and smooth 
hammerhead indicated that young tope occupy a dif-
ferent ecological niche. While the δ13C differences 
alone could be explained by the occupation of a dif-
ferent habitat, the ca. 1.5‰ differences in δ15N were 
probably associated with a lower trophic level diet 
than adult tope and smooth hammerhead. Small tope 
were most commonly found by 60 m deep BRUVs in a 
local study, while smooth hammerhead appeared al-
most exclusively above 60 m (D. Das et al. unpubl. 
data). Telemetry data from the Azores and abroad 
support the predominant use of surface waters of ju-
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venile smooth hammerhead (Francis 2016, Santos & 
Coelho 2018, Afonso et al. 2022), while tope have 
mostly been tracked to remain close to the seafloor 
(Rogers et al. 2017, Thorburn et al. 2019). We thus in-
terpret the isotopic signatures to reflect partitioning 
of habitat on a vertical, and to a lesser degree, hori-
zontal scale, associated diet, and trophic level. Such 
size-dependent spatial segregation and niche parti-
tioning as indicated here has been found in other 
shark EFHs (Guttridge et al. 2012). By using a differ-
ent habitat than other larger sharks, young sharks not 
only decrease the risk of predation but may also re-
duce potential inter- and intra-specific interactions 
and thus in crease the potential for feeding opportun-
ities (Heit haus 2007). For YOY and juvenile smooth 
hammerhead, on the other hand, our study provides 
little evidence of such partitioning, with a large iso-
topic niche overlap with adult tope hinting at the oc-
cupation of a similar habitat and/or diet. D. Das et al. 
(unpubl. data) found evidence of this co-occurrence 
using experimental pelagic longlines, with adult tope 
females being caught more frequently alongside ju-
venile smooth hammerhead. While it is unlikely that 
these life stages of the 2 species are competing for the 
same trophic resources given their differences in size, 
the spatial overlap of large tope may represent in-
creased predation risk for the smaller smooth hammer-
head. Predation among sharks is common (Wether -
bee et al. 2012), and tope have been found to feed on 
other chondrichthyans including small sharks (Luci-
fora et al. 2006). Stomach content analyses or faecal 
DNA metabarcoding of adult tope could provide 
valuable insights to clarify this potential predation on 
the local smooth hammerhead. 

4.4.  Prey samples and predator–prey mismatch 

The overall isotopic gradients of δ13C and δ15N of 
the selected prey were consistent with the patterns es-
tablished in the wider literature: in particular, pelagic 
fishes displayed enriched δ13C values compared to 
coastal and demersal species. Furthermore, high 
trophic level species (e.g. Pagellus bogoraveo) ex-
hibited more elevated δ15N than species with lower es-
tablished trophic positions (e.g. Macroramphosus 
gracilis). However, this first analysis of δ34S in the 
Azores did not reveal any patterns between the differ-
ent ecosystems based on the represented prey species. 
This is surprising, as S has been shown to commonly 
discriminate different primary producers to a higher 
degree than C and N (Connolly et al. 2004). Another 
unexpected result was the observed prey–predator 

mismatch after correcting prey samples with literature 
DTDF values. Both findings could be caused by sev-
eral non-exclusive confounding effects offering les-
sons for future studies: (1) missing prey sources, (2) in-
correct DTDFs, (3) isotopic baseline shifts between 
sampling dates, and (4) different isotopic gradients 
between local ecosystems. 

As to point (1), the limited information about the 
diet of both sharks locally increases the possibility 
that the opportunistically collected prey did not cap-
ture the necessary isotopic spectrum to properly as-
sess the isotopic contribution of the different sources. 
Given the isotopic mismatch, the missing prey are 
likely obligate coastal or demersal species such as 
benthic cephalopods, malacostraca, or deeper demer-
sal species such as Capros aper. Concerning point (2), 
the variety of factors influencing stable isotope 
DTDFs, including taxonomy, dietary quality, tem-
perature, and growth rate (Trueman et al. 2005, 
Barnes et al. 2007, Caut et al. 2009), continues to con-
found the interpretation of predator–prey isotopic 
overlap and resulting mixing models (Stephens et al. 
2022), with the few controlled laboratory experiments 
of sharks providing conflicting experimental results 
(Hussey et al. 2012). Even less information is available 
for S DTDFs, forcing studies like ours to draw on non-
elasmobranch values. This reiterates the need for 
further DTDF elasmobranch research, in particular 
for δ34S. Regarding point (3), while the shark stable 
isotope values did not indicate any differences be-
tween years, the slow isotopic turnover of elasmo-
branchs may smooth out temporal baseline changes 
such as upwelling events and seasonal primary pro-
ducer composition changes. The significantly shorter 
stable isotope turnover times of S (Vander Zanden et 
al. 2015) in the prey samples could constitute snap-
shots of the differing primary producer composition 
throughout the sampling period in local ecosystems, 
potentially causing a mismatch between putative 
prey and consumer stable isotope ranges. Finally, re-
garding point (4), oceanic islands such as the Azores 
typically differ from continental areas in species as-
semblage, oceanographic conditions, and meteorol-
ogy, all impacting the ecological drivers behind the 
extent of classically found isotopic gradients (Peter-
son & Fry 1987). As discussed above, δ13C and δ34S 
values in particular might be impacted by the low 
freshwater and organic matter discharge, reflecting 
the underlying primary production sources in a dif-
ferent way than typically assumed (Szpak & Buckley 
2020). Here, a broader study of local isoscapes and the 
underlying isotopic gradients would provide valuable 
information for the interpretation of future studies. 
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Despite these uncertainties, our data provide evi-
dence of ontogenetic shifts and inter- and intra-
species differences in the trophic ecology of these 2 
shark species in the Azores, with implications for 
future conservation efforts. 

4.5.  Relevance for shark conservation  
and EFH designation 

Identifying areas that support essential life stages is 
critical for the conservation of imperilled species 
(Bonfil 1997). The coastal habitat use of tope and 
juvenile smooth hammerhead around the Azores has 
received considerable recent attention (Afonso et al. 
2014, Das & Afonso 2017, Santos et al. 2020), includ-
ing the delineation of a smooth hammerhead nursery 
along the north shore of Faial (Afonso et al. 2022). Our 
study provides insights into the inter- and intraspe-
cific partitioning of the resources of these 2 species 
around the Azores. The results of this study suggest 
that both species share a similar trophic niche but 
partition the re sources on finer ontogenetic scales, 
both between conspecifics and between species. The 
overlap of large tope and YOY smooth hammerhead 
further more hints at potential predation pressure on 
young smooth hammerhead by these larger high 
trophic level tope sharks. As a next step, we call for 
the delineation of priority areas around the islands 
and the determination of principal prey species to 
allow more refined future conservation approaches. 
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Text A1. Linear model of Logan et al. (2008) used for 
the lipid correction of C ratios: 

Δδ13C = β0 + β1 ln(C:NU) 

where Δδ13C is the difference between the carbon isotope 
ratio of urea-extracted tissue and urea and lipid-
extracted tissue (δ13CU – δ13CUL), β0 and β1 are the par-
ameters used for the different samples (given in Table A1) 
and C:NU is the uncorrected elemental ratio between car-
bon and nitrogen of urea-extracted tissue.

Appendix.

Species                                           β0 parameter    β1 parameter             Source 
 
Shark samples                                –7.7 ± 0.8          6.7 ± 0.7       Carlisle et al. (2017) 
Fish and cephalopod samples   –4.8 ± 0.1          4.4 ± 0.1       Logan et al. (2008)

Table A1. Model parameters used for the lipid-correction of δ13C values of muscle  
samples
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Gradients                      References                                                                          Determined primary production isotopic gradients 
 
Coastal–Pelagic         δ13C: Peterson & Fry (1987), Perry et al. (1999)                               Coastal > offshore pelagic 
                                      δ34S: Peterson & Fry (1987)                                                                    Coastal < offshore pelagic 
Demersal– Pelagic    δ13C: Peterson & Fry (1987), France (1995)                                             Demersal > pelagic 
                                      δ34S: Peterson & Fry (1987), Szpak & Buckley (2020)                           Demersal < pelagic

Table A2. Established aquatic isotopic gradients of δ13C and δ34S with relevant references
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