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Geographic trends in otolith δ18O and δ13C provide insights into relevant
spatial scale(s) of population discrimination, and the utility of these
geochemical markers for elucidating the movements, stock structure and
niche breadth in fishes. Otolith δ18O and δ13C of juvenile (age-0/1) tunas
(genus Thunnus) were quantified to characterize regional and global
variation across the Atlantic, Pacific and Indian Oceans. Tunas from
the Atlantic Ocean commonly displayed higher otolith δ18O relative
to individuals from comparable zones (tropical or temperate) in the
Pacific Ocean, and to a lesser degree, the Indian Ocean. Otolith δ18O of
tunas collected at higher latitudes was elevated and more variable, with
temperate tunas (albacore, Atlantic and Pacific bluefin) enriched in otolith
18O relative to congeners in tropical waters (bigeye, blackfin and yellowfin).
Inter- and intra-ocean trends in otolith δ13C were less pronounced, but
tunas collected from several regions in the Atlantic Ocean were generally
enriched in otolith 13C relative to individuals from the Pacific and Indian
Oceans. Niche breadth derived from otolith δ18O and δ13C was often wider
for tunas collected in temperate zones where individuals experience more
variable environmental conditions compared with congeners in tropical
waters.

1. Background
Large pelagic fishes (billfishes, tunas and sharks) are top predators in marine
ecosystems and play important ecological roles by influencing the structure
and dynamics of open-ocean food webs through top-down control [1,2].
Many of these pelagic fishes are classified as highly migratory and com-
monly move long distances, often traversing multiple jurisdictional boun-
daries and/or large marine ecosystems throughout their life cycles [3,4].
Sustainable management of highly migratory species requires data on their
natal origin, migration pathways and population structure as well as extrinsic
drivers influencing spatial displacements. Our understanding of the migra-
tion ecology of top predators in the ocean has increased significantly in the
past few decades through the application of satellite and acoustic telemetry
[4,5], genomics [6,7] and geochemical tags [8,9], with the latter approach
showing considerable promise for retrospective determination of natal origin
and population mixing at the ocean-basin scale [10,11]. Given the demo-
graphic implications of spatio-temporal shifts in distributions in response to
global climate change and other anthropogenic stressors, there is a clear need
to improve our understanding of the population connectivity of pelagic fishes.
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Over the past three decades, research using geochemical tags (trace elements and stable isotopes) in the otoliths (ear
stones) has provided novel insights into the origin and migratory behaviours of true tunas (genus Thunnus) in the Atlantic
Ocean [12–15], Pacific Ocean [16–18] and Indian Ocean [19,20]. In addition, geochemical life history profiles (i.e. chronologies)
across the entire otolith (core to margin) have been used to elucidate age-specific patterns of egress/ingress between different
ecosystems or regions (e.g. shifts from coastal nurseries to offshore foraging areas) [21,22]. Data on the spatial and temporal
complexities of tunas derived from different applications of these natural tags has proven critical to the management of tunas
by international conventions, including the International Commission for the Conservation of Atlantic Tunas (ICCAT), Indian
Ocean Tuna Commission (IOTC) and Inter-American Tropical Tuna Commission (IATTC) [23]. Specifically, the integration of
spatio-temporal distribution data on populations into operational models reduces bias in stock assessments and improves
estimations of biological reference points required to sustainably manage populations of tunas and other species [24,25].

Stable oxygen (δ18O) and carbon (δ13C) isotopes in otoliths are reflective of physico-chemical conditions (e.g. temperature
and salinity) of seawater and diet/metabolic processes, respectively. Both serve as natural geochemical markers [26] that
afford information on the origin and migratory histories of tunas and other highly migratory species [8,27]. Here, we present
data from a comprehensive meta-analysis for otolith δ18O and δ13C values of juvenile tunas collected at the global scale to
characterize inter- and intra-ocean variation of individuals from tropical and temperate waters of the Atlantic, Pacific and
Indian Oceans. Our analysis is based on incorporating otolith δ18O and δ13C values from cross-sectional studies on six species
of true tunas (genus Thunnus spp.); three tropical species (bigeye [T. obesus], blackfin [T. atlanticus] and yellowfin [T. albacares])
and three temperate species (albacore [T. alalunga], Atlantic bluefin [T. thynnus] and Pacific bluefin [T. orientalis]). We first
evaluate whether otolith δ18O and δ13C in juvenile congeners collected from the same region/year display comparable values
to determine whether pooling Thunnus species is appropriate for large-scale regional characterizations. Next, we characterize
regional variation in otolith δ18O and δ13C values and develop isoscapes incorporating data from all three oceans to describe
the spatial resolution of both markers for discriminating individuals from different production zones. Finally, we quantify
the geochemical niche breadth for regional populations of tunas based on otolith δ18O and δ13C values to shed light on niche
dynamics and environmental conditions experienced by juveniles across the three ocean basins. Our basic premise for using this
approach is that variability in environmental conditions experienced by juvenile tunas will influence niche breadth, and thus we
hypothesize that variable or shifting biological (prey) and/or physico-chemical conditions experienced by tuna in a region will
result in a wider niche breadth.

2. Methods
Juvenile (age-0/1) tunas used in this study (n = 1587) were collected from 1998 to 2022 from multiple tropical and temperate
locations in the Atlantic Ocean, Pacific Ocean and Indian Ocean and associated marginal seas (e.g. Mediterranean Sea, Gulf
of Mexico, Sea of Japan, East China Sea) (table 1). Since the aim of this study was to develop a geographic characterization
of otolith δ18O and δ13C for tunas at the global scale, samples were restricted to juveniles to limit the potential for movements
between major geographic zones prior to collection. Our assessment is based predominantly on otolith core material from
age-0 tunas (79%; mean size: 37.1 cm fork length [FL]); however, age-1 individuals were included for albacore and Atlantic
bluefin tuna (mean size: 61.5 cm FL) from areas adjacent or close to presumed nursery areas to expand the spatial coverage of
available data for temperate tunas. Otolith δ18O and δ13C data for tunas includes original unpublished data and data derived
from published studies (electronic supplementary material, table S1). Juvenile tunas were collected from recreational and
commercial fisheries as well as from scientific sampling campaigns, and all collections were performed in accordance with
relevant guidelines and regulations of institutional animal care and use committees.

Sagittal otoliths of juvenile tunas were extracted, cleansed of adhering tissue, rinsed with deionized water (DIH2O) and
stored dry in plastic vials. One otolith from each specimen was selected at random from the pair, embedded in EpoFix resin
(Struers A/S) and sectioned with a low-speed saw to expose the otolith core, following established protocols [13] that were
generally consistent across a wide range of studies. Thin sections were polished until the otolith core was clearly visible, and
the area of the otolith sampled (i.e. micromill path) was described previously [13]. Core material typically represented otolith
material accreted during the first four to six months of life, albeit some variation in drill paths and the fraction of age-0 period
sampled did exist for certain taxa (e.g. Atlantic bluefin [14], albacore [15]). Nevertheless, otolith material was assumed to
provide comparable data for assessing regional variation in otolith δ18O and δ13C even though we recognize that juvenile tuna
may move away from their respective nursery areas during the first year of life.

Otolith δ18O and δ13C were quantified using an automated carbonate preparation device coupled to a gas chromatograph—
isotope ratio mass spectrometer. A large fraction of the samples from all ocean basins was analysed on a Finnigan MAT 252
(Thermo Fisher Scientific, Inc.) at the University of Arizona. Isotope ratio measurements were calibrated based on repeated
measurements of the National Bureau of Standards (NBS). Precision was typically ca ±0.10 (s.d.) and ±0.08 (s.d.) for otolith
δ18O and δ13C values, respectively, and all values are reported relative to the Vienna Pee Dee Belemnite (VPDB) scale after
comparison to an in-house laboratory standard calibrated to VPDB.

Otolith δ18O and δ13C values between species collected in the same region and year(s) were analysed using an analysis of
variance (ANOVA) to determine whether congeners from the same region displayed statistically similar signatures, supporting
the pooling of otolith δ18O and δ13C data from congeners collected in the same locations. Data for paired comparisons of tunas
were available for tropical tunas from three locations: Western Equatorial Pacific Ocean (bigeye, yellowfin), Central Equatorial
Pacific Ocean (bigeye, yellowfin) and Western Atlantic Ocean, Caribbean Sea (blackfin, yellowfin). One location in the Northeast
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Atlantic Ocean was available for contrasting temperate tunas (albacore, Atlantic bluefin). Paired comparisons of tropical tunas
in all three locations were limited to age-0 tunas to limit the influence of movements on resulting δ18O and δ13C values for
collections from the same location. Age-1 (12+ months) individuals were also included in a paired comparison of temperate
tunas (albacore, Atlantic bluefin) from the Northeast Atlantic Ocean (Bay of Biscay) because age-0 individuals of both species in
temperate nurseries are uncommon.

Otolith δ13C data were adjusted for observed temporal shifts reported in previous studies, most notably the Suess effect that
has resulted in a significant depletion of atmospheric 13C and other carbon reservoirs (e.g. oceans) due to increased carbon
dioxide (CO2) emissions, resulting in reductions in seawater and otolith δ13C content [28–30]. It is important to note that while
the Suess effect is assumed to be a primary driver of reductions in otolith δ13C over the period investigated, other factors such
as increasing temperatures or food availability may lead to higher metabolic rates, which will also lower δ13C in otoliths [31].
All otolith δ13C data were standardized to 2022 (age-0 period) for global mapping projections and δ13C Suess adjustments were
based on an observed significant depletion rate of 0.033‰ per year for all age-0 tuna over the period examined (ANOVA p
< 0.001; figure 1). In accordance with other studies reporting temporal variation in otolith δ18O across the years being trivial
[30,32], an insignificant change in otolith δ18O of 0.0004‰ per year was observed for cohorts of age-0 tuna in our sample
(ANOVA p > 0.05), and therefore, no adjustments were made to otolith δ18O values for age-0/1 cohorts of tuna across the period
investigated.

Table 1. Summary of otolith δ13C and δ18O values by region and sub-region for juvenile (age-0/1) tunas (Thunnus spp.) collected from 1998 to 2022 in the Atlantic,
Pacific and Indian Oceans. Species of tuna are denoted as ALB (albacore), ABT (Atlantic bluefin), BET (bigeye), BKT (blackfin), PBT (Pacific bluefin) and YFT (yellowfin).
Codes refer to regions defined in supplemental material (electronic supplementary material, figure S1).

region code primary sub-region N species δ13C s.d. Suess δ13C s.d. δ18O s.d.

Atlantic Ocean

temperate tunas

Northwest Atlantic 1 Mid-Atlantic Bight 89 ABT −8.77 0.52 −9.45 0.52 −1.26 0.31

Northeast Atlantic 2 Bay of Biscay 124 ABT, ALB −8.84 0.69 −9.29 0.64 −0.87 0.24

Mediterranean Sea 3 Balearic, Tyrrhenian,
Aegean Seas

60 ABT −9.48 1.05 −9.94 0.91 −1.07 0.37

tropical tunas

Western Atlantic 4 Brazil 17 YFT −9.57 0.50 −9.80 0.52 −1.69 0.25

Eastern Atlantic 5 Gulf of Guinea, Cape
Verde

232 YFT −9.57 0.50 −9.76 0.52 −1.69 0.25

Caribbean Sea 6 Lesser/Greater Antilles 136 BKT, YFT −9.41 0.65 −9.67 0.55 −1.68 0.29

Gulf of Mexico 7 US waters 69 BKT, YFT −9.80 0.56 −10.08 0.55 −1.70 0.26

Pacific Ocean

temperate tunas

Northeast Pacific 8 California, Washington 19 ALB −8.01 0.44 −8.39 0.42 −1.22 0.37

Northwest Pacific 9 Sea of Japan, East China
Sea

200 PBT −10.44 0.61 −10.71 0.61 −2.50 0.31

tropical tunas

Western Pacific 10 Celebes, Sulu Seas 65 BET, YFT −10.16 0.56 −10.61 0.58 −2.65 0.21

Central Pacific
>18° lat.

11 Hawaiian Islands, Cross
Seamounts

137 BET, YFT −9.78 0.44 −10.27 0.44 −1.91 0.24

Central Pacific 0–
18° lat.

12 Line Islands, French
Polynesia

179 BET, YFT −9.67 0.49 −10.13 0.49 −2.15 0.34

Eastern Pacific 0–
18° lat.

13 Galapagos Islands,
Colombia

53 BET, YFT −10.27 0.54 −10.29 0.53 −2.81 0.30

Eastern Pacific
>18° lat.

14 Mexico, Cabo 41 YFT −9.78 0.55 −10.07 0.53 −2.58 0.40

Indian Ocean

tropical tunas

Western Indian 15 Madagascar, Maldives,
Seychelles

123 YFT −10.32 0.53 −10.44 0.53 −1.87 0.32

Eastern Indian 16 Indonesia (Celebes Sea) 43 YFT −11.13 0.43 −11.26 0.43 −2.56 0.30

total 1587
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Otolith δ18O and δ13C isoscapes were generated in ArcGIS Pro 3.3.2 software, with data visualized as colour-shaded heat
maps using inverse distance weighting (IDW) interpolation and a focal statistics function to create a continuous raster surface
from discrete data points [33]. A 5° × 5° fishnet grid was overlaid on the δ18O and δ13C isoscapes, and the values within each
cell were averaged using a spatial join function. Seawater δ18O data obtained from the global seawater oxygen-18 database [34]
available through the NASA Goddard Institute for Space Studies was also averaged for 5° × 5° cells with matching otolith δ18O
values. Mean values from within 5° × 5° grid cells that contained both otolith δ18O or seawater δ18O values were then used to
estimate differences between the two measures of δ18O. In total, 30 paired 5° × 5° cells with otolith δ18O and seawater δ18O values
were available for further analysis (electronic supplementary material, table S2).

Niche breadth of tunas based on otolith δ18O and δ13C values of individuals was quantified for each of the 16 major
geographic regions sampled (electronic supplementary material, figure S1). Standard ellipse areas corrected for sample size
(SEAc) were estimated using the Stable Isotope Bayesian Ellipses in R (SIBER) package [35] (v. 2.1.9) and used to approximate
niche breadth of tunas from each region. Standard ellipse areas were generated from Bayesian multivariate normal distributions
(based on 10 000 iterations) and reported as incremental Bayesian credible intervals (50%, 75% and 95%) along with the
estimated mode.

3. Results
Overall, differences in otolith δ18O between species pairs of age-0 tropical tunas or age-0/1 temperate tunas in spatially discrete
regions in both the Atlantic Ocean and Pacific Ocean were negligible (figure 2). In paired comparisons of tuna species for
all four geographic sub-regions investigated, mean otolith δ18O values were statistically similar between juveniles (ANOVA, p
> 0.05): Atlantic, Bay of Biscay (albacore [−0.74], Atlantic bluefin [−0.84]), Atlantic, Caribbean Sea (blackfin [−1.73], yellowfin
[−1.71]), Pacific, Hawaiian Islands (bigeye [−1.87], yellowfin [−1.77]) and Pacific, Celebes/Sulu Seas (bigeye [−2.65], yellowfin
[−2.65]). Variation in otolith δ13C values of age-0 tuna between paired congeners from the same sub-region was more noticeable,
with mean differences ranging from approximately 0.3‰ for paired congeners in the Caribbean Sea and Hawaiian Islands
and approximately 0.5‰ between species pairs from either the Bay of Biscay or Celebes/Sulu Seas. Given that otolith δ18O
aligns well with ambient conditions (seawater δ18O) and is typically the most influential stable isotope marker for regional
discrimination of pelagic fishes, our assessment of inter- and intra-ocean variability in otolith δ18O as well as δ13C was based on
pooling congeners from a region to improve overall spatial coverage.

Large-scale inter-ocean differences in otolith δ18O were observed for juvenile (age-0/1) tunas across the three oceans and 16
regions investigated (table 1), with consistently higher δ18O values present for most regions in the Atlantic Ocean relative to
regions in the Pacific Ocean and Indian Ocean (figure 3). Notable intra-ocean differences in otolith δ18O were also observed,
with the most noticeable disparity between tunas from tropical and temperate waters (figure 4A). In the Atlantic Ocean, mean
otolith δ18O values for temperate tunas (albacore, Atlantic bluefin) were relatively similar among the three regions sampled

Figure 1. Otolith δ13C values of age-0 tunas (Thunnus spp.) as a function of year class (birth year) for all geographic locations sampled. Linear regression with a 95%
confidence interval is shown.
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with otoliths enriched in 18O relative to their tropical congeners: Northeast Atlantic (−1.26‰), Mediterranean Sea (−1.07‰) and
Northwest Atlantic (−0.87‰) (table 1, figure 4A). In contrast to tunas collected at higher latitudes, otolith δ18O of tropical tunas
(bigeye, blackfin and yellowfin) in the Atlantic Ocean were markedly depleted in 18O relative to temperate tunas but nearly
identical across all four regions investigated, with mean values only differing by 0.02‰: Gulf of Mexico (−1.70‰), Western
Atlantic (−1.69‰), Eastern Atlantic (−1.69‰) and Caribbean Sea (−1.68‰). In the Pacific Ocean, a similar trend of higher otolith
δ18O values was observed for temperate tunas in the Northeast Pacific for samples collected in the California Current Large
Marine Ecosystem (CCLME) (−1.22‰) relative to mean values for all five collection areas for tropical tunas in the Pacific Ocean
(range: −1.91‰ to −2.81‰). Mean otolith δ18O values of tropical tunas were typically lower for regions in equatorial waters,
including the Western Pacific (Celebes/Sulu Seas; −2.65‰) and Eastern Pacific (Galapagos Islands/Colombia; −2.81‰), while
values increased markedly (i.e. less negative) for tunas collected in the Hawaiian Islands (−1.91‰). Interestingly, mean values in
the Northwest Pacific for a temperate tuna (Pacific bluefin) collected in the Sea of Japan and East China Sea were also depleted
in 18O (−2.50‰) and comparable with values observed for tropical tunas. In the Indian Ocean, mean otolith δ18O values for the
one species collected (yellowfin) were lower in the eastern region (−2.56‰) relative to the western region (−1.87‰).

Inter-ocean variation in otolith δ13C of juvenile tunas was less pronounced among the three oceans, although higher
δ13C values were observed for several regions in the Atlantic Ocean relative to regions in the Pacific Ocean (figure 3).
Intra-ocean trends in otolith δ13C were not as distinct or as consistent as trends observed for otolith δ18O, but an eastern
to western gradient in otolith δ13C was evident for regions in temperate and/or tropical zones in certain oceans (figure
4B). In the Atlantic Ocean, mean otolith δ13C values for temperate tunas (albacore, Atlantic bluefin) between the Northeast
and Northwest regions were nearly identical (raw: −8.84‰ and −8.77‰; Suess-adjusted −9.29‰ and −9.45‰, respectively)
(table 1, figure 4B). In contrast, otolith δ13C of a temperate tuna (Atlantic bluefin) from the Mediterranean Sea displayed
values approximately 0.4‰ lower than the Northeast and Northwest regions in the Atlantic Ocean (raw: −9.48‰; Suess-
adjusted −9.94‰). For tropical tunas (blackfin, yellowfin) collected from four different regions of the Atlantic Ocean, mean
otolith δ13C values were depleted in 13C relative to temperate tunas for both raw (−9.41‰ to −9.80‰) and Suess-adjusted
(−9.67‰ to −10.08‰) values. For temperate tunas in the Pacific Ocean (albacore, Pacific bluefin), otolith δ13C values were
markedly different, with mean values showing greater than a 2.0‰ shift between the Northeast Pacific (raw: −8.01‰,
Suess-adjusted −8.39‰) and Northwest Pacific (raw: −10.44‰, Suess-adjusted −10.71‰). For tropical tunas in the Pacific
Ocean (bigeye, yellowfin), otolith δ13C values varied moderately among the five regions sampled (raw −9.67‰ to −10.27‰,
Suess-adjusted −10.07‰ to −10.61‰), with values depleted by approximately 0.3–0.4‰ relative to tropical tunas sampled
in the Atlantic Ocean. Otolith δ13C for one species of tropical tuna (yellowfin) from the Indian Ocean was higher in
the western region (raw: −10.32‰, Suess-adjusted −10.44‰) relative to the eastern region (raw: −11.13‰, Suess-adjusted
−11.26‰). Both raw and Suess-adjusted otolith δ13C values for tuna from the eastern Indian Ocean indicated that otoliths
from this region were more depleted in 13C than all other regions investigated.

Figure 2. Mean otolith δ18O of juvenile (age-0/1) tunas (Thunnus spp.) collected in four geographic locations in the Atlantic Ocean (blue) and Pacific Ocean (orange).
Paired species from each region were used to determine whether congeners displayed similar otolith δ18O values. Species of tuna are denoted as ALB (albacore), ABT
(Atlantic bluefin), BET (bigeye), BKT (blackfin) and YFT (yellowfin).
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Niche breadth based on otolith δ18O and δ13C values of juvenile tunas and expressed as SEAc was highly variable across
the 16 regions sampled; however, differences between temperate and tropical tunas were observed along with similarities in
SEAc for tropical tunas from different regions within the same ocean basin (figure 5). In the Atlantic Ocean, SEAc values were
typically higher for temperate tunas compared with tropical tunas, and the largest niche breadth was present for individuals
(entirely Atlantic bluefin) collected in the Mediterranean Sea (mode: 0.72‰2). Niche breadth of tropical tunas collected from
three regions in the Atlantic Ocean (Eastern Atlantic, Caribbean Sea, Gulf of Mexico) was narrower and highly similar, with
SEAc modes all within 0.02‰ of each other (0.42‰2 to 0.44‰2). The lowest SEAc for tropical tunas was observed for individuals
collected in equatorial waters off Brazil (0.29‰2), the southernmost region sampled in the Atlantic Ocean. No conspicuous
tropical versus temperate trend in niche breadth was present for regions sampled in the Pacific Ocean, albeit three of the
lowest SEAc (0.30‰2 to 0.42‰2) were observed for regions with tropical tunas (Western Pacific, Central Pacific greater than 18°
latitude, Eastern Pacific 0–18° latitude), with niche breadth in the two other tropical regions in the Pacific Ocean approximately
0.1–0.2‰2 greater. Individuals collected from the western and eastern regions of the Indian Ocean displayed similar SEAc
values (0.36‰2 and 0.32‰2, respectively) that were generally comparable with values observed for tropical tunas collected from
most regions in both the Atlantic Ocean and Pacific Ocean. Interestingly, the degree of natural variability in niche breadth
denoted by the range of Bayesian credible intervals (50%, 75% and 95%) was highest for three regions (Mediterranean Sea,
Northeast Pacific and Eastern Pacific greater than 18°N), and all three comprised a single species of tuna, suggesting that
observed increases in niche breadth were not a function of mixed-species assemblages of Thunnus in a given region.

4. Discussion
Juvenile (age-0/1) tunas from the same regions and collection periods displayed nearly equivalent otolith δ18O values and, to
a lesser degree, similar trends in otolith δ13C values, suggesting that congeners at the spatial scale (i.e. region) investigated
probably resided in these regions for a sufficient period of time to reflect baseline or ambient δ18O and δ13C conditions. Our
findings of comparable otolith δ18O and δ13C values in paired age-0 tropical tunas collected from the same region and time

Figure 3. Fifty per cent confidence ellipses based on otolith δ18O and δ13C values for juvenile (age-0/1) tunas (Thunnus spp.) from the Atlantic Ocean (regions 1–7,
blue), Pacific Ocean (regions 8–14, orange) and Indian Ocean (regions 15,16, green). Description of region codes provided in table 1.

Figure 4. Otolith (A) δ18O and (B) δ13C isoscapes for juvenile (age-0/1) tunas (Thunnus spp.) based on individuals collected (open black circles) in the Atlantic Ocean,
Pacific Ocean and Indian Ocean. Isoscapes derived with inverse distance weighting interpolation and smoothing functions.
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are in accord with other studies reporting similar isotopic signatures between congeners of juvenile fishes that co-occur within
the same ecosystem [18]. Moreover, studies quantifying δ18O and δ13C in other biogenic carbonates have reported comparable
values between congeneric species collected in the same habitat or area [36]. Consequently, results support the premise that
otolith δ18O and δ13C values of co-occurring congeners in the genus Thunnus are ostensibly suitable for developing region-spe-
cific otolith δ18O and δ13C markers that can be used to address questions related to their origin and population connectivity;
however, we recognize that differential residency periods and migration patterns of congeners prior to capture may lead to
greater isotopic variability within a region [22].

Inter- and intra-ocean trends in otolith δ18O values of juvenile (age-0/1) tunas were evident in the Atlantic, Pacific and Indian
Oceans. Tunas from several regions in the Atlantic Ocean commonly display higher otolith δ18O values than counterparts in
tropical and/or temperate zones in the Pacific and Indian Oceans. For juveniles in all three ocean basins, regional variability in
otolith δ18O values was evident, but at the same time, this marker was relatively similar across regions within tropical zones
in both oceans. Observed regional and ocean basin differences in otolith δ18O followed well-established patterns reported for
seawater δ18O [25,34,37]; however, otolith δ18O was approximately 2.3‰ lower than seawater δ18O (based on mean difference
for 30 paired samples in 5° × 5° cells with both otolith and seawater δ18O measurements; electronic supplementary material,
table S2). Analogous to seawater δ18O, otolith δ18O values of tunas generally declined at lower latitudes, with temperate tunas
(i.e. albacore, Atlantic and Pacific bluefin) exposed to lower sea surface temperatures (SST) displaying elevated otolith δ18O
values (enriched in 18O) relative to congeners in tropical waters (bigeye, blackfin and yellowfin). Our finding of depleted otolith
18O with increasing SST from temperate to tropical zones matches a well-documented inverse relationship between SST and
otolith δ18O due to temperature-dependent fractionation [38–40]. The apparent SST-driven, latitudinal gradient in otolith δ18O
for tunas from temperate and tropical regions was observed in both the Atlantic and Pacific Oceans. It is important to note
that physiological effects (kinetic or metabolic) influence temperature-δ18O fractionation, and thus these vital processes may also
influence otolith δ18O, although previous studies suggest that ambient SST largely controls otolith δ18O [41].

Seawater δ18O values are positively correlated with salinity [42,43], and we also observed correlation between otolith δ18O
and salinity within and across ocean basins. Higher salinity and seawater δ18O values are characteristic of regions with higher
evaporation, which disproportionately leaves more of the heavier isotope (18O) in seawater. Conversely, areas with freshwater
inflow (lower salinity) maintain lower seawater δ18O due to freshwater originating from the atmosphere (precipitation) being
isotopically lighter than seawater [26]. At the ocean-basin scale, average sea surface salinity of regions sampled for tropical
tunas in the Pacific Ocean was approximately 2 practical salinity units (psu) lower than tropical waters in the Atlantic Ocean.
Corresponding shifts in region-specific means in otolith δ18O values for tropical tunas followed the expected pattern with
elevated values for tropical tunas in the more saline Atlantic Ocean (−1.70‰ to −1.68‰) relative to the Pacific Ocean (−2.65‰
to −1.90‰). Differences in otolith δ18O of tunas from two marginal seas in the Atlantic Ocean also support this positive salinity-
seawater δ18O relationship, with more positive otolith δ18O values for juvenile tunas from the Mediterranean Sea (ca −1.1‰),
where evaporation and salinity are elevated (mean salinity approx. 38–40) compared with tunas from the northern Gulf of
Mexico (−1.7‰), which is characterized by higher freshwater inflow and lower salinity (mean approx. 34–36). Interestingly, the
Gulf of Mexico and Mediterranean Sea represent critical spawning areas of Atlantic bluefin tuna, and the observed differences
in otolith δ18O between the two marginal seas have been used previously to predict the natal origin and trans-Atlantic migration
patterns of this species [8,24].

To date, studies investigating ocean-scale patterns in δ13C have centred on values of particulate organic matter (POM) as
a proxy for phytoplankton or primary consumers (i.e. zooplankton) [25,44,45]. Characterizations of spatial trends in otolith

Figure 5. Standard ellipse area (SEAc) density plots of otolith δ18O and δ13C for juvenile (age-0/1) tunas (Thunnus spp.) from the Atlantic Ocean (regions 1–7, blue),
Pacific Ocean (regions 8–14, orange) and Indian Ocean (regions 15,16, green). Description of region codes provided in table 1. Regions with tropical and temperate
tunas denoted. Black dots (•) represent the SEAc mode for each region, and shaded boxes represent incremental Bayesian credible intervals from darkest to lightest:
50%, 75% and 95%.
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δ13C values and other biogenic carbonates at the ocean-basin scale are lacking. The development of otolith δ13C isoscapes has
received less attention due primarily to the fact that cosmopolitan distributions of juveniles from a single species or complex
of species are rare. Moreover, resulting δ13C values are not simple reflections of ambient physico-chemical conditions (e.g.
temperature, salinity), but the result of complex interactions among several factors (biological, kinetic and thermodynamic)
[31,46], which limits their ability to serve as region-specific markers. Moreover, seasonal shifts in baseline δ13C values of
producer signatures (i.e. POM) or primary consumers (zooplankton) that transfer organic matter to higher order consumers
(tunas) can change seasonally by 2–3‰ at the same location [47–49], further limiting the value of δ13C for regional discrimina-
tion. We also observed a prominent temporal decline in otolith δ13C values of juvenile tunas (0.033‰ reduction per year) across
the two-decade sampling scheme used in this study, which is attributed to the depletion of atmospheric 13C due to fossil fuel
emissions or the Suess effect [29,30]. Together, these factors complicate the interpretation of otolith δ13C because, unlike δ18O
that is deposited at near equilibrium with seawater, dietary carbon from prey along with dissolved inorganic carbon (DIC)
contribute to the otolith δ13C value [50].

Suess-adjusted otolith δ13C values of tunas followed expected trends at the regional and ocean-basin scales. Specifically, we
observed distinct gradients of increasing otolith δ13C moving from lower to higher latitudes, with otoliths more enriched in
13C for temperate tunas (albacore, Atlantic and Pacific bluefin) collected at higher latitudes with lower SST relative to tropical
tunas in the same ocean basin. Again, decreasing SST moving from lower (warmer) to higher (cooler) latitudes was observed
for tunas, aligning with previous research demonstrating that higher SST resulted in more depleted 13C in phytoplankton
[51,52]. Given that only a small proportion of otolith carbon is derived from the diet, increased metabolic rate driven by
higher SST is believed to play a larger role than SST effects on phytoplankton itself, leading to lower otolith δ13C by increasing
the contribution of dietary carbon to the otolith [31]. Longitudinal trends in both SST and otolith δ13C further underscore
this relationship with the observation that tunas collected from the two regions with the highest average SST [53], Western
Pacific and Eastern Indian Ocean, displayed the lowest otolith δ13C values (approx. −10.7‰) of all regions assayed. Apart
from the temperature-related influence, regions with elevated nutrients and higher primary productivity (i.e. upwelling zones)
are known to show 13C enrichment [25,54,55], elevating baseline values of δ13C in phytoplankton. Similarly, tunas collected in
notable upwelling areas in the Northeast Pacific Ocean off California (CCLME) and the Northeast Atlantic in the Bay of Biscay
were characterized by elevated otolith δ13C values (−8.39‰ and −9.29‰, respectively) relative to juvenile tunas from other
regions sampled within each ocean basin.

Quantification of niche breadth using otolith δ18O and δ13C values of tunas was variable across regions and ocean basins,
but often similar for tunas collected within tropical or temperate zones. We also observed that regions and species found to
have wider niche breadth were often at higher latitudes where individuals probably experienced more variable environmental
conditions. This aligns well with ecological niche theory, where increased environmental heterogeneity or fluctuating environ-
mental conditions experienced by individuals leads to wider niche breadth [56]. Studies have also demonstrated that temporal
variation in environmental conditions experienced by individuals may be a more important determinant of niche breadth than
other spatial factors [57,58]. Therefore, it is reasonable to assume that temperate tunas from higher-latitude ecosystems with
more variable biological and physico-chemical conditions (e.g. SST) may lead to wider niche breadth (larger SEAc) compared
with their tropical tuna counterparts. The estimated niche breadth of temperate and tropical tunas across the 16 regions
supports this premise, with the narrowest observed SEAc present for tropical tunas from several regions, while the two largest
SEAc values were observed for tunas in temperate regions. While increased variability in environmental conditions probably
contributed to increased niche breadth of temperate tunas, it is important to note that our samples in the two regions with
the largest SEAc included age-1 fish. Observed δ18O and δ13C values for certain age-1 fish were based on otolith material that
covered longer lifetime periods (i.e. entire first year of life) and therefore may reflect longer and more variable exposure periods.
We also observed an elevated SEAc for yellowfin tuna in the Eastern Pacific Ocean at latitudes greater than 18°N, and increased
niche breadth for tunas in this region may be due to complex circulation and seasonally variable oceanographic conditions
linked to the convergence of several warm and cold currents in this region (equatorial counter current, California current,
Costa Rica current [59]). Finally, it is plausible to assume that the inclusion of more than one species within a region will
artificially inflate estimated niche breadth based on SEAc; however, all three regions with the highest observed SEAc comprised
a single species of Thunnus, while many regions with lower SEAc comprised more than one species, suggesting mixed-species
assemblages of congeners did not appear to bias our niche breadth estimates.

Despite their promise, caveats and/or limitations are associated with using otolith δ18O and δ13C values to address questions
related to migrations and population connectivity of tunas since they are capable of traversing multiple ecosystems or regions
during the first year(s) of life [10]. Consequently, otolith δ18O and δ13C values of individuals in our samples of over 1500 juvenile
tunas represent integrated values for each fish that reflect both biological and physiochemical conditions or processes across all
regions inhabited during the period of the otolith sampled. Spatial and temporal shifts in the distribution of individuals and
associated changes in ocean conditions at each location further complicate the application and interpretation of otolith δ18O and
δ13C values as region-specific markers for understanding metapopulation structure [14]. Moreover, regions or areas of interest
for a species (e.g. spawning, nursery or foraging zones) may not be distinct geochemically, as demonstrated for regions in both
the tropical Atlantic Ocean (Caribbean Sea and Gulf of Mexico) and tropical Pacific Ocean (Eastern Pacific and Central Pacific
greater than 18°N), limiting the value of δ18O and δ13C for discriminating individuals between certain regions [13,19].
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5. Conclusions
Geochemical markers in otoliths—including δ18O and δ13C—provide valuable information regarding the natal origin, migration
patterns and stock mixing of tunas at the ocean-basin scale. By integrating new otolith δ18O and δ13C data with previously
published data, distinct inter- and intra-ocean trends were detected, and resulting otolith δ18O and δ13C isoscapes will serve
as global baselines for assessing the utility of these natural tags for future investigations of tropical and temperate tunas at
different spatial scales in pelagic ecosystems. Because otolith δ18O and δ13C signatures are reflective of niche parameters (e.g.
resource use, diet and ambient physico-chemical conditions), these geochemical markers also show considerable promise for
exploring the ecological niche dynamics of tunas and other highly migratory species in pelagic ecosystems.
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