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Abstract

:

To clarify potential trans-oceanic connectivity and variation in the natal origin of albacore tuna (Thunnus alalunga) from the southwest Indian Ocean (SWI) and the southeast Atlantic (SA), lifetime otolith elemental signatures were assessed from 46 adults sampled from Reunion Island, and 26 juveniles(group 2+) sampled from two locations along the Atlantic coast of South Africa. LA-ICP-MS analysis was used to assess the multi-elemental composition in B, Ba, Mg, P, Sr, and Zn along the otolith edge (chemical signatures of the capture area), but also near the otolith primordium (spawning origin) and in an area located at 1400–1600 µm from it (nursery origin). Two groups of distinct near-primordium multi-elemental signatures, denoting potentially discrete spawning origins (SpO), were identified using hierarchical clustering. Each of the two SpO was found to contribute to the albacore stocks from all the areas sampled, suggesting a common spawning origin in some fish from the SWI and from the SA, and complex migrations between the two oceans. Three potentially discrete primary nursery sites were identified, each contributing to SA juvenile and SWI adult capture sites differently. The timing for the trans-oceanic movements observed for each albacore capture zone and its implications for local stock management are discussed.
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Key Contribution: Otolith multi-elemental compositions indicate connections between albacore tuna stocks from the Indian and Atlantic Oceans at the larval and juvenile stages.










1. Introduction


Understanding the population structure and connectivity between stocks in exploited fish species is essential for marine conservation and sustainable fishery management [1]. This is particularly true for large pelagic fish like tunas, which are often caught worldwide and are likely to travel to various parts of the world’s ocean during their life cycle, with individuals regularly crossing maritime national management boundaries and connecting distant regions of the globe [2,3]. Thus, the albacore tuna (Thunnus alalunga, Bonnaterre, 1788) is a ubiquitous, highly migratory species found throughout tropical, subtropical, and temperate regions of the world’s oceans. Commercial catches of the species represented around 5% in weight of the global tuna catches in 2019 [4]. They are currently assessed and managed as six stocks: two in the Pacific Ocean (north and south Pacific), three in the Atlantic Ocean (north and south Atlantic, and the Mediterranean Sea), and one in the Indian Ocean. Since the 1990s, however, larval, genetic and morphometric studies on albacore tuna in the Indian Ocean have suggested the existence of at least two distinct local populations: the west Indian Ocean population and the east Indian Ocean one, separated by the 90° E longitude meridian [5,6,7].



The west Indian Ocean population of albacore tuna is essentially fished between 20° and 90° E and from ~5° N to 40° S. Spawning in this population is thought to predominantly occur between 15° S and 25° S [8,9,10] from October to January [11], in areas with temperatures above 24 °C, identified based on the examination of adult females with ripe ovaries. Little is known concerning spatial distribution during the larval and juvenile phase up to 40 cm, as the fish only appear in fishing nets at this size. However, a separation of mature, spawning, and immature albacore tuna life stages has been found, roughly coinciding with the boundaries of the two oceanic current systems in the south Indian Ocean: the subtropical gyre between 10° S and 30° S, and the Circumpolar Current south of 30° S [12,13]. Adults are predominantly fished between 10° S and 25° S, where they perform seasonal north–south movements, while immature fish are predominantly caught in areas south of 30° S [11,13,14,15]. Since the 1970s, various authors have stressed that fishing statistics argue for a link between the populations of the west Indian Ocean and that of the south Atlantic [6,16], off the South African coast. Thus, the possibility that the albacore tuna present in South African waters in the Atlantic Ocean originate from the south-west Indian Ocean (SWI), and are therefore part of the west Indian Ocean stock, and vice-versa, is increasingly considered by the Regional Fisheries Management Organisation (RFMO) [17,18]. Determining the potential links between SWI albacore tuna (sub-)populations and the Atlantic Ocean stocks is key for improving management measures across fishing zones.



Genetic studies are generally used to assess the structuring of fish stocks, by studying genetic diversity within populations to deduce the level of connectivity between them [19]. In the case of T. alalunga tuna stocks fished in the south Atlantic and in the SWI, results vary according to the genetic approach used, with some studies indicating a global genetic homogeneity [20,21] while others point out a certain level of heterogeneity and structuring between them (e.g., [15,22]). The latest published genetic study suggests an exchange of individuals between the southern Atlantic Ocean and the SWI [23], in line with previous results from a blood group analysis of the species [24] and a multidisciplinary approach including morphometry, genetics, and larval drift modelling [15]. However, many unknowns remain regarding the importance of these potential exchanges and when they occur during the species’ life cycle. Otolith microchemistry can be used to fill in these knowledge gaps and advance our understanding of the spatial dynamics of albacore tuna, including during early life stages, which are particularly challenging to capture and track at sea.



Over the last few decades, otolith microchemistry has proved to be a very powerful tool for assessing the life-cycle migrations and population structure of marine fish [25,26,27]. The method is based on the observation that changes in the environment encountered by the fish during their lifetime are recorded in the successive layers deposited daily in their otoliths, mostly as changes in multi-element chemical signatures [28,29,30,31]. Variations in chemical signatures within fish otolith can, therefore, provide a unique perspective on the lifetime migration history of individual fish, as well as valuable insight into the timing of stock mixing, based on the selective analysis, for all fish, of otolith parts corresponding to each life stage. Since the use of otolith microchemistry for fish geolocation assumes that the chemical characteristics of environments remain relatively stable over time [31], which is rather difficult to validate across oceans, most studies using otolith microchemistry at this wide spatial scale are based on comparison/differentiation between the multi-element signatures of different fish groups and the inference of the associated environments [32]. Despite this limitation, the approach has allowed the successful identification of the natal origins, population structure, and movements of a wide variety of large pelagic fish, including tunas [33,34,35,36].



Here, we analysed the multi-elemental composition of varied parts of the otoliths of albacore tunas from both the southwest Indian Ocean (SWI, Reunion Island) and the southeast Atlantic (SA, two sites off South Africa) to improve our current understanding of the connectivity between these oceanic regions. More specifically, our aims were to (1) test whether otolith chemical signatures for each capture site could be used as a baseline for differential fish geolocation, (2) compare the chemical signatures of both larval and juvenile otolith parts for all fish to investigate the number of spawning and nursery areas in the global fish sample and their respective contribution to T. alalunga captures in each ocean, and (3) identify the life stage(s) where transoceanic exchanges occur. This detailed information on the connectivity between T. alalunga SA and SWI stocks is urgently needed for effective and sustainable management of the fisheries for this species in both oceans.




2. Material and Methods


2.1. Sampling


Among the 72 albacore tuna otoliths included in this study (Figure 1 and Table 1), 46 were collected around the French Reunion Island in the SWI during three sampling periods: February 2018 (n = 13), May 2018 (n = 13), and December 2018 (n = 20). The remaining 26 samples were collected in the southeast Atlantic Ocean in March–April 2018, at two sites along the shores of South Africa (SA): off Saldanha Bay on the West Coast (SA-N, n = 13), where water masses are mainly under the influence of the Benguela current (which flows northwest along the west coast of South Africa), and south of Hout Bay (SA-S, n = 13), which is a Cape Town fishing harbour located farther south in proximity to the Cape peninsula. Throughout the paper we will refer to these five combinations of sampling sites and periods as “sampling events” (Table 1).



Fish were collected from longline (SWI) and baitboat (SA) fleets and ranged from 63 to 116 cm in size (fork length, FL, Table 1). They spanned multiple age-classes and life stages. Given the length at 50% maturity for females has been estimated at 85 cm FL [11] and at 90 cm [38,39], the South African specimens (63–85 cm FL) were mainly immature individuals of 2–5 years of age (referred to as juvenile in the paper), while the SWI specimens were all adults (96–116 cm FL) above 7 years old [37] (Table 1).




2.2. Otolith Preparation


All materials for otolith handling, preparation, and analysis were decontaminated in 4% ultrapure nitric acid baths, rinsed with ultrapure (18.2 MΩ·cm) water, and dried under a Class 100 laminar flow hood. For each individual fish, the left sagittal otolith was cleaned from adherent tissues, rinsed with distilled water, then sonicated for 5 min in ultrapure water and dried under a laminar flow hood. It was then embedded in epoxy resin (Araldite® 2020), polymerised in an oven at 35 °C for 24 h, and transversal sections (1 mm thick on average), including the nucleus, were made using a precision saw (Bluehler®,Leinfelden-Echterdingen, Germany, Isomet 1000). The posterior face of each otolith section was polished using 1200, 2400, and 4000 grit dry abrasive papers until the nucleus was exposed. The sections were then sonicated for 5 min in ultrapure water, dried under a class 100 laminar flow hood, and attached to a clean microscope slide for further processing.




2.3. Trace Element Analyses


Element concentrations in the otoliths were measured using Laser Ablation ICP-MS (LA-ICPMS, Thermo Fisher, Dreieich, Germany—Element2 XR coupled to a Lambda-Physiks Miami, Miami, FL, USA, CompEx 102, 193 nm long pulse laser) at the AETE-OSU OREME laboratory of the Montpellier University (France). For each otolith, the concentrations were measured along a transect (line scan) from the nucleus to the edge. A pre-ablation (pulse rate 4 Hz, energy 15 J cm−2, speed 20 µm s−1, and spot diameter 80 µm) was used to clean the otolith surface along the transect analysed before each measurement (pulse rate 7 Hz, energy 15 J cm−2, speed 15 µm s−1, and spot diameter 50 µm). The samples were randomised in the analytical order. The signal-to-noise ratios were maximised for the isotopic mass range from Mg to Ba, while the oxide production rate was tuned to ≤0.5% UO2 (254UO2/238U). For external calibration and machine drift correction, a glass reference material (NIST 612—National Institute of Standard and Technology, Gaithersburg, MD, USA) was analysed at the beginning and at the end of each session (two replicates), and after every 5 samples. Another reference material (MACS 3, United States Geological Survey, Lakewood, CO, USA) was analysed at the beginning and end of each session to assess machine accuracy and quality control. The concentrations used are those given by NIST-612 and MACS-3 certified values. For Phosphorus, the reference values used are those published by Jochum et al. [40], available on the Max Planck Institute for Chemistry website: http://georem.mpch-mainz.gwdg.de, accessed on 3 December 2023. To remove residual sample gas that could interfere with the analysis, the laser chamber was purged for 1 min before each transect analysis. For each analysis, we applied 30 s of blank measurement with the laser turned off, a maximum ablation time of 3 min depending on the size of the otolith, and 30 s of washout. Sixteen chemical elements were measured: 7Li, 11B, 24Mg, 31P, 43Ca, 52Cr, 55Mn, 65Cu,66 Zn, 86Sr, 89Y, 138Ba, 139La, 140Ce, 141Pr, and 208Pb. Calcium 43Ca was used as the internal otolith standard, and results were given as ratios to Ca, assuming 38.3 wt % Ca in all otoliths. All raw data were processed using the elementR package for R [41], allowing simultaneous calculations of concentration (ppm) for all chemical elements, correction for potential machine drift, and realignment. Out of the 16 elements measured, only seven (11B, 24Mg, 43Ca, 31P, 86Sr, 66Zn, and 138Ba) were above the detection limits and retained for further analyses. Relative standard deviations (RSD in %) based on replicate measurements of the MACS 3 standard reflect the level of precision achieved for each of these seven elements, which ranged from 3% (Sr) to 10% (P). The selected elements are commonly used in otolith microchemistry studies [42,43].



Elemental ratios in the otolith core can be affected by egg yolk composition [44,45,46]. Consequently, the value centred on the otolith primordium was removed from our analyses to avoid any maternal influence on otolith composition (first 10 µm of the transect). Continuous transect analysis provided overlapping analysis points as a function of laser speed. Each data item corresponded to an acquisition time, which was transformed into a distance as a function of the laser’s speed of advance over the otolith. We used the average of tree adjacent non-overlapping points after the first 10 µm. Thus, the area between 10 and 160 microns after the primordium (or ‘near-primordium’ signature) was chosen to reflect fish spawning origin(s), i.e., the characteristics of the water mass(es) encountered during the first weeks of larval drift at sea (Figure 2). This represents the approximate deposition of material corresponding to 15 days of the individual’s life [36,47,48,49]. The last point of the transect was chosen to reflect the signature of the fish final capture area (‘edge’ signature). It is identified by the point before an abrupt drop in the calcium signal and represents a 50 µm zone corresponding to a lifespan of between 1 and a few months. Given the different sizes and ages of adults and juveniles, the time periods sampled by a laser point are different, but correspond to durations of the order of months. As the sizes are comparable, the otolith edges sampled at the 2 South African sites are similar in terms of lifespan. A third location was investigated, the average of the non-overlapping points over the 1400–1600 µm zone (on the transect line) from the nucleus was intended to reflect the juvenile nursery grounds of each fish (or ‘nursery’ signature). This area on the otolith was chosen based on the maximum transect length analysed with the LA-ICPMS on the otoliths of 20 albacore tuna yearlings collected in 2019 around Tasmania (FL = 45–50 cm, M. Labonne unpub. data).




2.4. Statistical Analyses


Differences in otolith signatures between fish natal and primary nursery origins, and between their final capture areas were investigated separately, using the multi-element signatures from the ‘near-primordium’, ‘nursery’, and ‘edge’ areas of the otoliths, respectively. The three SWI sampling events were processed together to maximise variation in capture zone signatures.



For all datasets, the data were scaled and centred, and a Principal Component Analysis (PCA) using the R package FactoMineR was performed to identify the main chemical elements responsible for data separation (elements contributing to more than 20% for any of the dimensions retained). The “near-primordium” and “nursery” signatures in these key elements were then used separately to identify the most likely number of spawning origins and nursery locations in our samples. In both cases, agglomerative hierarchal clustering (Ward’s method) was performed to identify the number k of separate fish groups with distinct otolith signatures (clusters) in the data. To evaluate the stability of the clusters, the clusterboot function (R package fpc) was used. It allows to resample the data (500 times replacement), perform Ward’s hierarchical clustering on the resampled datasets, and calculate the Jaccard similarities of the original clusters to the most similar clusters in the resampled datasets. The mean of the Jaccard similarities was used as an index of the cluster stability in each case, with values > 0.85 indicating highly stable clusters, values between 0.6 and 0.75 indicating patterns in the data, but with large uncertainty in individual assignments of samples to clusters, and values < 0.5 indicating “dissolved” (indistinguishable) clusters. Lastly, a combination of univariate and multivariate statistical tests was used to investigate the differences in single and multi-element signatures among capture locations and potential spawning or nursery origins. For each element, the data were checked for normality and homoscedasticity using Shapiro–Wilk and Box M tests, respectively. As the assumptions for normality and homoscedasticity were not met for all elements, a PERMANOVA test was first performed, followed, when relevant, by separate Kruskal–Wallis tests or Wilcoxon tests for each element. All statistical analyses were performed using the R software version 3.6.0 (R development Core Team, 2019) using p < 0.05 as the threshold for statistical significance.



To investigate connectivity among fishing areas and oceans, individual lifetime migration profiles and their diversity were investigated for each sampling site, by compiling the successive habitats identified by the multi-elemental signatures recorded in the larval and early juvenile sections of each otolith. This allowed us to assess the respective contribution of each spawning origin and primary nursery site to each final capture area or event.





3. Results


3.1. Capture Location Signatures


The first two dimensions of the PCA explained 60% of the total variation in otolith edge signatures (Figure 3), which were driven by differences in all the elements analysed (B, Mg, P, Sr, Zn, and Ba). However, B and P were the main drivers of the discrimination in dimension 1 and Ba and Sr in dimension 2. The chemical signatures recorded just before capture in the otolith were different (PERMANOVA, p < 0.05) for all three capture locations, although some overlap was observed between locations.



Edge signatures differed significantly (p < 0.05) between the adult fish sampled in SWI and all the fish sampled in South Africa (irrespective of the site), with SWI samples being significantly enriched in Ba, Sr, and Mg (Figure 4). For the fish captured in South Africa, the edge signatures differed (p < 0.05) according to the capture site, with significantly higher values of B and P in the fish from SA-N (Figure 4).




3.2. Fish Spawning Origin


The first two dimensions of the PCA explained 57.2% of the total variation in otolith near-primordium signatures (Figure 5a). Among the elements successfully measured in otolith near-primordium, only Sr, Zn, B, and P significantly contributed to inter-individual variation in near-primordium signatures and were retained for the further investigation of fish spawning origins.



The hierarchical clustering based on the signatures of these four elements (Sr, Zn, B, and P) identified two clusters of fish with potentially distinct spawning origins (SpO) (Figure 5b). The mean Jaccard similarity values of these two SpO were >0.85, with 2% as a maximum of variance, indicating they were highly stable.



Larval multi-elemental signatures significantly varied between the two clusters (PERMANOVA, p = 0.05). In particular, the fish from SpO-1 had higher near-primordium values in B and P than those of SpO-2 (Figure 6).



Overall, SpO-2 was the main spawning source (65%) for all the individuals sampled (Table 2). However, the proportion of fish belonging to the two SpO differed by site, but also by sampling date, representing 15% and 100% of the fish analysed, depending on the sampling event (Table 2). More specifically, most fish sampled from SA-N (83%) and from SWI in February (85%) originated from SpO-1, whereas the majority of fish sampled from SA-S (85%) and from SWI in May (92%) and December (100%) originated from SpO-2 (Table 2). As a result, SpO-1 was mainly composed of juveniles from SA-N and adults captured in February in SWI, and SpO-2 mostly comprised juvenile fish from SA-S and adults captured in May and December in SWI (Figure 5b).




3.3. Fish Nursery Origin


Otolith multi-elemental signatures for past nursery ground signature overlapped in our fish (Figure 7a). The two first dimensions of the PCA explained 57.1% of the total variation in chemical signatures at this stage of life, the first one being mainly driven by B and P, and the second one by Sr and Ba.



Hierarchical clustering on the signatures in these four elements identified three distinct clusters of individuals, with potentially distinct “Nursery site” (N) signatures, among the fish analysed (Figure 7b). The mean Jaccard similarity values for these three clusters ranged from 0.73 to 0.80 with 14% as a maximum of variance, indicating relatively stable clusters despite the large area sampled on the otoliths.



N1 had significantly higher signatures in B and P (p < 0.05) than the two other potential Nursery sites (Figure 8), and multi-elemental signatures most resembling those of SpO-1 (Figure 6) and the SA-N capture site (Figure 4). It was identified as the nursery site for most of the fish captured in SA-N (77%), but only for 23% of those captured in SA-S (Table 3). Moreover, 38% of the adult fish captured in the SWI in February (and 10% in December) apparently had spent their first year of life in waters with this signature. The N2 signature was significantly enriched in Ba and Sr (p < 0.05) compared to others, and was identified as the nursery site for most of the fish sampled in this study (44% in total and between 15–70%, depending on the sampling event) (Table 3). N3 was characterised by the lowest concentrations in all chemical elements and was identified as the nursery site in only 26% of the total number of fish investigated, with percentages ranging between 0 and 50%, depending on the sampling event.




3.4. Lifetime Migrations


Otolith signatures indicated a wide variety of lifetime migration strategies in the albacore tuna investigated. In terms of larval connectivity, N1 was mainly found to be supplied by SpO-1 (76%), while N2 (72%) and N3 (100%) were mainly fed by SpO-2 (Table 4).



However, migration patterns between the albacore stocks in the SWI and SA regions were far more complex when including juvenile and sub-adult movements. Surprisingly, out of the six possible migration patterns identified in our analyses, only five were observed (Table 5). Indeed, Strategy 3 was not followed by any of the 72 individuals analysed, suggesting that there is no or very limited connectivity between SpO-1 and N3.



The least common migration pattern was Strategy 4 (7% of the fish), involving a successive use of SpO-2 and N1. Conversely, the most common pattern observed (32% of the fish) was Strategy 5, involving the successive use of SpO-2 and N2, followed by Strategy 6 (26% of the fish), involving the successive use of SpO-2 and N3. Strategies 5 and 6 were the most common for fish caught in SA-S and those caught in SWI in May and December. In contrast, Strategy 1, involving the successive use of SpO-1 and N1, was most common for fish caught in SA-N; it was also fairly common for fish caught in SWI in February, but Strategy 2 (from SpO-1 to N2 instead of N1) dominated.





4. Discussion


4.1. Reliability of the Elemental f Signatures of the Capture Zones


Despite the uncertainties stemming from the current lack of detailed spatial and temporal baseline information on the chemical makeup of the Atlantic and Indian Oceans, important spatial differences in otolith microchemistry can be expected for all three sampling sites, based on the drastically different characteristics of their water masses. Indeed, in the SWI, immature albacore tuna are mainly distributed in areas south of the 30° S meridian and under the influence of the Circumpolar Current, while mature individuals are concentrated at latitudes between 10° S and 25° S, under the influence of the subtropical gyre [12,13,15]. These two wide areas belong to different biogeochemical regions in the Global Ocean, with different bathymetries, planktonic productivities, surface temperatures, and water compositions, as illustrated by their contrasting salinities [50,51]. The same applies to the two SA sites, as the SA-N site belongs to a third separate province in the southeast Atlantic under the specific influence of the Benguela Current [50,51]. These different environmental settings are reflected in the marked differences in the otolith chemical signatures observed between all three capture locations. As the edges of the otoliths in the SWI and SA samples were deposited at very different ages (2–5 years vs. 7–15 years), ontogeny and temporal variability in the water masses’ composition over time could also contribute to some of the differences in otolith signatures between these two areas [52,53]. However, this does not apply to the differences observed between the South African sites sampled, as the fish from these two locations were collected at the same period and at similar sizes and ages. This suggests that, like in other tuna species [36,54], variations in otolith microchemical signatures in albacore tuna largely reflect differences in environmental conditions, allowing to discriminate between the contrasting water masses inhabited each year in both oceans by its juvenile and mature individuals.




4.2. Potential Spawning Sites


Among all the fish sampled, two groups of distinct near-primordium multi-elemental signatures, denoting potentially two discrete spawning origins, were identified. The attribution of these signatures to actual, spatially distinct spawning sites remains hypothetical, especially as the fish analysed in this work were not spawned in the same year. However, a number of strong assumptions can be made on the basis of our knowledge of the species’ biology and the characteristics of the water masses around its known spawning sites.



For albacore tuna, the closest two reported spawning areas to our sampling areas are located off Brazil, in the central Atlantic Ocean, and along the eastern shore of Madagascar in the western Indian Ocean [15,55,56,57], where important catches of adult albacore tuna repeatedly occur in warm waters. Another spawning area for the species has been identified south of the Java Island but, given the oceanic circulation in the area, it is mainly thought to be used by the other (eastern) distinct albacore populations in the Indian Ocean [7]. The Brazilian and Madagascar spawning sites are equidistant from the South African coast, with similar geostrophic surface currents connecting them to this area. In the present work, otolith signatures for SpO-1 (which were predominant in SA-N fish) were significantly higher for B, while SpO-2 signatures (which were the main type found in SA-S and SWI fish) presented low values for all elements. As B values were also significantly higher on the edge of the otoliths of the SA-N fish (caught in Atlantic water masses), SpO-2 could correspond to the spawning site off Madagascar in the Indian Ocean, while SpO-1 would indicate spawning in the central Atlantic. Of course, as the near-primordium otolith samples analysed in the present work were deposited up to 13 years apart, the water masses inhabited during the first weeks of life may have been very different even in fish spawned at the same location. However, the fact that the spawning origin was found to differ drastically between the fish from SA-N (83% of SpO-1) and SA-S (85% of SpO-2), which had similar sizes and ages, suggests that the two groups of near-primordium otolith signatures reflect spatial differences in the water composition rather than inter-annual variation in oceanic characteristics. The high mean Jaccard similarities found for the two clusters further indicate that the differences in multi-elemental signatures between SpO-1 and SpO-2 are very stable. This is in line with the fact that spawning takes place during relatively well-defined and contrasting periods in the Atlantic and the Indian Oceans, in October–March and in October–January, respectively [11,58], which limits the temporal variability in otolith chemical signatures for both origins.



Thus, despite the caveats linked to our fish samples and the potential for temporal variability in the chemical signature of the water masses inhabited by the larvae each year, our results strongly point to the existence of at least two discrete spawning sites for the areas sampled, probably off Madagascar and in the central Atlantic. This will have to be confirmed by comprehensive larval drift modelling and further microchemical analyses at a larger population scale.




4.3. Potential Nursery Sites


Our study identified three groups of distinct juvenile multi-elemental signatures, potentially denoting discrete early nursery areas, for the albacore tuna captured off South Africa and around the Reunion Island in the SWI. Despite the inherent uncertainties associated with attributing chemical signatures from different years to specific nursery areas, some hypotheses can be formulated based on the previous knowledge of the distribution of T. alalunga and differences in water masses’ characteristics between the two oceans.



As otolith signatures in the N1 group were significantly higher for B and P and resembled the SpO-1 ones, N1 is likely to reflect life on nursery sites with a similar water mass composition in the Atlantic Ocean. These could be located either off South Africa in the southeastern Atlantic or along the Brazilian coast in the southwestern Atlantic, where catches of immature albacore tuna are frequent [15,18]. Since the chemical signature of the N2 group was enriched in Sr and Ba, which is frequently correlated to residency in marine environments with strong upwellings [59,60,61], N2-group nurseries could correspond to the African coast in the eastern Atlantic just north of South Africa. Indeed, immature albacore tuna are also frequently captured in this area, where upwellings are common [15,18]. Finally, with its low concentrations in all elements, the chemical signature of the N3 group could potentially reflect life in the southwest Indian Ocean (30–40° S). Indeed, immature albacore tuna are commonly caught there [14,62,63] and a dynamic view of seasonal and interannual nutrient variability in the world ocean [64] showed that this area has particularly low concentrations of chemical elements, which was confirmed by the more recent study of Barret et al. 2018 [65].



Obviously, these results will need to be confirmed by further otolith sampling and microchemical analyses in all potential nursery sites, but the existence of at least two distinct nursery areas for T. alalunga in the Atlantic is in line with previous findings on the species [18,58,66,67,68]. Furthermore, our results support the currently accepted migratory patterns of albacore tuna in the south Atlantic Ocean, which suggested that spawning occurs off Brazil, and juveniles migrate along the southern American coasts before crossing the Atlantic Ocean to arrive along the western coast of South Africa [67,68].




4.4. Connectivity


Our findings bring new insights on the interdependency among albacore stocks currently managed separately. Out of the six possible migration patterns observed in our sample (Figure 9), the most common was Strategy 5, involving the successive use of the SpO-2 spawning ground and the N2 nursery site. As otolith composition suggests that SpO-2 is located in the Indian Ocean and N2 along the eastern coast of Africa, this would imply a widespread transoceanic migration from the Indian Ocean toward the Atlantic in albacore tuna below 50 cm in size. This had already been suggested by Lebeau 1971 [69]. However, our results interestingly point out that the reverse migration (i.e., from the Atlantic toward the Indian Ocean) is rare at this life stage, since SpO-1 was not found to contribute to the N3 nursery site located in the Indian Ocean.



One possible explanation is that the Agulhas current (which flows in a south-west direction along the western coast of southern Africa and around its southerly tip) acts as a barrier to migration for albacore tunas of this size, which remain nearshore of the south African coastline because they have not yet reached their full physiological adaptive capacity [6]. Indeed, the heat exchangers work less efficiently in young albacores and the swim bladder in this species reaches its full development at sizes between 80 and 90 cm, so albacores below this size cannot adjust their depth at will and seem to be bound to remain close to the surface while adults can live in deeper and colder waters [70].



Our results also suggest transoceanic migrations after the first year of life, especially between the N1 and N2 nursery areas, both putatively located in the Atlantic Ocean, and the Reunion Island adult capture site, in the Indian Ocean. This again is consistent with the results of Lebeau, 1971 [69], which reported albacore tuna migrations from South Africa to the Indian Ocean, either for feeding (in 1–4-year-old individuals) or to reach spawning areas (in 4–5-year-old maturing sub-adults) [14]. Migrations from the N3 nursery area, potentially in the Indian Ocean towards our capture sites in the Atlantic Ocean, were also observed, particularly for SA-S individuals.



Further research is required to better quantify the fluxes of individuals between the two oceans at each life stage, and their respective consequences for local fishery production and population maintenance. We suggest collecting albacore tuna from other locations in the Indian (eastern and western parts) and Atlantic (west coast of Africa) Oceans where juveniles are caught, adults are known to spawn, or larvae have been reported. These samples could be used to validate whether the spawning and nursery clusters found in this study do correspond to the spatially distinct regions suspected here. Additionally, an investigation into the distribution of biogeochemical tracers of the Indian Ocean and Atlantic Ocean water masses would provide highly valuable information for the interpretation of the elemental composition of albacore otoliths. Finally, it is also important to stress the necessity for genetic approaches to confirm the contributions of the populations, complement the results of otolith microchemistry in this context, and thus refine the conclusions.





5. Conclusions


This research sheds complementary light on the intricate dynamics of albacore tuna stocks currently managed separately, urging the incorporation of transoceanic perspectives into current management practices. It confirms previous findings from varied approaches, ranging from genetics to larval drift modelling, which suggested non-negligible connections between the albacore tuna stocks fished in the Atlantic and in the Indian oceans. However, it goes beyond this knowledge by offering new valuable information on the potential direction, timing, and location of these transoceanic exchanges. Keeping in mind the uncertainties associated with otolith microchemistry, especially in the absence of baseline chemical information, our results suggest the existence of at least two distinct spawning origins and three discrete nursery areas in the albacore stocks from the three areas sampled, with a common spawning origin in some fish from the SWI and from the SA, and complex migrations between the two oceans. Importantly, the movements identified here are not symmetrical and occur at early life stages that are regularly overlooked by fishery scientists because young fish < 40 cm are particularly difficult to catch. Taking these movements into account is needed for effective and sustainable fishery management both in the Indian Ocean and in the Atlantic.
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Figure 1. Sampling locations, referred to as South Africa (SA-N—South Africa North: Saldanha Bay; SA-S—South Africa South: Hout Bay) and southwest Indian Ocean (SWI, La Réunion Island). Size of circles is proportional to the number of samples collected in each location. 
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Figure 2. Otolith of a 3-year-old juvenile of albacore tuna (Thunnus alalunga) after sectioning and polishing for chemical analysis using LA-ICP-MS (along the transect indicated in black). The ‘nursery’ signature corresponding to early juvenile life is defined by the part of the transect located at 1400–1600 µm from the primordium. 
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Figure 3. PCA plots of individual (fish) and variable (chemical elements) projection on the first plane of the PCA (60%) made with the otolith edge signatures. Individuals are coded by their sampling region (SA-N South Africa North; SA-S South Africa South; and SWI Southwest Indian Ocean—3 sampling events together). For the variables, the length of the arrow reflects the % of contribution to the total inertia. 






Figure 3. PCA plots of individual (fish) and variable (chemical elements) projection on the first plane of the PCA (60%) made with the otolith edge signatures. Individuals are coded by their sampling region (SA-N South Africa North; SA-S South Africa South; and SWI Southwest Indian Ocean—3 sampling events together). For the variables, the length of the arrow reflects the % of contribution to the total inertia.



[image: Fishes 09 00038 g003]







[image: Fishes 09 00038 g004] 





Figure 4. Elemental signatures from otolith edges by sampling site (black dots) for the 72 albacore tuna analysed, and corresponding boxplots. For each element, the median value is represented in the boxplot and letters indicate groups with significantly distinct signatures (p < 0.05). Individuals are coded by their sampling region (SA-N South Africa North; SA-S South Africa South; and SWI Southwest Indian Ocean—3 sampling events together). 
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Figure 5. Variation in the near-primordium otolith multi-elemental signatures representing the water masses inhabited by the 72 albacore tunas investigated during their first weeks of life. Projections on the first plane of the PCA for (a) all individuals (fish) and variables (chemical elements) and (b) all individuals (fish) coded according to the groups of distinct signatures identified by the hierarchical clustering. In (a), the length of the arrow for each chemical element reflects its % of contribution to the total inertia. In (b), the colours represent the groups of fish with distinct near-primordium signatures (in B, Zn, P, and Sr). Detailed information on fish sampling event (symbols) and natal origin based on clustering (colours) is indicated in the legend. 
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Figure 6. Elemental signatures from otolith primordium by putative spawning site (1,2) (black dots) for the 72 albacore tunas analysed, and corresponding boxplots. The potential spawning sites are based on hierarchical clustering analyses on the signatures in these four elements. For each element, the median value is represented in the boxplot and letters indicate groups with significantly distinct signatures (p < 0.05). For P, significant distinct signatures at p < 0.1. 
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Figure 7. Variation in the nurseries’ otolith multi-elemental signatures representing the water masses inhabited by the 72 albacore tunas investigated during early life stages. Projections on the first plan of the PCA for (a) all individuals (fish) and variables (chemical elements) and (b) all individuals (fish) coded according to the groups of distinct signatures identified by the hierarchical clustering. On (a), the length of the arrow for each chemical element reflects its % of contribution to the total inertia. On (b), the colours represent the groups of fish with distinct nursery signatures (in B, P, Sr, and Ba). Detailed information on fish sampling events (symbols) and nurseries based on clustering (colours) is indicated in the legend. 
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Figure 8. Elemental signatures from the “nursery zone” (1,2,3) of the otoliths by nursery environments (black dots) for the 72 albacore tunas analysed, and corresponding boxplots. The nursery zones are based on hierarchical clustering analyses on the signatures in these four elements. For each element, the median value is represented in the boxplot and letters indicate groups with significantly distinct signatures (p < 0.05). 
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Figure 9. Conceptual model for different lifetime migration patterns and connectivity between sampling zones, and different life stages and oceans for the 72 albacore tuna captured in this study based on their lifetime otolith multi-elemental signatures. All the numbers are in % and the total of each box totals 100%. In the lower part of the chart, the upper row represents the contribution of each nursery to the total number of fish captured in each sampling event, and the lower one represents the lifetime strategies, i.e., the spawning origins within each nursery contribution (brick pattern = N1, diamond = N2, lines = N3, light grey= SpO-1, dark grey = SpO-2; where N refers to nursery and SpO to spawning origin). 
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Table 1. Number, sampling period, size range in fork length (FL), and estimated ages of fish for each of the five sampling events. * Age ranges are calculated using a sex-combined growth curve (Xu et al., 2014 [37]).
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	Location
	N
	Sampling Dates
	FL Range (cm)
	* Estimated Age Range (years)





	southwest Indian Ocean (SWI-Feb 18)
	13
	February 2018
	96–104
	7–10



	southwest Indian Ocean (SWI-May 18)
	13
	May 2018
	98–113
	7–15+



	southwest Indian Ocean (SWI-Dec 18)
	20
	December 2018
	96–116
	7–15+



	South Africa—Hout Bay (SA-S)
	13
	March–April 2018
	63–85
	2–5



	South Africa—Saldanha Bay (SA-N)
	13
	March–April 2018
	63–85
	2–5










 





Table 2. Relative contribution (%) of each spawning origin (SpO) to the total number of albacore tunas collected for each of the 5 sampling events in the Atlantic and Indian Oceans (total number of fish tested = 72, FL = 63–116 cm). “-” indicates the percentage is null.
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	SA-N
	SA-S
	Total SA
	SWI-Feb
	SWI

SWI-May
	SWI-Dec
	Total SWI
	Total All Samples





	SpO-1
	83%
	15%
	46%
	85%
	8%
	-
	28%
	35%



	SpO-2
	17%
	85%
	54%
	15%
	92%
	100%
	72%
	65%



	Total
	100%
	100%
	100%
	100%
	100%
	100%
	100%
	100%










 





Table 3. Relative contribution (%) of each nursery to the total number of albacore tunas collected for each of the 5 sampling events in the Atlantic and Indian Oceans (total number of fish tested = 72, FL = 63–116 cm). “-” indicates the percentage is null.
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	SA-N
	SA-S
	Total SA
	SWI-Feb
	SWI

SWI-May
	SWI-Dec
	Total SWI
	Total All Samples





	Nursery 1
	77%
	23%
	50%
	38%
	8%
	10%
	17%
	30%



	Nursery 2
	15%
	38%
	27%
	62%
	70%
	40%
	54%
	44%



	Nursery 3
	8%
	39%
	23%
	-
	22%
	50%
	29%
	26%



	Total
	100%
	100%
	100%
	100%
	100%
	100%
	100%
	100%










 





Table 4. Relative contribution (%) of each spawning origin to the total number of albacore tuna assigned in each nursery (total number of fish tested = 72, FL = 63–116 cm). “-” indicates the percentage is null.
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	Spawning Origin
	Nursery 1
	Nursery 2
	Nursery 3





	SpO-1
	76%
	28%
	-



	SpO-2
	24%
	72%
	100%



	Total
	100%
	100%
	100%










 





Table 5. Relative contribution (%) of each of the 6 potential migration strategies to the total number of albacore tuna collected (total number of fish tested = 72, FL = 63–116 cm), for each of the 5 sampling events in the Atlantic and Indian Oceans.”-” indicates the percentage is null.
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Spawning

	
Nursery

	
Migration Strategy

	

	

	
Total

	

	
SWI

	

	
Total

	
Total




	
Origin

	

	
SA-N

	
SA-S

	
SA

	
SWI-Feb

	
SWI-May

	
SWI-Dec

	
SWI

	
All Samples






	

	
N1

	
1-SpO1-N1

	
70%

	
7%

	
38%

	
38%

	
8%

	
-

	
13%

	
22%




	
SpO-1

	
N2

	
2-SpO1-N2

	
7%

	
7%

	
8%

	
47%

	
8%

	
-

	
13%

	
12%




	

	
N3

	
3-SpO1-N3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
N1

	
4-SpO2-N1

	
7%

	
15%

	
11%

	
-

	
-

	
10%

	
3%

	
7%




	
SpO-2

	
N2

	
5-SpO2-N2

	
8%

	
31%

	
19%

	
15%

	
62%

	
40%

	
43%

	
32%




	

	
N3

	
6-SpO2-N3

	
8%

	
38%

	
23%

	
-

	
22%

	
50%

	
28%

	
26%




	
Total

	

	

	
100%

	
100%

	
100%

	
100%

	
100%

	
100%

	
100%

	
100%
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