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The scalloped hammerhead shark (Sphyrna lewini) is one of the most iconic marine species across the Eastern Tropical Pacific (ETP), yet little is still known about its reproductive biology and the origin of their nursery areas, despite a continuous global decline in their populations. Understanding the origin of shark nurseries is a complex task; however, it is known that the obtention of resources in the first stages of life of placental sharks occurs through maternal reminiscence, thus it is possible to infer the origin of the energy that neonates accumulate during their gestation. In this study we assessed the ecological connectivity and nursery ground use by undertaking a stable isotope analysis of carbon (δ13C) and nitrogen (δ15N) in skin samples of neonates S. lewini across much of their distribution in the ETP, including the Galapagos Marine Reserve (GMR). Our isotopic mixing models revealed that the S. lewini neonates found in the GMR, have isotopic information similar to adult females inhabit in the Galapagos archipelago, suggesting that they are direct descendants of the females that inhabit the GMR. While neonates found off the continental coasts of Ecuador and Panama have isotopic signatures like those of adult females inhabiting several locations across the ETP. This work provides insight into the origin of nursery areas used by adult S. lewini that aggregate in large numbers across oceanic islands of the ETP, highlighting the value of isotopic models to generate useful information for the conservation of sharks.
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Introduction

Overfishing has caused populations of many shark species to decline dramatically across most ocean basins (Queiroz et al., 2019; Pacoureau et al., 2021). As a result, one third of all shark and ray’s species currently face extinction risks unless urgent policies are implemented to reverse ongoing declines (Dulvy et al., 2021; Yan et al., 2021). The creation of Marine Protected Areas (MPA), where marine life is protected from destructive human activities, such as overfishing, has proven to be an effective tool for protecting key species and ecosystems (Carlisle et al., 2019; White et al., 2020; Klimley et al., 2022). However, many shark species move in and out of the boundaries of MPA during different stages of their life cycles (Knip et al., 2012; Gallagher et al., 2014; Dwyer et al., 2020). Thus, a better understanding of the population’s connectivity of these species is necessary to inform additional management actions aimed at reverting these alarming declines.

The Eastern Tropical Pacific (ETP) is recognized for its relative high abundance of sharks (Salinas-de-León et al., 2016; López-Angarita et al., 2021), among which the populations of the scalloped hammerhead shark (Sphyrna lewini) stand out (Nalesso et al., 2019; Harned et al., 2022). This species occurs circumglobally in tropical and warm temperate waters, occupying habitats spanning from near-shore to pelagic environments (Klimley and Nelson, 1981; Compagno, 1988). Neonates and juveniles of S. lewini live in shallow coastal areas, where individuals may find higher food abundance or lower predation risk compared to other habitats (Gallagher and Klimley, 2018; Zanella et al., 2019); whereas adult sharks migrate to open waters for feeding and likely mating, and then pregnant females return to coastal waters for pupping (Ketchum et al., 2014; Salinas-de-León et al., 2017; Coiraton et al., 2020). Along the ETP, nursery areas for S. lewini have already been identified across coastal areas of the Pacific coasts of central and south America (Alejo-Plata et al., 2007; Zanella et al., 2009; Loor-Andrade et al., 2015; Quintanilla et al., 2015; Robles et al., 2015; Coiraton et al., 2020; Rodriguez-Arana et al., 2022). However, neonates have also been reported in shallow bays of the oceanic islands of Galapagos in Ecuador and Coco Island in Costa Rica (Zanella et al., 2016; Chiriboga-Paredes et al., 2022). Therefore, these oceanic ecosystems may also play an important role in early life stages, and in the connectivity of their populations.

The scalloped hammerhead shark is listed by the IUCN as Critically Endangered (Rigby et al., 2019), nevertheless, this species is still harvested and traded legally and illegally worldwide (Abercrombie et al., 2005; Rigby et al., 2019). Within the ETP, S. lewini form great adult aggregation on oceanic islands such as Galapagos, Malpelo and Cocos (Bessudo et al., 2011; Ketchum et al., 2014; Nalesso et al., 2019), all of which are protected from industrial fishing (Klimley et al., 2022). However, it is necessary to extend these protection mechanisms to the coastal mainland areas of this region, as they are particularly important for reproductive connectivity (López-Angarita et al., 2021; Harned et al., 2022). Despite this, the persistence of S. lewini populations in the ETP remains largely unidentified and likely lacks fishing protection. Hence, it is imperative to apply alternative techniques to identify adult female habitat use from different populations of S. lewini in the ETP and establish its relationship with the scarce nursery areas already identified for this species.

Understanding the foraging strategies of marine predators allows us to infer their ecological aspects, migratory patterns, and population viability (Bird et al., 2018; Rangel-Morales et al., 2022). Several studies regarding the trophic ecology of S. lewini in the ETP have been performed via anecdotal observations and analysis of stomach contents from fisheries catches (Estupiñán-Montaño et al., 2009; Torres-Rojas et al., 2010). Although diet observations are scarce, stomach contents include an array of cephalopods and pelagic fishes from both coastal and oceanic environments (Klimley, 1987; Castañeda-Suárez and Sandoval-Londoño, 2007; Torres-Rojas et al., 2014; Flores-Martínez et al., 2016). However, this information is limited for the entire region due to the existence of Protected Marine Areas where their capture is not allowed (i.e., Galapagos Marine Reserve). The temporal resolution of this technique is another limitation when relating it to the ecological aspects of this species (Rosende-Pereiro et al., 2020; Estupiñán-Montaño et al., 2021a), since the stomach content of a high-consumption predator only provides recent information (i.e., hours or days) of the food consumed prior to its capture (Vaudo and Heithaus, 2011; Kim et al., 2012a), which prevents defining habitat use over time.

On the contrary, the use of stable isotope analysis of carbon (δ13C) and nitrogen (δ15N) is an alternative tool that can provide retrospective information on the foraging patterns of migratory predators, since the isotopic composition of predator reflects the assimilated resource information over time (Graham et al., 2010; Layman et al., 2012). The isotopic signatures of marine primary producers vary depending on the biogeochemical and oceanographic processes in each region, and these differences are spread through local food webs, resulting in consumers with isotopic signatures resembling the food webs they feed on (Hobson et al., 1995; Newsome et al., 2007). Although isotopic baseline characterization can be challenging for highly migratory species (Graham et al., 2010; García-Rodríguez et al., 2021), isotopic data for S. lewini across the ETP has corroborated offshore foraging and intermediate trophic levels of prey consumption such as squid and small pelagic fish (Loor-Andrade et al., 2015; Estupiñán-Montaño et al., 2021b). However, their dietary preferences have also been related to their geographic location and life stages (Rosende-Pereiro et al., 2020; Estupiñán-Montaño et al., 2021c).

Since the energy used by neonates and early juvenile sharks is highly dependent on their maternal energy reserves available in the yolk sacs (McMeans et al., 2009; Vaudo et al., 2010), their tissues reveal a reminiscence from maternal isotopic signatures (Tamburin et al., 2019; Páez-Rosas et al., 2021). Therefore, using isotopic models, it is possible to establish the origin of the energy reserves used by neonates (Olin et al., 2011; Niella et al., 2021), and thus infer the populations from which their mothers originate. The use of Isotopic Mixing Models has been proposed as a complementary method to isotopic analysis because the percentage contributions of different food items to the diet of predators exhibit a substantial isotopic enrichment between consumers and their prey (Malpica-Cruz et al., 2012; Phillips et al., 2014). However, isotopic mixing models require assumptions regarding isotopic enrichment that exists between trophic levels of a predator’s food web. This information is obtained from the Trophic Enrichment Factors (TEFs) between consumers and their sources to accurately assess the isotopic contribution of each prey item to the consumer’s diet (Caut et al., 2009; Hussey et al., 2010). Unfortunately, there are few experimental studies examining TEFs between neonates and female sharks. Therefore, the application of calculated TEFs for related species is an option when applying these analyses (Salinas-de-León et al., 2019).

To understand the reproductive connectivity of S. lewini across the ETP, we determined the δ13C and δ15N signatures of neonates inhabiting different nursery areas of the region. Then we used an isotopic mixture model to evaluate the energy contribution of pregnant females that inhabit the ETP and thus establish the geographical provenance of their mothers. To our knowledge and understanding, this is the first study that evaluates the origin of nursery areas across the ETP used by the adult S. lewini females that seasonally aggregate at the Galapagos Marine Reserve (GMR) and the ETP using isotopic information. Therefore, this information can improve monitoring and conservation strategies for this critically endangered species in the region.





Materials and methods




Ethics statement and sample collection

This research was approved by the Galapagos National Park Directorate (GNPD) under research permits PC-27-17, PC-46-18, PC-53-19 granted to Dr. Pelayo Salinas-de-León from the Charles Darwin Foundation (CDF), and PC-24-17, PC-69-18, PC-86-19 granted to Dr. Diego Páez-Rosas from the University San Francisco de Quito (USFQ). The methods described here were reviewed and approved by the GNPD, CDF, and USFQ committees responsible for assessing animal welfare in research activities.

Sampling was carried out in nursery areas on the mainland coasts of Panama, Ecuador, and the oceanic islands of Galapagos in the ETP (Figure 1). A total of 86 tissue biopsies were collected from S. lewini neonates from Panamá (n=31), Ecuador (n=22) and Galapagos Islands (n=33) between 2016 and 2018 (Table 1). A gill net 100 m long and 3 m wide, with a 7.6 cm mesh size was used for sampling, each net was deployed for three hours at the entrance of nursery areas to catch the largest number of specimens. Biological and morphometric data (total length and sex) were recorded for each shark, to subsequently extract a skin sample of the first dorsal using a sterile 6-mm biopsy punch. Since this species is protected within the GMR, we collected only ~10 mg of tissue in the deep layer of the sample to avoid causing damage (Páez-Rosas et al., 2021). After sampling, neonate scalloped hammerhead sharks were reanimated and returned to the sea.




Figure 1 | Geographic location of scalloped hammerhead shark nurseries in the Eastern Tropical Pacific. The sampling sites were around coasts of (A) Galapagos, (B) Ecuador and (C) Panamá.




Table 1 | P values in comparisons of δ13C and δ15N signatures in neonates scalloped hammerhead shark of different nurseries in the Eastern Tropical Pacific.







Sample processing

All samples were rinsed with distilled water to eliminate residues that could cause contamination and placed in glass vials previously treated with chromic acid (Páez-Rosas et al., 2018). Subsequently, they were dried in an oven at 60 °C for 24 h to remove all moisture, and a lipid extraction protocol was applied via three sequential 24 h soaks in a 2:1 chloroform: methanol solution, then rinsed with deionized water and dried in an oven at 80 °C for 24 h (Páez-Rosas et al., 2020). Each sample was homogenized with an agate mortar and ~1 mg of a fine powder was weighed using an analytical microbalance with a precision of 0.001 mg, and then transferred into a tin capsule for shipment to the Stable Isotope Facility at the University of California Davis (CA, USA).

Isotopic signatures (presented in δ notation) were determined using a PDZ Europa ANCA-GSL elemental analyser interfaced with a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, United Kingdom). Within-run analytical precision was estimated via analysis of two proteinaceous internal standards, which were ±0.2‰ for δ13C and δ15N values. Signatures were expressed in parts per thousand (‰) using the equation: δx = [(Rsample/Rstandard)-1]*1000, where x is the heavy isotope, Rsample is the ratio of heavy to light isotopes in the sample, and Rstandard is the ratio of heavy to light isotopes in the reference standard (DeNiro & Epstein, 1981). The standard reference material for carbon was Pee Dee Belemnite (PDB) and for nitrogen was atmospheric N2. Finally, we measured the weight percentage of carbon and nitrogen concentrations in each sample and used the C/N ratio as a proxy for lipid content (Logan et al., 2008).





Data analysis

To estimate the relative isotopic contributions of female S. lewini inhabiting the ETP to the isotopic signatures of neonate sharks sampled in the region, we used a Bayesian Isotopic Mixing Model (Parnell et al., 2013). The isotopic signatures of females were obtained from published data on this species across the ETP, generating four groups of “potential mothers” according to their sampling distribution: Gulf of Tehuantepec - Mexico (Torres-Rojas et al., 2014), Malpelo island - Colombia (Estupiñán-Montaño et al., 2021a), Manabí coast - Ecuador (Loor-Andrade et al., 2015), and Galapagos Islands - Ecuador (Cerutti-Pereyra et al., 2022). Overall, the mean ± standard deviation for each group was used as the input for the isotope-mixing models. The percentage isotopic contribution of females to neonates was evaluated via SIMMR method (Stable Isotope Mixing Model in R) (Parnell, 2016). This model was run with uninformed priors, four Markov Chain Monte Carlo (MCMC) chains, with 1,000 burn-in and 10,000 iterations, managing to estimate the probability distribution of the contribution of n sources (females) to a mixture and evaluate the uncertainty associated with the isotopic values of the sources and the consumer (Parnell et al., 2010). The variability in the percentage contribution of each source to the neonates was determined by the coefficient of variation, and the results were reported as the percentage contribution of each female group with 97.5% credibility intervals.

Controlled feeding studies have shown that TEFs are both species- and tissue-specific (Hussey et al., 2010). However, TEFs can also be based on values reported in the literature (Phillips et al., 2014). Unfortunately, there are few experimental studies examining TEFs for hammerhead sharks. Therefore, in this work we assumed an average TEF for Δδ15N of 3.01 ± 0.9‰ and 1.3‰± 0.5‰ for Δδ13C, values estimated in controlled feeding experiments by Kim et al. (2012b) and Malpica-Cruz et al. (2012) using muscle samples of leopard sharks (Triakis semifasciata) that inhabit the ETP.

Bayesian Standard Ellipse Areas (SEA) were used to estimate isotopic niche breadth and potential trophic overlap among neonates using the package SIBER (Stable Isotope Bayesian Ellipses in statistical software R); (Jackson et al., 2011). This method creates a convex hull that encompasses all isotopic signatures and generates an ellipse that represents the “core isotopic niche” of consumers (Jackson et al., 2011). Bayesian ellipses provide a measure of the isotopic niche area at the population level, expressed as the SEA in units of area (‰2) and is corrected using posteriori randomly replicated sequences (SEAc Standard Ellipse Area correction); (Jackson et al., 2011). We used Monte Carlo simulations to correct the bivariate ellipses surrounding the data points in the 95% confidence interval for the distributions of δ13C and δ15N values (Jackson et al., 2011). This approach is more robust than other analyses because it is less sensitive to extreme values and small sample sizes, facilitating the estimation of the isotopic niche in sharks of the ETP (Páez-Rosas et al., 2018; Salinas-de-León et al., 2019; Páez-Rosas et al., 2021). In order to quantify possible isotopic overlap between different sampled populations, the magnitude of the isotopic overlap (‰2) among nursery areas was estimated using the estimations of the ellipses via maximum likelihood methods (Jackson et al., 2011).

Finally, we tested normality and homoscedasticity using the Shapiro-Wilk and Levene tests, to examine the statistical differences between the isotopic signatures of the nursery areas. Differences in δ13C and δ15N values were tested using one-way ANOVA along posteriori multiple comparison tests. All statistical analyses were performed in R language (version 3.4.3, The R Foundation for Statistical Computing), using a significance level of P < 0.05.






Results

The total length (TL) of sampled sharks ranged from 55 to 80 cm, with open umbilical scars observed in all individuals. The C/N ratios ranged from 2.73 to 3.44, which is within the theoretical range established for the assimilation of protein from the diet of a predator. The mean δ13C and δ15N values in the skin of S. lewini in Galapagos nurseries were −13.42 ± 0.65‰ and 12.47 ± 0.59‰; in Ecuador −13.93 ± 0.85‰ and 13.99 ± 0.99‰; and in Panama −15.22 ± 0.58‰ and 16.43 ± 0.89‰, respectively (Figure 2). The δ13C and δ15N signatures were significantly different among nurseries (Kruskal–Wallis test, p = 0.001 and p < 0.001, respectively), where δ13C values of Panama differed from those of Galapagos and Ecuador, while δ15N values differed among all nursery areas (multiple comparisons of median ranks, p < 0.005); (Table 1).




Figure 2 | Values of δ13C and δ15N (mean ± SD in ‰) in the scalloped hammerhead shark nurseries in the Eastern Tropical Pacific: Galapagos (white square), Ecuador (black circle) and Panama (grey diamond).



We identified four potential mother groups inhabiting the ETP and executed a SIMMR mixing model to estimate the relative isotopic contribution of each group in different nurseries. The SIMMR revealed the isotopic predominance of S. lewini females inhabiting the GMR in the Galapagos nurseries, representing a mean proportion of 78.5% (Figure 3). The isotopic signatures of females that inhabit the GMR (40.6%), Ecuador (27.1%), and Colombia (26.9%) predominated in the Ecuador nursery (Figure 3). While females inhabiting Colombia (51.8%) and Ecuador (36.4%) presented an isotopic dominance in the Panama nurseries (Figure 3). The SIMMR output values for all groups of potential mothers and their convergence diagnostics to model fit validate are presented in Table 2.




Figure 3 | Isotopic contributions (%) to scalloped hammerhead shark nurseries at Eastern Tropical Pacific. Box plot produced by the SIMMR model using individual female S. lewini isotopic values. Boxes show median value and 95%, 75% and 50% credibility intervals.




Table 2 | Mean proportion, standard deviation (SD) and convergence diagnostics of sources items on the δ13C and δ15N signatures of the neonates scalloped hammerhead shark of different nurseries in the Eastern Tropical Pacific.



The corrected standard ellipse area (SEAc) showed that all S. lewini nurseries reflect different isotopic inputs (Figure 4), thus confirming different resource use patterns for these groups. The Ecuador nursery presented a wider isotopic niche (SEAc = 0.275‰2) compared to Galapagos and Panama nurseries (Figure 4 and Table 3), suggesting a higher diversity of potential mothers (i.e., isotopic contributions from females inhabiting several regions). In contrast, the Galapagos nursery presented the smallest isotopic niche (SEAc = 0.123‰2); (Figure 4), suggesting that the isotopic contributions in this nursery are limited to signatures from females sampled within the GMR.




Figure 4 | Isotopic niche area (δ13C and δ15N values) of scalloped hammerhead shark nurseries at Eastern Tropical Pacific. Values estimated by a convex hull area and the ellipse corrected for the SIBER analysis.




Table 3 | Basic Standard Ellipse Area (SEA) and Corrected Standard Ellipse Area (SEAc) measured using Stable Isotope Bayesian Ellipses (SIBER) as an estimate of the isotopic niche breadth (TNB) in different scalloped hammerhead shark nurseries within the Eastern Tropical Pacific.







Discussion

Isotopic studies investigating neonate shark ecology have shown it is possible to trace biological aspects of females due to the maternal influence on their isotopic signatures (Tamburin et al., 2020; Niella et al., 2021). The most parsimonious explanation for this, is that neonate sharks tissues are influenced by maternal provisioning (McMeans et al., 2009; Hussey et al., 2010), thus the isotopic signatures obtained in neonates reflect the maternal signature, as the development of embryos occurs through the maternal in-uterine nutrient supply (Vaudo et al., 2010; Olin et al., 2011). In elasmobranchs, muscle and skin tissues have slow isotopic turnover due to their low turnover rates (Hussey et al., 2010; Kim et al., 2012b) and they are commonly used to investigate patterns of long-term variation in spatial ecology (Niella et al., 2021). Our results confirm that by applying isotopic enrichment models, it is possible to validate the reproductive philopatry of S. lewini populations across the TEP (Coiraton and Amezcua, 2020).

Neonates of S. lewini are known to occur across the coastlines of the ETP, particularly around the Galapagos Islands, Ecuador, Colombia, Costa Rica, and Mexico (Chiriboga-Paredes et al., 2022; Elizondo-Sancho et al., 2022; Harned et al., 2022; Rodriguez-Arana et al., 2022), with the highest frequency of neonates recorded during the summer months (Klimley, 1987; Corgos and Rosende-Pereiro, 2021). However, the origin of pupping females to each specific nursery remains uncertain, even though it has been proposed that scalloped hammerheads inhabiting the ETP could be philopatric (Hearn et al., 2010; Ketchum et al., 2014; Coiraton and Amezcua, 2020), and that females of this species might use only one calving site per season (Daly-Engel et al., 2012). Our results provide evidence on reproductive philopatric behaviour for GMR nurseries, since neonates within GMR nurseries were found to be more closely related to the isotopic values of adult females inhabiting this region. Despite this, results inferring relatedness from isotopic data from nurseries should be used with caution, since isotopic contributions from GMR females was also observed in the mainland Ecuador nursery, revealing those females sampled around the GMR can also undertake long-range reproductive migrations within the ETP, however, there is still no direct evidence of this (e.g., satellite tracks).

It is known that the female fidelity to specific nurseries in ETP could define reproductive units if females are returning to the same location during each gestation cycle (Marie et al., 2019; Coiraton and Amezcua, 2020; Elizondo-Sancho et al., 2022). In fact, recent genetic evidence on neonates and adults sampled across the TEP has suggested that some female S. lewini could be showing philopatry to Galapagos nurseries (Harned et al., 2022). A regional philopatry in S. lewini has also been inferred in Colombian and Mexican Pacific, where, through molecular analysis, they observed female philopatry in their nurseries (Quintanilla et al., 2015; Rangel-Morales et al., 2022). However, little research exists on specific nursery use in sharks, with patterns so far appearing to be species-specific. Scalloped hammerheads use geomagnetic topotaxis for navigation between seamounts and back to foraging locations offshore with prey availability (Klimley, 1993). Therefore, it is possible for them to return to the aggregation site for their social and reproductive activities (Klimley and Nelson, 1984).

The reduced isotopic niche recorded in the GMR nursery also suggests some residence by adult females. It has been shown that S. lewini females tracked with acoustic transmitters within the GMR remain for long periods of time within the reserve, and the high availability of food given the high productivity of the archipelago has been proposed as the reason behind this residency (Hearn et al., 2010; Ketchum et al., 2014). Previous isotopic analysis have also revealed that these high levels of residency stabilizes their feeding strategies and causes a reduction in their isotopic niche (Arnés-Urgellés et al., 2021; Cerutti-Pereyra et al., 2022). Alternatively, the changes in isotopic niche sizes observed in this study could be a consequence of the fluctuations in the marine productivity and isotopic baseline along ETP (Graham et al., 2010; Páez-Rosas et al., 2020). Therefore, future studies including multi-annual sampling across multipe locations would be required to confirm reproductive philopatry across the region.

Since the migratory capability of S. lewini can reach thousands of kilometres (Klimley et al., 2022), we focused our analysis on specific demographic groups, basing our evaluation on the published isotopic signatures for females (i.e., potential mothers) along the ETP. Our findings in the Ecuadorian and Panamanian nurseries agree with the high genetic connectivity reported for S. lewini across the ETP (Harned et al., 2022). However, these findings contrast with the apparent philopatric behaviour of females in the GMR. Several studies have suggested that S. lewini females may use connected nurseries along the coast for parturition (Duncan et al., 2006; Quintanilla et al., 2015), which would cause greater foraging efforts in coastal populations (Loor-Andrade et al., 2015). Therefore, the females would move away from their usual nurseries. These conditions do not occur in insular habitats, such as the Galapagos Islands, where S. lewini populations have sufficient food (Salinas-de-León et al., 2016), facilitating their permanence on the islands over time (Ketchum et al., 2014; Arnés-Urgellés et al., 2021).

Understanding how sharks use their nursery areas is essential for conservation efforts, since the effectiveness of a marine protected area is closely related to the time that a species spends within its boundaries (MacKeracher et al., 2019; Klimley et al., 2022). The potential philopatric behaviour of S. lewini within the GMR highlights that the reserve could be effectively protecting key pupping grounds for this critically endangered species. Despite this, the overall conservation value of marine protected areas for this species may be limited across the region, since most females use other unprotected nurseries along the ETP, which are currently subject to illegal, unreported, and unregulated fishing (Pérez-Jiménez, 2014; Quintanilla et al., 2015). These conditions highlight the need for a coordinated multinational management cooperation among ETP countries to facilitate the conservation of this species on the brink of extinction.
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Contribution in Quantiles

Nurseries Sources Gelman Diagnostics (Point est.)  Contribution (Mean + SD)
25% 50% 75%
Galapagos Females Galapagos 1 0.78 + 0.06 0.75 078 0.82
Females Ecuador 1 0.10 + 0.06 0.05 0.09 0.13
Females Colombia 1 0.09 + 0.05 0.05 0.08 0.13
Females Mexico 1 0.03 + 0.02 0.02 0.03 0.04
Ecuador Females Galapagos 1 ‘ 0.41 + 0.05 0.37 0.40 0.44
Females Ecuador 1 0.27 £ 0.16 1 0.14 0.26 0.40
Females Colombia 1 0.27 £ 0.15 0.13 026 ‘ 039
Females Mexico 1 0.06 + 0.04 0.03 0.05 | 0.07
Panama Females Galapagos 1 0.09 + 0.07 0.04 0.08 0.13
Females Ecuador 1 0.36 + 0.31 0.08 0.25 0.66
Females Colombia 1 0.58 + 0.31 0.21 0.59 0.80
Females Mexico 1 0.02 + 0.02 0.01 0.02 0.03

Model fit is assessed by the Gelman diagnostic, where all parameters must be close to 1.
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Nurseries Galapagos cuador Panama
§C (%)
Galapagos X
Ecuador 0.197 X
Panama 0.001 0.170 X
3N (%)
Galapagos X
Ecuador 0.003 X
Panama 0.001 0.004 X

Significant variations (Post-hoc Fisher HSD test, p > 0.05) are shown in bold.






