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The shape and structure of otoliths play a vital role in studying fish populations because otolith shape indices are often applied to discriminate fish species. This study focused on examining inter- and intra-specific variations in otolith shape and size among three species of rockfish (Sebastes inermis, Sebastiscus marmoratus, and Sebastes zonatus) collected from the Dokdo and Ulleungdo regions of the East Sea in Korea. A total of 35 S. inermis specimens, 19 S. marmoratus specimens, and 59 S. zonatus specimens were collected between April 2021 and August 2022. The otolith shape was visualized using wavelet coefficients in the shapeR package. Otolith size indices, such as length, width, perimeter, and area, and shape indices, including form factor, aspect ratio, ellipticity, circularity, roundness, rectangularity, and squareness, were calculated for each species. Otolith size and shape indices significantly differed among the three rockfish species (p< 0.05). Compared with the other two species, S. marmoratus possessed more elongated otoliths, whereas S. zonatus had the largest otolith area, perimeter, and length. Average shape analysis based on wavelet coefficients revealed significant differences in otolith shape, particularly on the rostrum and posterior sides. A canonical analysis of principal components (CAP) confirmed the complete separation of otolith shapes among the three rockfish species, with 92.5% of the variation explained by the first axis (CAP1). The findings of this study enhance our understanding of the fish species in the Korean East Sea.
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1 Introduction

In teleost fish, three types of otoliths (sagitta, asteriscus, and lapillus) are found in the inner ear (Das, 1994). Otoliths are important for hearing and maintaining body balance in teleost fishes and are made of calcium carbonate and a small amount of protein material (Poznar et al., 2020). As fish grow, new layers of calcium carbonate are deposited on the surface of otoliths (Edmonds et al., 1999). Owing to their continuous growth and metabolic stability, otoliths are particularly useful as natural markers for studying the ecological characteristics and fisheries aspects of fish species. For example, information stored in otoliths can provide insights into the ecological range, geographic distribution, and stock structure of fish species (Edmonds et al., 1999; Morales et al., 2023). Otoliths are routinely used to determine the age and growth of teleost fish, and their internal structures play a key role in stock management purposes (Hüssy, 2008; Cadrin et al., 2013).

Morphological variations in fish otoliths are often influenced by external factors such as habitat depth, water temperature, salinity, and food availability (Lombarte and Lleonart, 1993; Capoccioni et al., 2011). The utilization of these unique otolith characteristics allows for the successful analysis of large volumes of data within a reasonably short period (Fossen et al., 2003). Otolith shape analysis has the benefit of enhanced effective monitoring of fish stocks when there are statistically significant differences between species because it is relatively inexpensive and requires less work (Christensen et al., 2018), and closely related species can display a wide range of variations in otolith morphologies. Therefore, otolith morphometry is an important approach in taxonomic and ecological research (Zischke et al., 2016). Otolith morphometry is also used as an additional taxonomic tool for identifying fish species, even for distinguishing closely related species that are difficult to identify using body morphometry alone (Sadighzadeh et al., 2012; Park et al., 2018).

Recently, the application of otolith morphometry, such as geometric morphometry, has been developed to facilitate the determination of breeding grounds and fish stocks, as well as the migratory pathways of various commercially valuable species (de Carvalho et al., 2020). Because the shape and size of otoliths vary among fish species, otolith morphometrics can be used to differentiate individual fish populations and determine the impact of environmental factors on their growth (Begg et al., 2001). In addition, the shape and morphometry of the otoliths are valuable for identifying fish species and discriminating fish stocks (Tuset et al., 2008). Otolith morphometry has recently been extensively utilized with the advancements in computing power and image processing. Digital pictures replaced hand-drawn graphics in the 1980s, and image analysis techniques utilizing harmonic expansion and Fourier transform have been employed (Campana and Casselman, 1993; Nikiforidou et al., 2023).

The dark-banded rockfish (Sebastes inermis), false kelpfish (Sebastiscus marmoratus), and banded jacopever (Sebastes zonatus) belong to the family Sebastidae (rockfishes) and are found in various shallow coastal habitats, including rocky reefs, Sargassum and Zostera beds, as well as the Japanese islands (Hokkaido, Kyushu), and the Korean Peninsula (Nakabō, 2002; Kim et al., 2005; Kai and Nakabo, 2008). Among the three rockfish species, S. inermis has long been recognized as a valuable fishery resource along the southern coast of Korea and is important for commercial fishing (Kim et al., 2005) and aquaculture purposes (Oh et al., 2010). However, the annual catch of this species has drastically reduced (An et al., 2011). Although the reason for this could not be determined, it might be related to coastal development, overfishing, and eutrophication (An et al., 2011). S. marmoratus is also considered a commercial fish along the Korean coast because of its availability throughout the year (Lee et al., 2012). Sebastes zonatus belongs to the Sebastes vulpes complex (S. vulpes, S. zonatus, and S. ijimae), which is a group of closely related fish species that are morphologically similar (Muto et al., 2019). Recently, S. zonatus was identified as a distinct species, differentiating it from S. vulpes and S. ijimae based on its body coloration, gill raker number, and squamation patterns within the Sebastes vulpes complex (Kai and Nakabo, 2008).

Otolith morphometry has been used to distinguish between rockfish species worldwide, such as in the Seto Inland Sea, Japan (Deville et al., 2023), Gulf of Alaska (Harris et al., 2019), North Atlantic (Stransky and MacLellan, 2005), Northeastern Pacific (Tuset et al., 2015), Pacific and Atlantic Oceans (Tuset et al., 2016), and Bohai Sea and Yellow Sea (Zhuang et al., 2015). Several ecological and biological studies have been conducted on these three species along the Korean coast (Lee et al., 2012; Jang et al., 2015; Park et al., 2023). However, no prior studies have been conducted on the otolith shapes of these three species along the Korean coast. Limited studies have reported the relationship between otoliths and body sizes of several fish species inhabiting the western Korean coastal regions (Jawad et al., 2017). Therefore, this study aimed to compare the shape and size of otoliths in three rockfishes inhabiting the Korean East Sea and provide significant information regarding the otolith shape of rockfishes found along the Korean coast. This study expands our knowledge of the morphological characteristics and ecological importance of these species in the study area.




2 Materials and methods



2.1 Study area sampling

Samples of three rockfishes, S. inermis, S. marmoratus, and S. zonatus, were collected from the two offshore islands of Dokdo (37° 14’ 29” N, 131° 51’ 34” E) and Ulleungdo (37° 28’ 32” N, 130° 55’ 22” E) in the Korean East Sea (Figure 1). Sampling was conducted in spring (April) and summer (August) between 2021 and 2022. The fish samples were collected using gill nets by local fishermen. Immediately after capture, fish samples were packed on ice and transferred to the laboratory for further investigation.




Figure 1 | Study area map. The red-marked areas indicate the sampling sites.



A total of 35 S. inermis, 19 S. marmoratus, and 59 S. zonatus specimens were collected. The total length (TL) and wet body weight (BW) were measured to the nearest 0.1 cm and 0.1 g using a measuring board and electric balance, respectively. The right and left sagittal otoliths from each specimen were removed and cleaned using a brush and tap water, left to dry, labeled, and stored in plastic tubes. The right otolith was selected for this study because there were no significant differences in the regression slope between the sizes of the left and right otoliths and the total length of the fish (ANCOVA, P> 0.05).




2.2 Otolith imaging

High-resolution otolith images were captured using a Leica EZ4E microscope, and the Leica image processing tool LAS incorporated in the microscope setup. The microscope was adjusted to ensure a clear background (Figures 2A, D, G). The right sagittal otolith from each specimen was placed on a dark microscope plate with the sulcus facing downward and the rostrum facing the left. Before shape analysis, each otolith image was edited to appear black or white. The otolith shape was represented as high-contrast white against a dark black background using image editing Adobe Photoshop version 23.3.2 (Figures 2B, E, H). This editing process facilitated the ability of the program to detect outlines more easily. The magnification of the microscope was set to 8× for all samples, and images were saved in a.tif format.




Figure 2 | Raw otolith images (left), edited images using Adobe Photoshop (middle), and outlines generated by the outline function of the shapeR package (right). (A–C) represents the otolith of Sebastes zonatus, (D–F) represents Sebastiscus marmoratus, and (G–I) represents Sebastes Inermis. The red line represents the perimeter, while the otolith area is depicted in high-contrast white. The scale bar in each image is 1 mm.






2.3 Otolith shape visualization

The otolith shapes of the three rockfish were extracted using the ShapeR 1.0-1 package (Libungan and Pálsson, 2015) in RStudio version 4.2.3 (R Core Team, 2023). The outline for each otolith was detected using the ‘detect. Outline’ function, with a threshold level set at 0.2. The underlying principle of ShapeR involves visualizing an otolith image by extracting an outline of the otolith framework. Each outline was automatically saved as.png images, and every file was visually inspected to ensure that the detected outline accurately followed the contour of the otolith edge (Figures 2C, F, I). This outline was then subjected to a smoothing process to generate two coefficients that represent the shape of the otolith, using the wavelet and Fourier coefficients.

Wavelet shape coefficient was used to plot the shape of the otoliths. All outlines were converted into 63 wavelet coefficients and then standardized to the fish’s total length (cm) to eliminate the influence of allometric relationships. Five wavelet coefficients that showed a significant (p< 0.05) relationship were excluded from the analysis. The remaining 58 wavelet coefficients were used for further analyses (Lleonart et al., 2000; Longmore et al., 2010; Libungan and Pálsson, 2015; Libungan et al., 2015). The standardized wavelet coefficients of the three species were compared using canonical analysis of the principal coordinates (Anderson and Willis, 2003).




2.4 Procedures for otolith shape and size indices calculation

Otolith size indices, including otolith length (OL; mm), otolith width (OH; mm), otolith perimeter (OP; mm), and otolith area (OA; mm2), were automatically estimated using the ShapeR package. The otoliths were weighed using an Ohaus SPX223 Scout analytical balance. In addition, otolith shape-related indices, including form factor (FF), aspect ratio (AR), ellipticity (E), circularity (C), roundness (RO), rectangularity (RE), and squareness (SQ), were estimated using the equations presented in Table 1 (Tuset et al., 2003; Moore et al., 2022).


Table 1 | Morphological shape indices calculated from otolith size indices.






2.5 Statistical analysis

Because otolith morphometric indices are generally correlated with fish size, we considered the influence of size variation on otolith indices. Without correcting for allometry, it would be difficult to confidently determine whether the observed differences in otolith shape and measurements within the conspecific group were truly indicative of interspecific variations or simply a consequence of collecting fish of different sizes. Therefore, adjusting for allometric effects was necessary to ensure accurate otolith data interpretation. To remove the allometric influence of fish length on otolith size and shape, all the variables were standardized using the following equation (Elliott et al., 1995; Lleonart et al., 2000; Zischke et al., 2016).

	

where,

Ms = standardized (size-adjusted) measurement.

Mo = original parameter (size and shape indices).

  = average size parameter (TL) for all datasets.

x = size parameter (TL) of each fish species.

b = slope of the regression between log Mo and log x.

The standardized otolith shape and size indices were first subjected to the Shapiro–Wilk normality test. As the data were not normally distributed (p< 0.05), A non-parametric Kruskal-Wallis test was applied to compare the size and shape factors of otoliths among the three rockfish species. If significant differences were in the otolith data, the Kruskal–Wallis Dunn’s test was performed for post hoc comparisons. An ANOVA-like permutation test and a canonical analysis of principal components test were performed on the wavelet coefficients to further compare the mean shape of the three rockfish species. Before performing the principal component analysis (PCA), the Kaiser–Meyer–Olkin (KMO) test was performed. The KMO test is a statistical measure used to determine the suitability of data for factor analysis (Shrestha, 2021). The results showed a value of 0.62, suggesting a moderate level of adequacy for the sampled variables, thereby justifying the inclusion of these variables in the subsequent analysis.

All statistical analyses and otolith shape visualization were performed using the R programming language. The following packages were utilized: shapeR (1.0-1), rstatix (0.7.2), ggpubr (0.6.0.999), ggplot2 (3.4.2), gridExtra (2.3), Vegan (2.6-4), stats (4.2.3), FactoMineR (2.8), factoextra (1.0.7), psych (2.3.3), GGally (2.1.2), gplot (3.1.3), and wavethresh (4.7.2).





3 Results

In total, Sebastes inermis (N=35) ranging from 22.4 cm to 31.5 cm TL, Sebastiscus marmoratus (N=19) from 15.7 cm to 30.7 cm TL, and Sebastes zonatus (N=59) from 20.3 cm to 36.8 cm TL were used for otolith analyses.



3.1 Otolith size and shape indices

Descriptive statistics for otolith size and shape indices of the three species are shown in Table 2. The otoliths of S. inermis were heavier (OW = 0.09 g ± 0.01), wider (OH = 4.45 mm ± 0.41), rounder (0.51 ± 0.02), and more squared (0.29 ± 0.08) than S. marmoratus and S. zonatus. S. marmoratus otoliths had higher circularity (18.3 ± 0.96) and aspect ratio (2.34 ± 0.20) values than the other two species, indicating a more elongated otolith shape. Furthermore, S. zonatus had the largest otolith area (27.4 mm2 ± 2.15), perimeter (21.6 mm ±0.90), and otolith length (8.54 mm ±0.39) among the three species.


Table 2 | Descriptive statistics for otolith size and shape indices for the three rockfishes from the East Sea, Korea.



The standardized otolith shape and size indices significantly differed across species according to the Kruskal–Wallis test (p< 0.05; Table S1). Additionally, the post hoc Dunn’s test results showed significant differences in the otolith area between all pairwise comparisons among all groups (p< 0.05; Figure 3; Table S2). Otolith length also significantly differed between S. inermis and S. zonatus (p< 0.0001). Significant differences (p< 0.001) were observed in squareness, circularity, form factor, otolith weight, and otolith width between S. inermis and S. marmortaus, as well as between S. marmortaus and S. zonatus. Furthermore, there were significant differences in roundness, aspect ratio, and ellipticity indices between all three fish species (p< 0.0001 for all species comparisons) (Figure 4; Table S2).




Figure 3 | Box plot for otolith size indices with a non-parametric Kruskal–Wallis test, and post hoc Dunn test. Significance: **** (p< 0.0001), *** (p< 0.001), ** (p< 0.01), * (p< 0.05), no asterisks (p > 0.05). SIN, S. Inermis; SMA, S. marmoratus; SZO, S. zonatus.






Figure 4 | Box plot for otolith shape indices with a non-parametric Kruskal–Wallis test, and post hoc Dunn test. Significance: **** (p< 0.0001), *** (p< 0.001), * (p< 0.05), no asterisks (p > 0.05). SIN, S. Inermis; SMA, S. marmoratus; SZO, S. zonatus.



The principal component analysis (PCA) results indicated that the first principal component (PCA1), which included otolith width, weight, squareness, area, roundness, and form factor, explained 57.3% of the total variation in the dataset. The second principal component (PCA2), which contained otolith length, perimeter, circularity, aspect ratio, and ellipticity, accounted for 23.7% of the variation (Figure 5). The clusters of S. marmoratus were present along the negative side of PCA1, whereas the clusters of S. zonatus and S. inermis showed overlapping patterns, indicating some similarities in the morphology of the otoliths.




Figure 5 | Principal component analysis (PCA) plot for otolith size and shape indices of the three rockfishes. SIN, Sebastes inermis; SMA, Sebastiscus marmoratus; SZO, Sebastes zonatus.






3.2 Average shape analysis

The average otolith shape analysis based on wavelet coefficients at 0° to 360° revealed differences in variation among the three rockfish (Figure 6). The three rockfish species had significantly different otolith shapes according to the permutation-based analysis of variance (ANOVA; p<0.001). The otoliths of S. marmoratus exhibited a more elongated pattern between 0° and 180° and were narrower than those of S. inermis and S. zonatus at 90–270°. The otoliths of S. inermis were wider and less elongated, indicating a rounded shape. Further examination of S. inermis and S. zonatus on the rostrum revealed an overlapping pattern. They also appeared to be similar on the dorsal side (270°). All groups showed a similar pattern between 300° and 320° and 50° and 60°. In addition, the otoliths of S. marmoratus and S. inermis had the greatest distance in the mean shapes.




Figure 6 | The average otolith shape of the three rockfishes was generated using the shape R package, which utilizes wavelet coefficients. The numbers represent the angles in degrees. The black cross map shows the position of the otoliths: posterior (P), anterior (A), ventral (V), and dorsal (D). SIN = Sebastes Inermis; SMA, Sebastiscus marmoratus; SZO, Sebastes zonatus.



Wavelet coefficients across populations were compared using canonical analysis of principal coordinates (CAP). Variations in otolith shape were observed in all populations along the first two canonical axes (Figure 7). The results of the CAP analysis showed a complete separation in otolith shape among the three rockfish species, explaining 92.5% of the variation for the first axis (CAP1) and 7.5% for the second axis (CAP2). Sebastiscus marmoratus was mainly found in the positive range of the CAP1 axis, whereas S. inermis species was found in the negative ranges of CAP1. Additionally, the CAP2 axis further separated S. zonatus and S. inermis along the vertical axis.




Figure 7 | A canonical analysis of principal coordinates (CAP) based on wavelet coefficients. SIN, Sebastes Inermis; SMA, Sebastiscus marmoratus; SZO, Sebastes zonatus.







4 Discussion



4.1 Differences in otolith size and shape among the three rockfishes

The present study examined the three rockfishes (Sebastes inermis, Sebastiscus marmoratus, and Sebastes zonatus) from the Korean East Sea for morphological differences in otolith size and shape. The results show that the otoliths of the three rockfish species varied in terms of both shape and size indices. The rostrum side at 180°, posterior side at 0°, and ventral side at 90° showed the greatest variation in average otolith shape. Principal Component Analysis (PCA) provided valuable insights into the overall variability in otolith size and shape, with PCA1 and PCA2 combined explaining 81% of the total variance. The PCA plot further differentiated the otoliths of S. marmoratus from those of the other two species by otolith aspect ratio, circularity, and ellipticity. These results suggest that otolith shape could be a valuable tool for distinguishing between these three rockfish species, providing valuable information about fish evolution and phylogeny (Reichenbacher et al., 2007).




4.2 Otolith size variation in relation to habitat depths

Previous studies on otolith shape and size among three Sebastes species inhabiting the Seto Inland Sea, Japan, revealed that S. cheni inhabiting deeper depths had relatively larger otoliths than the sympatric S. inermis and S. ventricosus (Deville et al., 2023). In addition, among the three flathead species inhabiting the southern Australian Sea, the distributional depth of the deepwater flathead (Platycephalus conatus) extends toward a deeper depth of up to 490 m (Froese and Pauly, 2023), and they show significantly longer otolith length at a given body length compared to the other two flathead species (Park et al., 2018). The present study also found a relatively large otolith size in Sebastes zonatus. This can be attributed to the fact that the general range of distributional depths of Sebastes zonatus is deeper (approximately 50 to 175 m) than S. marmoratus and S. inermis, which are both found mainly at shallower depths of 50 m (Nakabō, 2002). Interspecific variations in otolith morphology are potentially indicative of the habitat preferences of different species in terms of depth or prey resources (Tuset et al., 2016). Consequently, fish species distributed at greater depths are expected to have larger otoliths (Tuset et al., 2003).




4.3 Dietary influences on otolith morphology

The size and shape of otoliths in fish can be influenced by the type of prey items they consume because the composition of the prey item can affect the number of nutrients and energy that the fish receives and, consequently, fish growth and otolith production (Mille et al., 2016; Qiao et al., 2022). Dietary investigations of S. inermis and S. marmoratus from the Korean coast revealed considerable differences in their prey preferences, with S. inermis largely feeding on amphipods and S. marmoratus consuming teleosts (Kim et al., 2009; Lee et al., 2012). Mille et al. (2016) studied the potential association between diet and otolith shape in five marine fish species and discovered that otolith shape variation was associated with primary and secondary prey groups. In addition, Hüssy (2008) examined the influence of temperature and food availability on the development of otolith shapes in juvenile cod (Gadus morhua). The number and size of otolith lobes were influenced by the amount of food consumed by the fish. Increased food consumption resulted in a greater number of wider lobes, leading to a more rectangular otolith. Although information is not available on the effect of the types of prey items consumed by predatory fishes on otolith morphometrics, the variations in the otolith shape of rockfish in the current study are likely due to the type of prey items they consume. S. inermis, which feeds mainly on amphipods, exhibited heavier and wider otoliths, whereas S. marmoratus, which preys on teleosts, showed more elongated otoliths. These dietary variables may have contributed to the observed variation in otolith size and shape (Mille et al., 2016).




4.4 Otolith shape and size as an additional tool for species identification

Otolith shape analysis was used to distinguish the fish species. Analyses of otolith shapes among four coexisting Sebastes species in the Bohai and Yellow seas have proven to be valuable tools for identifying species and conducting phylogenetic studies on the Sebastes group (Zhuang et al., 2015). Similarly, otolith shape analysis has been applied as an effective technique to distinguish between Sebastes species in the North Atlantic, North Pacific, and South Atlantic regions (Stransky and MacLellan, 2005).

Otoliths are regarded as a significant source of information for determining the life cycle of fish (Campana and Thorrold, 2001). Otolith morphology has practical implications in fishery management, taxonomy, and migration studies (D’Iglio et al., 2021). The otolith shape is species-specific in some taxa, using these characteristics as a helpful tool for species identification because they offer key information for identifying and classifying different species (Avigliano et al., 2018). Fish biologists, taxonomists, and even archaeologists have been enthralled by the diversity of otolith morphologies, which depend on accurate species categorization and identification within and across various fish species (Pattuinan and Demayo, 2018). For example, sagittal otoliths have specific physical characteristics that differ significantly between fish species and genera. Because these changes are often specific to species and genera, otoliths are valuable tools for ichthyologists in terms of taxonomy and phylogeny (Zarei et al., 2023).




4.5 Application of geometric morphometric on fish otolith

Geometric morphometrics is a taxonomic technique that uses statistical analysis of shape data to identify and distinguish species, reducing misidentification (Stransky and MacLellan, 2005). Landmark- and outline-based geometric morphometric approaches provide various benefits over traditional measurement approaches (Adams et al., 2004). Outline-based geometric morphometric approaches are a better approach for otolith shape analysis than landmark-based methods because they are more comprehensive, precise, and reliable (Lishchenko and Jones, 2021). Therefore, outline-based geometric morphometric approaches were chosen in this study, as well as by many scientists (Lishchenko and Jones, 2021).

This research focuses only on examining the size and shape of otoliths in three rockfish species in the Korean East Sea. It does not take into account other factors that could affect otolith morphology, such as genetic differences, or the impact of environmental conditions. Conducting further studies that consider these additional factors could lead to a more complete understanding of otolith morphology in these species.





5 Conclusion

Our results highlighted the importance of otolith shape and size analyses for distinguishing and identifying rockfish species. This study showed that the otolith shape and size indices significantly differed among the three rockfish species. In particular, S. marmortaus had a distinct otolith morphometry compared to the other two species, whereas Sebastes zonatus and Sebastes inermis exhibited overlapping patterns in the mean otolith shape. For a better understanding, the characteristics of rockfish populations in the Korean East Sea could be improved through further research on the ecological significance of these variations as well as their correlation with specific environments and dietary patterns. Our study shows that otoliths can provide valuable data for differentiating fish species. Otoliths also provide valuable biological data on fish and require less time and cost than molecular approaches. Furthermore, research on body morphology, otolith microchemistry, and stock assessment of rockfish species in the Korean East Sea will aid in understanding these differences.
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