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Fish scales absorb different elements into the calcified matrix from surrounding waters as well as from the foods consumed. Scales microchemistry is drawing rising attention for its applicability in a wide range of fields, including environmental and ecological studies. The article represents an elemental analysis of the scales of five commercially important coastal fishes: Tenualosa ilisha, Sillaginopsis panijus, Lates calcarifer, Otolithoides pama, and Rhinomugil corsula. The concentrations of different essential and trace elements were measured using inductively coupled plasma optical emission spectrometry (ICP-OES), and their distribution on scales was mapped using micro-X-ray fluorescence (μ-XRF). The detected elements were categorized into five groups based on their overall mean concentrations: the most, considerable, moderate, low, and least available. The concentration (mg kg−1) of Ca was the highest (107472.32-181002.76) followed by P (41572.43-79042.02) among the elements in the studied fish scales, independent of species. The hierarchy of the overall mean concentration of elements was Ca>P>S>Mg>Na>K>Sr>Zn>Fe>Al>Ba>Mn>Cu>Cr. Element concentrations varied across fish feeding habits and habitats. Carnivore fish were found to have higher concentrations of K, Sr, and lower Fe than that in planktivore fish. The concentrations of Cr, Fe, S, Sr, and Zn were higher in demersal fish’s scales, whereas pelagic fish were found to have higher levels of Al, Ba, Ca, Cu, K, Mg, Mn, Na, and P. Element: Ca ratios, especially Sr: Ca, Mn: Ca, and Ba: Ca ratios, have potential implications as habitat signatures. Typically, fish otoliths are used for environmental and ecological purposes that involve cutting and sacrificing the sample. Employing scales instead could be a non-lethal alternative, crucial for sustainable fisheries management, especially for rare, vulnerable, or migratory fish.
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1 Introduction

Fish absorb different elements from surrounding waters into the calcified matrix that makes up their body scales as they grow (Coello and Khan, 1996). The potential of fish scales to absorb metals is demonstrated by the fact that between 38% and 46% of their weight is composed of hydroxyapatite (HAP), which allows various fish scales to be used as biosorbents for the removal of potentially toxic elements (PTE) from wastewater (El-Sheikh and Sweileh, 2008; Liu et al., 2021; Dai et al., 2024). Accumulation of elements in a particular tissue is determined by absorption and excretion rates, along with accumulation processes inside the tissue, which are regulated by ambient water element concentration, environmental conditions, and the organism’s biology (Hüssy et al., 2024). As fish grow, calcified structures preserve the footprint of their surroundings, hence, the element profile of calcified structures has proved a useful technique to uncover various facets of fish life history (Avigliano, 2022; Filipović Marijić et al., 2022). The structure of the fish scale and its high likelihood of getting in touch with elements in the water bodies make it a promising candidate for use as a biomarker (Hidayati et al., 2013). The buildup of elements in the scales matches their respective concentrations in the surrounding water (Moreau et al., 1983). Thus, the chemical makeup of the scales could be utilized to represent the elemental profile of the aquatic body the fish were living in and to measure temporal trends in the catchment water’s environmental status (Cobelo-García et al., 2017).

Łuszczek-Trojnar (Łuszczek-Trojnar et al., 2022) showed fish scale concentrations were observed to correspond with both the duration and metal exposure doses, which could provide a compelling case for employing scales as an indicator of the aquatic environment. Moran (Morán et al., 2018) demonstrated the ages-old relics of river pollution revealed from fish scales, proving fish scales a suitable biomarker for studying aquatic environmental conditions. It is recognized that the elemental profile of fish scales serves as a trustworthy biogeochemical tag for figuring out their origin (Wang et al., 2016). The elemental makeup of scales was investigated by numerous researchers for a wide range of purposes, such as characterizing fish life history (Tray et al., 2022), migration monitoring (Pouilly et al., 2014), stock identification, and reconstructing past environmental changes in aquatic systems (Vašek et al., 2021), etc. It has been shown that the ratio of Sr-87 to Sr-86 found in the fish calcified structures is a trustworthy biogeochemical marker that represents the chemistry of their native habitat and the migration pattern (Pouilly et al., 2014). One of the major advantages of using scales as biomarkers is that elements remain in hard tissues like scales for longer periods than in water, allowing for a detailed profile and permanent record of metal exposure across a fish’s lifespan (Filipović Marijić et al., 2022).

Mostly fish otoliths (Pouilly et al., 2014; Moll et al., 2019; Martinho et al., 2020; Tripp et al., 2020; Filipović Marijić et al., 2022; Hüssy et al., 2024), and in some instances vertebrae (Feitosa et al., 2020), and bones (Clarke, 2005) are being utilized for such purposes which require cutting and sacrificing the sample fish. However, since fish scales are easy to sample non-lethally and accurately represent the level of environmental composition of elements, they appear to be a great biomarker enabling indirect observation of rare, vulnerable, or migratory fishes without sacrificing the fish (Łuszczek-Trojnar et al., 2022; Tray et al., 2022). In addition to providing non-lethal sampling, scale analysis would enable successive specimens from the same fish to evaluate accumulation in a period and scale study from archival collections to identify historical patterns. There is a dearth of studies on the elemental analysis of fish scales of commercially important coastal and marine fish species. Therefore, the current work attempted to explore the elemental makeup in connection to fish feeding habits and habitats in the scales of five commercially important coastal fish species, Tenualosa ilisha, Sillaginopsis panijus, Lates calcarifer, Otolithoides pama, and Rhinomugil corsula.




2 Materials and methods



2.1 Samples

Five commercially important coastal fish, Tenualosa ilisha (Hilsha, locally called Ilish), Sillaginopsis panijus (Flathead sillago, locally called Tular Dandi), Lates calcarifer (Asian sea bass, locally called Vetki or Coral), Otolithoides pama (Pama Croaker, locally called Poa), and Rhinomugil corsula (Corsula, locally called Bata), were used in the study. These fish were chosen because they are a very popular and highly commercial diet species with high market value and consumer demand. The ecological parameters of the fish species studied are given in Table 1. The sampled fish were collected from the catch of commercial artisanal fishery in the coastal waters of Bangladesh in February 2023. The artisanal fishing activities in the coastal waters of Bangladesh cover some parts of coastal rivers, estuaries, and shallow seawaters in the Bay of Bengal (Mustafa et al., 2023). The collected fish specimens were brought to the research facility for analysis by preserving them at −20°C in a frozen state. The total length and weight of the sample fish were T. ilisha (40.76 ± 0.16 cm; 910.71 ± 14.04 g), S. panijus (38.55 ± 0.64 cm; 183.27 ± 11.23 g), L. calcarifer (46.62 ± 2.86 cm; 1217.69 ± 151.22 g), O. pama (33.46 ± 0.62 cm; 159.55 ± 12.41 g), and R. corsula (36.18 ± 0.88 cm; 161.49 ± 15.69 g). Scales were collected after the samples were thawed at room temperature and cleaned with water. A total of three hundred scales were collected using fine forceps above the lateral line and below the dorsal fin on both sides (fifteen from the left and fifteen from the right side). The scales were cleaned with distilled water again to remove dirt and mucus, and the mucous left on the scale was completely removed by further cleaning with a soft bristle brush. Then the scales were air dried at room temperature before analysis.


Table 1 | The ecological parameters of the fish species studied; (LC, least concern; NE, not evaluated; DD, Data deficient).






2.2 Chemical analyses

The elemental concentration of the samples was determined by inductively coupled plasma optical emission spectrometry (ICP-OES, 5110 Vertical Dual View, Agilent Technologies). Autosampler (Agilent SPS4), Meinhard® type nebulizer, and double-pass spray chamber were employed, and a five-point calibration procedure was applied (ICP VI, Merck). ICP-OES is an effective technique for measuring trace element levels in various samples, including environmental monitoring studies (Douvris et al., 2023). Approximately 0.2 grams of the samples were digested in atmospheric wet digestion by the mixture of 5.0 ml 65% (m/m) HNO3 and 1.0 ml 30% (m/m) H2O2. Digested samples were transferred without loss into volume-calibrated plastic centrifuge tubes and diluted up to 15.00 mL with ultrapure water. Solutions were kept at room temperature before further analysis. Standard solutions of the macroelements have been prepared from the mono-element spectroscopic standard of 1000 mg l-1 (Scharlau), whereas of the microelements from the multi-element spectroscopic standard solution of 1000 mg l-1 (ICP IV, Merck). A point calibration approach was applied, with standard solutions diluted with 0.1 M HNO3 generated using ultrapure water.




2.3 Micro-XRF analysis

Dried and cleaned scales were also analyzed by a micro-X-ray Fluorescence (XRF) device (Bruker M4 TORNADO, Billerica, MA, US). Different forms of XRF are gaining popularity as a prevalent method for elemental analysis of various specimens in a variety of sectors, both quantitatively and qualitatively. Besides other fields, this technique is also being used for analyzing hazardous materials in fish. The study was conducted with an Rh X-ray tube at 50 kV accelerating voltage and 400 µA current. On each scale, approximately 1.2 mm x 1 mm area was selected. With the built-in polycapillary lens, a spot size was focused at 20 µm. The measurement was performed in air with a velocity of 100 ms per pixel and a 100 µm step size. There were two energy-dispersive detectors that captured distinctive X-ray lines with a 30 mm2 active area. Characteristic X-ray lines were recorded by two energy-dispersive detectors with a 30 mm2 active area. The evaluation of the measurement result was performed by the M-Quant built-in software of the M4 TORNADO. The fundamental parameter technique was used for the quantification.




2.4 Statistical analyses

Data were analyzed using SPSS (Statistical Package for the Social Sciences, 26.0) and PAST (PAleontological Statistics, 4.17). Normality (Shapiro-Wilk test) and homogeneity (Levene’s test) assumptions were confirmed before running any statistical analysis. One-way analysis of variance (ANOVA) was performed to evaluate the statistically significant differences (CI = 95%, p<0.05) in the case of normal data and Kruskal-Wallis for non-normal data, followed by a post hoc Duncan’s test. Values less than the limit of detection (<LoD) were considered as zero “0” during statistical analysis.




2.5 Network and cluster analyses

Network plot and multivariate classical clustering or hierarchical clustering analyses were performed using PAST (PAleontological Statistics, 4.17) software (Hammer, 2024) to represent the relationships of similarity based on the concentration of elements. Networks (graphs) were prepared with nodes (rows in the spreadsheet) connected by edges (Hammer, 2024). The Bray-Curtis similarity index was used as user-defined similarity in circular algorithm. The similarity cutoff was set as 40%. Multivariate classical clustering or hierarchical clustering (dendrogram) analysis was done using a paired group (UPGMA) algorithm and Euclidean similarity index.





3 Results



3.1 Scale chemistry and composition

In the current study, we have investigated the elements Aluminum (Al), Barium (Ba), Calcium (Ca), Chromium (Cr), Copper (Cu), Iron (Fe), Potassium (K), Magnesium (Mg), Manganese (Mn), Sodium (Na), Phosphorus (P), Sulfur (S), Strontium (Sr), and Zinc (Zn) in the scale of five commercially important marine fishes, T. ilisha, S. panijus, L. calcarifer, O. pama, and R. corsula. The concentration (mg kg-1) of elements found in fish scales is presented in Table 2. The concentration of Al ranged from 17.44 to 103.04 mg kg-1, Ba 11.49 to 150.88 mg kg-1, Ca 107472.32 to 181002.76 mg kg-1, Cr <LoD to 1.99 mg kg-1, Cu 1.25 to 10.55 mg kg-1, Fe 6.01 to 126.70 mg kg-1, K 264.31 to 960.95 mg kg-1, Mg 1437.14 to 2521.87 mg kg-1, Mn 2.34 to 36.99 mg kg-1, Na 1357.07 to 2944.06 mg kg-1, P 41572.43 to 79042.02 mg kg-1, S 1518.43 to 2874.10 mg kg-1, Sr 132.68 to 345.93 mg kg-1, and Zn 28.05 to 81.33 mg kg-1. We have obtained from the one-way ANOVA that there are statistically significant (CI= 95%, p<0.05) differences in the levels of Al, Fe, Mn, Na, Sr, and Zn in the scales (Table 2).


Table 2 | Concentration (mean ± standard deviation; mg kg-1) of the elements in the studied fish scales detected by ICP-OES.



Among the elements in all species overall, Ca has the highest mean concentration (130995.57 ± 26249.61 mg kg-1), followed by P (54371.56 ± 13616.13 mg kg-1), S (2504.55 ± 464.70 mg kg-1), Mg (2105.37 ± 336.32 mg kg-1), Na (2066.56 ± 532.57 mg kg-1), K (456.43 ± 238.38 mg kg-1), Sr (247.06 ± 81.23 mg kg-1), Zn (53.98 ± 18.37 mg kg-1), Fe (49.88 ± 41.78 mg kg-1), Al (49.71 ± 29.66 mg kg-1), Ba (42.47 ± 56.52 mg kg-1), Mn (21.34 ± 13.98 mg kg-1), Cu (3.65 ± 3.54 mg kg-1) and Cr (1.25 ± 0.70 mg kg-1) orderly.

The hierarchy of the overall mean concentration of elements was Ca>P>S>Mg>Na>K>Sr>Zn>Fe>Al>Ba>Mn>Cu>Cr. The hierarchy of mean concentrations (mg kg-1) of the detected elements in the five species is presented in Table 3. The elements found were categorized as mostly available, considerably available, moderately available, low available, and least available based on their overall mean concentrations (Table 3). These groups of elements are also clearly separated in the network plot presented in Figure 1A and in classical cluster analysis (dendrogram) Figure 1B.


Table 3 | The hierarchy (largest to smallest order from the top) of mean concentrations (mg kg-1) of elements detected by ICP-OES.






Figure 1 | (A) Network plot of elements, and (B) Dendrogram.







4 Discussion



4.1 Comparative availabilities of elements

Based on their concentration and availability the elements detected could be categorized into five groups, most, considerable, moderate, low, and least available. The first group comprises Ca and P which are the most available in the studied fish scales independent of species. Ca is the first and P is the second most available element based on concentration in all species studied (Table 3). Brraich and Jangu (2013) also observed Ca (38.26%) as the highest followed by P (31.32%) among the elements detected in the scale of Labeo rohita which is consistent with the present study. In general, scales include a lot of calcium phosphate molecules (Chuaychan et al., 2016). The second group consists of S, Mg, and Na which are considerably available elements ranging from third to fifth position in the concentration hierarchy of fishes. Thus Ca, P, S, Mg, and Na could be considered as macroconstituents or macro elements. K and Sr form the third group which is moderately available where K is in the sixth and Sr is in the seventh rank in the concentration hierarchy irrespective of species. The fourth group comprises the greatest number of elements Zn, Fe, Al, Ba, and Mn the availability of which is low that is from the eighth to twelfth position in the hierarchy based on concentration. Hence, K, Sr, Zn, Fe, Al, Ba, and Mn may be regarded as micro components or microelements. Cu and Cr form the last group that is least available and thus are in either the thirteenth or fourteenth rank in the concentration hierarchy, hence these could be termed trace elements. These groups of elements are represented in the network plot (Figure 1A) and classical cluster analysis, dendrogram (Figure 1B).




4.2 Elements across feeding habits

The dietary disparities as well as the individual’s nutritional background and environmental history may account for some of the variations in the scale components (Kalvoda et al., 2009). Different feeding patterns across fish species may cause them to acquire different components in their bodies (Pourang, 1995; Ling et al., 2013). The fish species analyzed in the current study have two different feeding behaviors, with T. ilisha having planktivorous while the other species possess carnivorous feeding habits. The higher concentrations of K and Sr were found in carnivores and Fe in planktivore fishes in the study. For instance, T. ilisha has the lowest concentrations of K (265.67 ± 1.93 mg kg-1) and Sr (136.12 ± 4.86 mg kg-1) while the highest concentrations of Fe (113.22 ± 19.06 mg kg-1) among the fourteen elements detected (Figure 2A; Table 2). In other words, carnivore, fishes have the highest concentrations of the other thirteen elements detected. This indicates a comparatively lower metal accumulation tendency in the scales of planktivorous fish than that of its carnivorous counterparts and vice versa. These results are in accordance with the findings of Ling et al. (2013) where they reported that planktivorous fish are usually less likely to accumulate metals in their body. Jabeen et al. (2011) reported metal accumulation in fish organs to vary between carnivorous and herbivorous species, with carnivorous fish having significantly (p<0.05) higher levels of Al, As, Cr, Ni, and Zn than herbivorous species. Carnivorous fishes that actively prey on other fish, crustaceans, and zooplankton are more likely to accumulate larger amounts of elements, notably PTEs, through the biomagnification process. Consuming carnivorous fish species has raised the odds of biomagnification in humans, signifying danger to public health; strangely, carnivorous fish species have higher demand among consumers in general (Silva et al., 2014).




Figure 2 | (A) Scale element concentration across feeding habits, (B) across habitats of fishes. The 100% stacked bar represents the percentages of the average value of the mean concentrations of fish species type (Planktivore and Carnivore; Demersal and Pelagic) contributing to the total of each element. The whole bar represents 100% and the solid black line dissecting at the middle of the plot denotes 50% of the bar showing the comparison between the types (Planktivore and Carnivore; Demersal and Pelagic).






4.3 Elements across habitats

Among the five species studied in the current study, S. panijus and L. calcarifer are demersal fish. In contrast, fish of other species live in different zones of pelagic waters and hence can be considered pelagic fishes. In the current study, the concentrations of Cr, Fe, S, Sr, and Zn were higher in demersal fishes’ scales (Figure 2B; Table 2). Whereas the scales of pelagic fishes were found to have higher levels of Al, Ba, Ca, Cu, K, Mg, Mn, Na, and P (Figure 2B; Table 2). Due to their proximity to sediment, demersal fishes are thought to be more likely than pelagic fishes, which live in free waters, to accumulate metals at relatively greater levels in their bodies (Garnero et al., 2018). Demersal fish, S. panijus was found to have the highest concentration of Zn (78.81 ± 3.57 mg kg-1) together with Cr (1.62 ± 0.22 mg kg-1), and S (2757.97 ± 107.91 mg kg-1), in contrast, the lowest concentration of Ba (11.95 ± 0.65), Ca (111767.76 ± 6074.68 mg kg-1), Na (1502.93 ± 206.28 mg kg-1), and P (42984.55 ± 1997.04 mg kg-1) in the scales. Gull et al. (2024) reported lower levels of Zn in the demersal fish compared to the pelagic counterpart which is inconsistent with the current result. Another demersal species, L. calcarifer has the lowest concentration of Cu (1.33 ± 0.12 mg kg-1) along with Al (17.62 ± 0.26 mg kg-1), Mg (1693.14 ± 362.05 mg kg-1), and Mn (3.22 ± 1.25 mg kg-1) in the current work. However, Fe (541.60 to 649.60 mg kg-1) and Cu (3.09 to 3.62 mg kg-1) were reported to be higher in the demersal species, and Zn (79.30 to 84.30 mg kg-1) in the pelagic species by a previous study which is inconsistent with the present findings (Rejomon et al., 2010). Islam et al. (2024) investigated the content of several elements in the scales of L. calcarifer and T. ilisha, which differs from the content found in the current study.

On the other hand, Pelagic fish, O. pama has the highest concentration of K (893.48 ± 95.42 mg kg-1), Mn (36.37 ± 0.87 mg kg-1), and the lowest concentration of Fe (7.33 ± 1.87 mg kg-1). R. corsula another pelagic species has the highest concentration of Al (96.34 ± 9.48 mg kg-1), Ba (149.46 ± 2.02 mg kg-1), Ca (178170.05 ± 4006.06 mg kg-1), Cu (10.28 ± 0.39 mg kg-1), Mg (2387.86 ± 104.12 mg kg-1), Na (2873.49 ± 99.80 mg kg-1), P (78489.85 ± 780.88 mg kg-1), and Sr (339.03 ± 9.76 mg kg-1), while the lowest concentration of Cr (<LoD), S (1648.20 ± 183.52 mg kg-1), and Zn (36.96 ± 12.61 mg kg-1).

However, these fluctuations could be because of the differences in the methodology (different sampling and instruments used) of the analysis and the location. Compared to the current studyPender and Griffin (1996) found higher levels of Al, Ba, Mn, Sr, and Zn, almost similar to Fe, and lower levels of Ca, Mg, and Na in the scale of L. calcarifer collected from a North Australian River system where the ranges of concentrations of dissolved elements in water were, Zn (0.6-5 ng g-1), Mn (0.3-23 ng g-1), Ba (<5-42 ng g-1), Mg (0.3-2030 µg g-1), Ca (0.7-750 µg g-1), Sr (0.004-13 µg g-1). These variations could be caused by the differences in pollution levels and locations. The species, their trophic level in the food chain, their dietary patterns, and the system’s physico-chemical properties all affect how much metal is to be absorbed in a fish organ (Garnero et al., 2018). At the species level, the mineral concentration of teleost scales can vary ranging from 16 to 59% (Seshaya et al., 1963). Chemical properties of water are key factors in the scale’s elemental makeup (Wells, 2000). The hydrochemistry of the body of water that the fish dwells in has a close connection with the elemental makeup of the scale (Brraich and Jangu, 2013). Therefore, the changes in water chemistry due to geographical variation or other factors like temperature fluctuations can impact the makeup of scales and other calcified structures (Kerr and Campana, 2014). Fish scale mineralization proceeds continually during the course of the organism’s lifespan (Ikoma et al., 2003). Hence, the locations where a fish lives, flow seasons, and fish species can all affect the levels of metals that accumulate in fish scales (Shakir et al., 2020).




4.4 Potentially toxic elements

The elements determined in the scales include essential elements as well as some PTE like Cu, Cr, Zn, and Fe. On one hand, there may be negative effects on the fish itself if the absorption of an essential element accumulated in excess or PTE surpasses a certain threshold (Çelik and Oehlenschläger, 2007). For example, notable structural irregularities in the scales of Capoeta capoeta were attributed to heavy metals (Kılıç and Şişman, 2024). On the other hand, the accumulation of hazardous metals in fish can increase the dangers to the health of consumers, making food safety a serious global problem. However, they had the lowest concentration (Tables 2, 3) among the detected elements in the scales. The reference values in the fish and fish products (edible) are Cu (5 mg kg-1) Cr (1 mg kg-1), and Zn (50 mg kg-1) according to the regulations of Bangladesh (MOFL, 2014). The mean concentration of Cu in the scales of R. corsula and the levels of Zn in all species analyzed in the current study were above Bangladesh’s reference values designated for edible parts. However, the current study was carried out by analyzing elements in fish scales, while the analyses in the edible parts and the environmental matrices were out of the scope of the present study. Thus, the values obtained in the current study were from fish scales that are not usually consumed by humans or are inedible, whereas the muscle tissue or other edible parts have direct implications for the consumption of these PTE. Jovičić et al. (2023) observed different PTE in the scales of five fish species with varying concentrations. Rahman et al. (2018) also found elevated levels of PTE, Cu (19.035 ± 0.05 µg g-1), and Zn (110.313 ± 0.27 µg g-1) in the scales of L. calcarifer than that in the current investigation which could be because of comparatively higher pollution than in the present study area. As they develop, fish take in various components from their environment besides the diet consumed, and incorporate them into the calcified matrix including scales (Coello and Khan, 1996). Aquatic ecosystems are exposed to PTE originating from both natural and man-made sources. The PTE could have originated from anthropogenic activities like industrial and sewerage effluents entering into the coastal waters through river discharges. Increased anthropogenic activities resulted in pollution through the release of different hazardous materials, raising a global environmental concern (Parvez et al., 2024a, 2024b). Among the anthropogenic causes, different nonpoint pollution sources, specifically runoff from nearby agricultural lands, could be the most possible. Because there are vast areas of agricultural and aquaculture ventures utilizing various fertilizers and pesticides in the catchment area of the rivers discharging in the Bay of Bengal. It is crucial to regularly monitor these hazardous elements in the environmental matrices and organisms to evaluate the risks to the ecosystem and human health.

The scales of the studied fish species were shown along with element distribution maps obtained by micro-XRF in Figures 3–7. The analysis by XRF has several benefits, such as the ability to identify multiple elements at once, its non-destructiveness, the simplicity of sample preparation, the absence of harmful chemicals and waste products, and the avoidance of losses associated with chemical procedures during dry ashing and acid extractions (Oladebeye, 2017; Carvalho et al., 2020). Furthermore, by scanning a target area of concern spot by spot and detecting the emitted radiation utilizing a silicon drift detector, micro-XRF spectrometer systems map the elemental distribution of materials (Bruker, 2019). It is a scanning-based imaging spectrometer in which a micro-focused X-ray beam is utilized to irradiate a sample’s target area of concern spot by spot (Leite et al., 2022).




Figure 3 | The scale of T. ilisha; Top left to right: scale in normal view, in high resolution, distribution map of Fe; Below left to right: distribution map of Mn, distribution map of Sr, distribution map of Zn.






Figure 4 | The scale of S. panijus; Top left to right: scale in normal view, in high resolution, distribution map of Fe; Below left to right: distribution map of Mn, distribution map of Sr, distribution map of Zn.






Figure 5 | The scale of L. calcarifer; Top left to right: scale in normal view, in high resolution, distribution map of Fe; Below left to right: distribution map of Mn, distribution map of Sr, distribution map of Zn.






Figure 6 | The scale of O. pama; Top left to right: scale in normal view, in high resolution, distribution map of Fe; Below left to right: distribution map of Mn, distribution map of Sr, distribution map of Zn.






Figure 7 | The scale of R. corsula; Top left to right: scale in normal view, in high resolution, distribution map of Fe; Below left to right: distribution map of Mn, distribution map of Sr, distribution map of Zn.






4.5 Element: Ca ratios and their ecological implications

Habitat tracking is crucial for the sustainable management and conservation of a fishery, especially in the case of migratory species. The element makeup of hard parts offers insight into how an organism occupies its environment over the course of its existence. Comparing the ratios in fish scales with other environmental data, including local geology, water chemistry, and species-specific traits, can provide a comprehensive picture of the aquatic environments where the fish live. It is recognized that the elemental makeup of fish scales can be considered an excellent biogeochemical marker for fish habitat tracking (Wang et al., 2016). Given that Ca is the most prevalent element on the scale, we computed element: Ca ratios (Table 4) and used these proportions as possible implications of habitat signature (Wang et al., 2016; Feitosa et al., 2020). The relationship between Ca and P is crucial for several physiological functions in organisms, especially for the health and mineralization of the skeletal system, where both elements are necessary for the development and upkeep of bones, scales, and teeth (Mbachiantim et al., 2021). These two elements are the main constituents of hydroxylapatite in scale (Wang et al., 2016). The ratio of P: Ca found in the current study is presented in Table 4. R. corsula was found to have the highest and T. ilisha had the lowest P: Ca ratios in the present study. The ratio of P to Ca in fish scales is important for several reasons related to the structure and health of the scales and the overall well-being of fish, and any shift in this ratio can cause several issues, especially those pertaining to the metabolism of minerals and the skeleton, including scales. Integrating P:Ca ratio data in fish scales along with other biomarkers, water quality evaluations, and pollutant assessments could help find insight into the fish habitat and nutritional habits, providing insights into the impact of environmental pollution on aquatic systems in fish scales.


Table 4 | Elements/Ca ratios in the scales of fish species studied (Note: Values should be divided by 103 to obtain actual values).



Different elements, including Sr, Ba, Mn, and Mg, are thought to be good indicators of habitat occupancy since their hard part levels correspond to ambient levels (McMillan et al., 2017; Moll et al., 2019). Particularly, Sr and Ba are correlated with salinity, where the first is more abundant in marine and the second in freshwater (McMillan et al., 2017; Tripp et al., 2020). Hence, the ratios of Sr: Ca and Ba: Ca in fish hard parts are positively related to salinity changes (Martinho et al., 2020). Various anthropogenic activities can release Sr into the ecosystem, which might contaminate the aquatic ecosystem. Sr, particularly 90Sr, a long-lived radionuclide, can accumulate in bones and could be detrimental to animals (Mironyuk et al., 2022). O. pama was found to have the highest Mn: Ca and the lowest Ba: Ca ratios in the current study. The ratios of Ba: Ca, Cd: Ca, and Sr: Ca were found to be positively associated with environmental levels and to represent changes in ambient element concentrations (Wells, 2000). Fish scales with high Sr: Ca and Mn: Ca ratios or low Ba: Ca ratios may be a signature of seawater because seawater has concentrations of Ca, Mg, and Sr that are higher by a minimum of one level of magnitude than those of freshwater, and compared to freshwater, the levels of Ba in seawater is about two orders of magnitude lower (Wang et al., 2016). Adey et al. (2009) noted a decrease in Ba levels in salmon scales linked with the transition from freshwater to marine water. When exposed to seawater scales absorb Sr, since Sr can replace Ca and compared to freshwater, seawater has a larger proportion of it enabling the detection of habitation patterns in rivers and seas (Courtemanche et al., 2006). Salmo salar showed a rise in Sr levels during the freshwater-to-marine movement, as well as high Sr concentrations in the marine section (Tray et al., 2022). Coutant and Chen (Coutant and Chen, 1993) also observed lower levels of Sr in the scale of freshwater Morone saxatilis and higher Sr levels in estuarine M. saxatilis. O. pama is an amphidromous (Table 1) fish referring to having a migration pattern from river to the sea and vice versa. Therefore, the samples of O. pama studied in the work have an affinity with seawater. It was observed that scales of Salvelinus fontinalis exhibited greater Sr: Ca ratios when exposed to seawater, and scales of wild anadromous fish had regularly higher ratios of Sr: Ca than freshwater-inhabitant types (Courtemanche et al., 2006). S. panijus had the highest Sr: Ca and Zn: Ca ratios as well as having amphidromous migration patterns also indicating the samples of S. panijus have an affiliation with seawater, like O. pama. Because the amounts of P and Zn in marine and river water are similar thus, we can emphasize the Sr: Ca alone. T. ilisha was found to have the highest Fe: Ca, K: Ca, Mg: Ca, Na: Ca, P: Ca, S: Ca, and the lowest Sr: Ca ratios in the study while L. calcarifer had the lowest Al: Ca, Cu: Ca, and Mn: Ca ratios. The lowest Sr: Ca ratio in T. ilisha and Mn: Ca in L. calcarifer indicate their kinship to freshwater. Both the species are migratory fishes, while T. ilisha being an anadromous and L. calcarifer a catadromous (Table 1) both have a habit of dwelling in the fresh waters at a certain stage of their life span through migration.





5 Conclusion and future perspectives

Element concentrations were found to vary in relation to fish feeding habits and habitats. Ca and P were the most available elements in the scales. Whereas Cu and Cr had the lowest concentrations. Element concentrations varied across fish feeding habits and habitats. Element: Ca ratios, especially Sr: Ca, Mn: Ca, and Ba: Ca ratios might be potential habitat biomarkers. The results of the current study could serve as background information for future research in the field. Nevertheless, additional investigation is necessary to comprehend the influence and interplay of various elements on the inclusion of elements in scales. Further research could focus on specific laboratory and observational studies to gain a deeper understanding of element profiles and their connections to migratory, dietary, and habitat characteristics. It would be increasingly important to conduct this research across life stages and growth and maturation cycles, even though it might be challenging. Finally, the development of a library of elemental fingerprints for significant species through subsequent research could be useful for long-term management, especially for migratory fishes.
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