Facilitation of barium uptake into fish otoliths: Influence of strontium concentration and salinity
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Abstract
To reconstruct patterns of fish migration using otolith chemistry, it is essential to validate the relationship between elements in otoliths and the surrounding water, and in particular, how processes such as competition and facilitation among multiple elements influence otolith chemistry. Using a controlled laboratory experiment, juvenile black bream (Acanthopagrus butcheri) were reared in both brackish and seawater spiked with different concentrations of Sr and Ba. The addition of Sr to the solution facilitated the uptake of Ba into otoliths of fish reared in brackish water, but not in seawater. Conversely, Ba did not facilitate nor compete with the uptake of Sr in either brackish or seawater. In brackish water, Sr incorporation into otoliths may create crystal defects within the CaCO3 matrix, enabling greater incorporation of Ba. Ba:Ca partition coefficients (DBa) for brackish and seawater were 0.058 and 0.136, respectively, whereas Sr:Ca partition coefficients (DSr) for brackish and seawater were 0.463 and 0.287, respectively. The influence of Sr on Ba incorporation in fish otoliths is important to consider when reconstructing migration histories of fish, especially in brackish water environments.
Introduction
The concentration of foreign ions incorporated in calcified structures such as fish otoliths (ear stones) can be used to reconstruct migratory histories of fish (see Campana [1999] for a review of otolith chemistry). However, to determine migrations of fish using otoliths, we must first quantify the effects of the habitat variables of salinity, ambient elemental concentration, and temperature on otolith chemistry (e.g., Elsdon and Gillanders, 2004). Although several experiments have related salinity and ambient elemental concentration to otolith chemistry (see Elsdon and Gillanders, 2003a for a review), geochemical processes that control element incorporation have not been thoroughly investigated in the field of otolith chemistry. Two processes widely researched within the geochemical literature of carbonate mineral precipitation are competition with or facilitation between elements, which subsequently influence elemental incorporation into the CaCO3 matrix.
The theory of elemental competition and facilitation in carbonate crystals has been examined for several decades (Ichikuni 1973, Mucci and Morse 1983). Specifically, competition refers to the presence of one element preventing another element from being incorporated into the CaCO3 matrix. Facilitation refers to the increased incorporation of one element into the CaCO3 matrix as a direct result of the presence of a second element. Competition between elements occurs in calcite, an important crystal form in the investigation of divalent metal incorporation, as reactions at its surfaces can control divalent metal mobility and precipitation (Temmam et al., 2000). Mg has a competitive influence on Mn (Franklin and Morse, 1983), and Na on K (White, 1977). Conversely, it has been reported that Mg (Mucci and Morse, 1983) and Mn (Ichikuni, 1973) can facilitate the incorporation of Sr into calcite, and Sr can facilitate the incorporation of Ba into calcite (Pingitore, 1986).
Competition or facilitation between elements such as Sr and Ba in calcified structures of living organisms, such as fish otoliths, has yet to be tested. Elements are thought to be incorporated into otoliths by substitution for Ca ions (Campana, 1999). As Sr and Ba are divalent cations and possess ionic radii larger than Ca, they are more likely candidates to substitute for Ca ions in aragonite (e.g., otoliths) than in calcite (see Eqn. 1). Calcite and aragonite are polymorphs of CaCO3 (Campana, 1999), differing in their organisation and orientation of carbonate molecules and incorporation mechanisms (aragonite incorporates larger cations than calcite; Falini et al., 1996). Substitution occurs within limits following Goldschmidt’s rules, which describe trace element partitioning between phases (Mason and Moore, 1982). Given that both Sr and Ba could substitute for Ca in otoliths, it seems likely that in seawater, Sr would outcompete binding of Ba because of its higher concentration (Sr concentration is up to 1000x greater than Ba; Elsdon and Gillanders, 2003b), thereby preventing Ba from being incorporated into the otolith.
The use of partition coefficients (DMe; see Eqn. 2) can aid in determining whether competition and facilitation of elemental incorporation occurs in otoliths, as they describe elemental discrimination and the relationship between ambient (i.e., rearing solution) concentrations and those in the calcified structures (Morse and Bender, 1990). Partition coefficients can be described by the following equation where Me represents a coprecipitated element;
Despite their potential to reveal elemental discrimination, partition coefficients are rarely reported in studies of elemental uptake into fish otoliths (but see Bath et al 2000, Elsdon and Gillanders 2003b, Wells et al 2003).
In otolith chemistry, Sr has been researched more extensively than Ba, perhaps because of the higher concentration of Sr in otoliths compared with Ba (Thorrold et al., 1998). Improved analytical techniques, however, have allowed for reliable detection of Ba concentrations in otoliths, with Ba proving useful as it correlates closely with spatial variation of salinity in water bodies (Thorrold et al., 1997). Results of previous experimental studies of the influence of salinity on otolith chemistry are inconsistent, with positive (Fowler et al 1995, Secor et al 1995), negative (Milton and Chenery 2001, Elsdon and Gillanders 2002, Kraus and Secor 2004), and nonsignificant (Elsdon and Gillanders 2002, Kraus and Secor 2004) effects observed for both Sr and Ba. Conversely, experimental investigations of the influence of ambient (i.e., rearing solution) Sr and Ba concentrations on otolith Sr and Ba have all revealed strong positive associations (e.g., Bath et al 2000, Milton and Chenery 2001, Elsdon and Gillanders 2003b, Kraus and Secor 2004). Hence, ambient elemental concentration appears a better predictor of otolith chemistry than salinity. Despite this, few studies report ambient elemental concentrations (but see Thorrold et al., 1997) or compare results from studies carried out at other salinities (but see Wells et al., 2003), preventing the elaboration of a relationship between ambient and otolith elemental chemistry.
The few studies that have investigated the relationship between ambient and otolith elemental concentrations have spiked multiple elements into solution at the same concentrations (Bath et al 2000, Elsdon and Gillanders 2003b, Wells et al 2003) and at only one salinity (but see Elsdon and Gillanders, 2004). As a result, competition or facilitation between elements and their effects on otolith chemistry are unknown. Thus, we tested the hypotheses that Sr can outcompete Ba for binding sites in otoliths and that competition would be greater in seawater than in brackish water, because of the relative abundances of these elements in natural waters. In a controlled laboratory experiment, Sr and Ba were spiked at various concentrations into the rearing waters of fish to determine whether these elements compete for binding sites within the otolith matrix of black bream (Acanthopagrus butcheri [Munro, 1949], Family Sparidae). To assess the influence of salinity on competitive elemental incorporation, the experiment was done in both brackish and seawater. This experiment represents the first test of competition for elemental binding sites in CaCO3 structures of living organisms, such as fish otoliths.
Section snippets
Experimental Design
Juvenile black bream, Acanthopagrus butcheri (Munro, 1949; Family Sparidae), ∼35 mm in total length were obtained from a hatchery and held in two 160 L tanks at a salinity (S) of 32 and 21.5°C. Tanks were equipped with air and filtration. After an acclimatization period of 24 h, fish were exposed to alizarin complexone (C19H15NO8) at a concentration of 40 ppm for 24 h to mark their otoliths, and enable growth laid down under experimental conditions to be distinguished from hatchery growth. Over 
Rearing Conditions
Rearing water temperature differed only slightly (mean Δt < 0.08°C) between the two salinity treatments (Table 1, Table 2). Although this difference was statistically significant (Table 2), a temperature difference of this magnitude is unlikely to affect the otolith chemistry. Salinity was different between the two treatments of brackish and seawater (Table 2), with little variation detected within each treatment group, and between replicate tanks (Table 1).
For Ba:Ca, tank effects were detected 
Discussion
Ambient Sr concentration in brackish water positively influenced the incorporation of Ba into otoliths of black bream. Within each Ba concentration (low, medium, and high), otolith Ba:Ca increased with increasing levels of Sr in the brackish water treatments. Conversely, in seawater, no effect of Sr concentration was detected, and otolith Ba:Ca was affected only by ambient Ba:Ca ratios. The effect of Sr on Ba in brackish water was only detected for otolith Ba:Ca ratios, and was not detected in
Summary
We have rejected the hypothesis that Sr outcompetes Ba for binding sites in fish otoliths and have instead shown that elemental incorporation of Ba into otoliths of black bream is facilitated by ambient Sr concentrations in brackish water. A potential explanatory model, based on elemental incorporation into calcite, is that excess Sr may create crystal defects and increase the incorporation of Ba in nonlattice sites. The influence of Sr on Ba incorporation into the otolith is especially
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