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The application and utility of otolith chemistry continues to expand despite an incomplete understanding of the mechanisms that regulate elemental incorporation. An unresolved question is what role individual factors such as growth play in regulating elemental incorporation. Disentangling growth variation from thermal effects is particularly challenging in fishes yet integral to understanding the mechanisms of incorporation and interpreting patterns of variation in the field. Juvenile Pacific cod (Gadus macrocephalus) were maintained in a controlled laboratory setting to evaluate the relative importance of growth rate, ration, and temperature on otolith elemental incorporation. Fish were held at four temperatures (2, 5, 9, 13°C) and fed daily to apparent satiation. An additional treatment included fish that were held at 9°C and fed a reduced ration (1% body mass d−1). Fish were maintained for variable duration (40–147 d), depending on ration and temperature, to ensure adequate otolith growth for analysis. Water samples for chemical analysis were collected to determine elemental partition coefficients (DMe). Overall, mean growth rates ranged from −0.09 to 1.52% d−1. For the 9°C fish, there was a clear ration effect on DMn (2.6X higher at high ration) and DSr (1.5X higher at low ration), a small effect for DMg (1.1X higher at high ration), and no effect for DBa. For high ration fish, there was a positive effect of temperature on DMn and DMg, due solely to differences associated with the 2°C treatment, and no effect on DSr and DBa. Correlations between growth and DMe within temperature treatments were variable, but for DMn and DSr the directionality mirrored the ration effect with positive correlations for DMn and negative correlations for DSr. Overall, the observed ration effects were greater than any growth rate effect, indicating that the effect of ration is due to more than growth variation.
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INTRODUCTION

Elemental analysis of accretionary hard tissues in aquatic animals is now widely used in a variety of disciplines, such as aquaculture (Yamada and Mulligan, 1982; Gibson-Reinemer et al., 2009) and climatology (Wurster and Patterson, 2001; Schloesser et al., 2009). While incomplete, our mechanistic understanding of the factors regulating elemental incorporation into hard structures, such as fish scales and otoliths, mollusk shells, and coral skeletons, has advanced through controlled experiments on (1) abiotic crystals, such as calcite and aragonite (Gaetani and Cohen, 2006; Lopez et al., 2009); (2) animal tissues that grow in direct contact with the water, such as coral skeletons and bivalve shells (Mitsuguchi et al., 2003; Holcomb et al., 2009; Marchitto et al., 2018); and (3) animal tissues that grow internally with multiple interfaces for the discrimination, or partitioning, of elements, such as teleost otoliths (Elsdon and Gillanders, 2003; Miller, 2009, 2011). For otolith elemental incorporation, physical characteristics, such as water elemental concentrations, temperature, salinity, and pH (Bath et al., 2000; Elsdon and Gillanders, 2004; DiMaria et al., 2010), as well as biological characteristics, such as growth, diet, and reproductive state (Buckel et al., 2004; Walther et al., 2010; Sturrock et al., 2015), have all been identified as factors that can influence elemental incorporation.

For many ecological applications, it is assumed that the dominant mechanisms regulating elemental incorporation are related to physical water characteristics with minor or minimal effects of biological traits, such as diet or growth. While there are laboratory experiments and reviews that highlight some of these potentially confounding factors (Sturrock et al., 2014; Izzo et al., 2018), many field studies do not explicitly address them, and the occurrence of strong biotic effects has the potential to confound interpretation of field observations. Direct effects of growth and metabolic variation are of interest because, if dominant, such effects could result in substantial variation among individuals residing in the same locations or water masses, which would violate one of the most common assumptions. Thus, it is important to determine the relative importance of abiotic (or “kinetic”) and biotic (or “vital”) effects on elemental incorporation in general and of growth variation specifically.

There is some evidence for growth rate effects on otolith elemental incorporation (Sadovy and Severin, 1994; Walther et al., 2010; Stanley et al., 2015); however, most studies are confounded by temperature. Growth of ectotherms covaries with temperature and relatively few studies have reported growth effects on otolith elemental incorporation within comparable thermal environments (Martin et al., 2004; Martin and Thorrold, 2005; DiMaria et al., 2010; Walther et al., 2010; Stanley et al., 2015). Overall, variable effects of growth are reported, with positive, negative, and no effects on incorporation reported for the most commonly examined elements: magnesium (Mg), manganese (Mn), strontium (Sr), and barium (Ba) (Tables 1, 2). These findings are further complicated because there are multiple opportunities for partitioning, i.e., at the gills, in the blood and endolymph, and during crystal formation. However, in studies that attempted to account for growth variation by limiting comparisons to individuals in similar temperature treatments, the results are more consistent with primarily positive or no growth effects on the incorporation of Mg and Mn and negative or no effects on the incorporation of Sr and Ba (Table 2). Therefore, growth and temperature could have independent, differential, additive, or multiplicative effects across these interfaces, which could vary across species and in relation to the species' thermal range.


Table 1. Laboratory studies that examined temperature and/or growth effects on otolith elemental incorporation of immature marine or euryhaline fish species.
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Table 2. Review of studies that examined temperature and growth effects on otolith elemental incorporation of immature marine or euryhaline fish species.
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To separate temperature and growth effects on otolith elemental incorporation, we manipulated both temperature and ration in a controlled laboratory experiment on juvenile Pacific cod (Gadus macrocephalus). By maintaining fish at realistic temperatures that can be experienced during their first year of life (2, 5, 9, 13°C) and manipulating ration within the 9°C treatments, which reflects the species' optimal temperature for growth (Hurst et al., 2010), we independently examined the effects of temperature and growth on elemental incorporation.



MATERIALS AND METHODS


Fish Collections and Laboratory Experiment

Age-0 Pacific cod were collected within a Kodiak Island juvenile nursery using a 36-m beach seine. Fish were maintained for at least 48 h at the Alaska Fisheries Science Center (AFSC) Kodiak Laboratory in ambient seawater prior to shipment to the AFSC Laboratory in Newport, Oregon. Fish were shipped overnight in insulated containers filled with seawater and oxygen. Prior to use in laboratory experiments, fish were maintained in 1-m diameter round tanks with flow-through seawater maintained at 8–10°C. During this acclimation period fish were fed thawed krill and a gelatinized combination of squid, krill, herring, commercial fish food, amino acid supplements, and vitamins three times per week.

After 2 months of laboratory acclimation, 225 fish were randomly assigned to 15 tanks at densities of 15 fish per tank. Experimental tanks were 1 m in diameter and filled to a depth of 55 cm. After 5 d, tank temperatures were adjusted to treatment temperatures at a rate of 1°C per day. Three tanks were assigned to the 2, 5, and 13°C treatments and six tanks were assigned to the 9°C treatment. Lights were maintained on a 12:12 h light:dark photoperiod throughout the experiment. Tanks were checked twice daily for mortalities, which were removed, weighed, and measured. During the tank and temperature acclimation period, fish were fed three times per week.

Following 2 weeks of temperature acclimation, all fish in the experiment were measured and experimental feeding conditions initiated (experiment day 0). Initial mean sizes of the fish were 95.7 mm SL (± 10.1 SD) and 9.2 g wet weight (± 2.7 SD). Three of the 9°C tanks were assigned to a restricted ration treatment with all other tanks being fed thawed krill (Euphausia pacifica) to apparent satiation once per day. The restricted ration treatment was offered food at a rate of 1% wet mass per day, with the ration adjusted following fish measurements. This ration level was slightly above the estimated “maintenance ration” for juvenile Pacific cod and expected to support low levels of somatic growth. All fish in the 9 and 13°C treatments were measured every 2 weeks and fish in the 2 and 5°C treatments were measured every 3 weeks. Due to the expected differences in growth rates, lower temperature and low-ration treatments were extended to allow time for enough otolith deposition for chemical analyses. Therefore, the sampling interval and experimental duration varied among the treatments (Table 3). At the end of the experiment, all fish were euthanized with 250 mg/L of tricaine methanesulfonate (MS-222) buffered to a pH of 7.0 with sodium bicarbonate [American Veterinary Medical Association (AVMA), 2007] and frozen prior to dissection and extraction of otoliths.


Table 3. Mean (standard deviation) water elemental concentrations during the experiment.
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Somatic growth rates were determined individually for each fish in the experiment. In lieu of individual marking of the fish, we used the size disparity among fish in each tank as an indicator of identity, assuming maintenance of relative size ranks throughout (Hurst et al., 2012). Weight-specific growth rate (SGR, % body mass d−1) of each fish was calculated by regression of ln-transformed wet mass against sampling date. An indicator of body condition, the hepatosomatic index (HSI), was also calculated (wet liver mass/body mass · 100). Fish size at the end of the experiment, SGR, and the HSI were compared across all five treatments (2, 5, 9_low, 9_high, and 13°C) with one-way Analysis of Variance (ANOVA) and Tukey HSD post-hoc comparisons using R version 3.6.0. Data were log-transformed to satisfy parametric assumptions.

All tanks in the experiment shared the same water source. Coastal oceanic water was pumped from Yaquina Bay during flooding tides into a 3 million L reservoir. Water was pumped from the reservoir through a sand filter to the fish holding facilities where it was heated or chilled to achieve the target temperatures. Given that the water source was the same for all tanks, water samples were collected haphazardly from two of the 15 tanks every 10–14 d for elemental analysis. Water samples were filtered (0.25 μm) and acidified (< 2 pH) with ultrapure HNO3 (ULTREX, J.T. Baker). Dissolved elemental concentrations were measured using a Leeman-Teledyne inductively coupled plasma optical emission spectrometer (ICP-OES) (Mg at 279.1 nm, Ca at 317.9 nm, Mn at 259.4 nm, Sr at 421.5 nm, and Ba at 455.4 nm). Filtered, acidified samples were diluted 150x for the determination of Mg, Ca, and Sr and 20x for Mn and Ba. Matrix-matched standards were created using SPEX Certiprep Group® certified reference materials, National Institute of Standards and Technology (NIST) liquid standard (1643e), and a sodium chloride (NaCl) solution. Matrix-matched NIST standards and HNO3 blanks were used to evaluate accuracy. Measured Mg, Ca, Mn, Sr, and Ba concentrations were within 6, 2, 4, 1, and 6%, respectively, of certified values. Repeated measurements of the same standards indicated that precision was within 5% for all elements (n = 5). Elemental concentrations are presented in ppm (Mg, Ca, Sr) or ppb (Mn, Ba) or in mmol mol−1 (Mg:Ca, Sr:Ca) or μmol mol−1 (Mn:Ca, Ba:Ca). We used paired t-tests to compare the two separate tank water samples collected on the same days. If there were no differences in water elemental concentrations between tank samples, then the water Me:Ca ratios for the two samples were averaged and used for comparison with otolith chemistry. Elemental ratios were ln-transformed to normalize data distributions and homogenize the variance.



Otolith Preparation and Analysis

Juveniles were weighed (to 0.01 mg) and measured (standard length SL, to 1.0 mm), and both sagittae were removed using standard methods to minimize contamination. The left otolith was mounted on a glass slide using thermoplastic resin and polished to expose the core using 3MTM tri-mite WetordryTM paper (240–1,200 grit) and diamond lapping film. Polished otoliths were imaged at 400× magnification using a Leica DM1000 compound microscope and Micropublisher camera. The mean otolith deposition in each temperature-ration treatment was determined by measuring the total otolith deposition during the experiment based on increment counts. For most fish, particularly in the low-ration treatments, the otoliths displayed a prominent check that aligned with the initiation of the experiment (Figure 1). Daily increments (Narimatsu et al., 2007) within the final 30 μm, which represented the otolith material that was ablated to estimate elemental composition, were measured using ImagePro®. Otoliths were interpreted at least twice with at least 90% agreement for estimates included in subsequent analyses. The duration of the experiment varied across treatments with the 2°C fish maintained for 147 d; the 5°C fish for 84 d; the 9°C low-ration fish for 56 d; and the 9 °C high-ration and 13 °C fish for 40 d. For the 2°C treatment otolith deposition = 198 μm (27 SD); 5°C = 129 μm (16 SD); 9°C low-ration = 81 μm (6 SD); 9°C high-ration = 70 μm (10 SD); and 13°C = 91 μm (12 SD). Individual increment widths during the final 30 μm of otolith deposition experiment were averaged and log-transformed to meet parametric assumptions prior to analysis. Variation across treatments was examined with a one-way ANOVA and Tukey HSD post-hoc tests for pairwise comparisons using R version 3.6.0.


[image: Figure 1]
FIGURE 1. Image of otolith from the low-ration treatment (top image) with apparent stress check (at 80 μm) and ablation scar (30 μm) indicated. Otolith length plotted against fish standard length (left graph) and fish mass (right graph) at the end of the experiment are also included, with the low- and high-ration fish indicated.


The left sagittae were also used for elemental analysis. Otolith thin sections were cleaned ultrasonically in NANOpure® water (18 MΩ·cm), dried in a Class 100 clean bench, and mounted randomly onto clean glass slides. To remove any surface contamination, each otolith was pre-ablated along a transect (500 μm in length) parallel to the outer otolith edge in the anterior-dorsal quadrant; the laser was set at a pulse rate of 2 Hz with a 100-μm spot moving at 100 μm s−1. To collect otolith elemental data, the laser was set at a pulse rate of 7 Hz with a spot of 30 μm moving at 2 μm s−1. Given that a minimum average otolith deposition during the experiment was 70 μm (±10 μm SD), the 30-μm spot size only sampled material deposited during the experiment.

Otolith analyte count data were normalized by 43Ca to adjust for variability in instrument sensitivity and the amount of ablated material and converted to elemental ratios based on measurements of the NIST 612 standard. Elemental ratios are presented in mmol mol−1 (Mg, Sr) or μmol mol−1 (Mn, Ba). Precision (%RSD) was determined based on repeated measurements of NIST 612 glass slides (24Mg:43Ca = 6.0%, 55Mn:43Ca = 3.3%, 86Sr:3Ca = 2.6%, 138Ba:43Ca = 3.7%). Accuracy was measured using repeated analysis of USGS calcium carbonate standards MACS-1 and MACS-3 (mean ± SD for Mg:Ca = 114% ± 6.9, Mn:Ca = 99.4% ± 2.5, Sr:Ca = 102% ± 3.8, Ba:Ca = 113% ± 5.5). To describe elemental composition of otolith carbonate deposited during the experiment, Me:Ca values across 250–350 μm of each transect were averaged for each otolith.

There are various points at which discrimination, or partitioning, of elements can occur within teleosts, including at the water-gill interface, incorporation into blood plasma and endolymph, and during crystallization (Campana, 1999). Therefore, comparison of partition coefficients is common (Morse and Bender, 1990) and allows for a more appropriate comparison of otolith elemental incorporation, particularly given the variable experimental duration across treatments in this study. Partition coefficients (DMe) were calculated using the following equation:
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To evaluate temperature effects on DMe, we used a one-way ANOVA with temperature as a fixed factor and tank as the level of replication for all high-ration fish. To evaluate the effect of ration on DMe, we also used a one-way ANOVA with ration as the fixed factor for the 9°C fish only. Data were log-transformed (Sr:Ca, Ba:Ca) or square root transformed (Mg:Ca, Mn:Ca) to meet parametric assumptions. In order to further evaluate the potential effects of growth, we determined Pearson correlation coefficients between SGR and DMe and between otolith increment width and DMe for all fish within the same temperature and ration treatment. Analyses were completed using R version 3.6.0.

Finally, we compiled available literature information on growth and temperature effects on otolith elemental incorporation in order to separate results that are potentially confounded by a temperature x growth interaction from those results that examined, or accounted for in some manner, growth variation. We limited this review to controlled laboratory studies that examined the otolith incorporation of one or more of the most commonly used elements (Mg, Mn, Sr, or Ba). We further limited this analysis to studies on larval or juvenile marine and euryhaline fish in order to avoid potential confounding factors associated with large differences in salinity or maturity.

This experiment was conducted in NOAA's Alaska Fisheries Science Center Laboratory in Newport, Oregon. This research was carried out in accordance with all applicable institutional and national guidelines at the time that the study was conducted; all work followed American Fisheries Society policies on the Guidelines for Use of Fishes in Research (https://fisheries.org/docs/policy_useoffishes.pdf) and AVMA (American Veterinary Medical Association) Guidelines on Euthanasia (https://olaw.nih.gov/sites/default/files/Euthanasia2007.pdf). Fish were collected under permit CF-09-081 from the Alaska Department of Fish and Game. There was no formal ethics review of this study because NOAA National Marine Fisheries Service does not have an Institutional Animal Care and Use Committee (IACUC) or an ethics approval processes for research on fishes and, at the time of this study (2009–2010), OSU's IACUC did not provide review of research that was completed in US federal facilities.




RESULTS

There were very few mortalities during the experiment (one fish in the 5°C and two fish in 9°C low-ration treatment); these were removed from the tank and excluded from all analyses. Due to a handling error, fish from two tanks were irretrievably lost (Tanks five and seven). One additional tank (15) was removed due to consistently high values for otolith Mg:Ca (>6 SD greater than the overall tank mean) and Mn:Ca (4 SD greater than the tank mean). We identified no reason for these values and determined removal of the tank was the best option.

For the remaining 12 tanks, fish metrics (SL, SGR, HSI, and otolith increment width) were compared across all treatments (2, 5, 9 low-ration, 9 high-ration, and 13°C). Tank mean SL ranged from 91.3 to 131.5 mm, and there were differences among treatments (F4, 7 = 12.84, P = 0.002) (Table 4 and Table S2). Mean length of the 9°C, low-ration fish was less than the 2, 5, and 13°C fish (pairwise P < 0.045). Mean SGR ranged from −0.09 g d−1 to 1.52% g d−1 and also varied with treatment (F4, 7 = 263.1, P < 0.0001) (Figure 2). Mean SGR consistently increased with temperature except for the 9°C, low-ration fish, which grew more slowly than the 2°C fish. The low-ration fish also displayed the most variable growth (−0.31 to 0.31). However, only two low-ration fish displayed a negative SGR or even a value <0.1 g d−1, which indicates that the ration, while low, was effectively a maintenance ration. Pairwise contrasts demonstrated that SGR differed among all treatments (pairwise P < 0.002 for all except the 9 and 13°C comparison, P = 0.012). Mean HSI ranged from 1.68 to 4.78 and varied with treatment (F4, 7 = 13.85, P = 0.002). The differences were due to consistently low HSI values in the low-ration, 9°C treatment compared to the four other treatments (P < 0.027) (Figure S1). Mean otolith increment width also increased with temperature, although differences among treatments were relatively small (Figure 2). Overall, there was an effect of treatment on otolith increment width (F4, 7 = 4.86, P = 0.034) with the smallest increments observed in the 9°C low-ration and the largest observed in the 13°C treatment (Figure 2). However, pairwise comparisons indicated that the differences were primarily due to smaller increment widths in the 2°C (P = 0.044), 5°C (P = 0.056), and 9°C low-ration (P = 0.035) compared with the 13°C treatments (Table 4). The otolith length was positively related to fish length and mass, and the low-ration fish had larger otoliths at size than the high-ration fish (Figure 1). Tank mean otolith increment width and SGR were positively correlated (r = 0.69; P = 0.012).


Table 4. Tank number, water temperature (T), ration, and mean (SD) fish size at end of the experiment (standard length, SL) and specific growth rate (SGR) and otolith growth rate during the experiment.
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FIGURE 2. Median, first, and third quartiles and outlying points for specific growth rate (% body mass d−1) and otolith increment width (μm) during the experiment for the 2, 5, 9_low, 9_high, and 13°C treatments.


Elemental concentrations between the two tank water samples collected on the same day were similar (paired t-test, n = 14, P > 0.30). Therefore, the mean of the two samples taken on each of 14 sampling days was used to describe water elemental concentrations during the experiment (Table S1) and values were then averaged for each temperature treatment according to the duration of each treatment (Table 3). There was some seasonal variation observed. Therefore, otolith Me:Ca values are presented (Table 5) but all statistical analyses were based on DMe, which accounts for variation in water chemistry (Figure 3).


Table 5. Tank mean (standard deviation) for otolith elemental concentrations (Me:Ca) and partition coefficients (DMe) during the experiment.
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FIGURE 3. Median, first, and third quartiles and outlying points for otolith Me:Ca (upper four graphs) and DMe (lower four graphs) for the 2, 5, 9_low ration (9L), 9_high ration (9H), and 13°C treatments.


The effect of temperature on partition coefficients, which was evaluated using only high- ration fish, varied across elements with positive effects on DMn and DMg, inconclusive effects on DSr, and no effect on DBa (Figure 3; Table S2). For DMn, there was a positive effect of temperature (F3,5 = 32.73, P = 0.001) where the 2°C treatment was lower than the 5°C (P = 0.003), 9°C (P < 0.001), and 13°C (P = 0.005) treatments. For DMg, there was also a positive effect of temperature (F3,5 = 8.54, P = 0.021) where the 2°C treatment was lower than the 5°C (P = 0.028) and 13°C (P = 0.022) treatments. For DSr, there was a minor association with temperature (F3,5 = 4.09, P = 0.082) due to slightly higher values in the 2°C treatment than in the 5°C treatment (P = 0.080). There was no effect of temperature on DBa (F3,5 = 1.31, P = 0.368). Overall, any observed temperature effects on otolith elemental incorporation were due to the 2°C treatment (Figure S2).

There was a strong, positive effect of ration on the partitioning of Mn (F1,3 = 380.9, P = 0.0003) and negative effect on the partitioning of Sr (F1,3 = 111.9, P = 0.002) (Figure 3; Table S2). There was a small, positive effect of ration on partitioning for Mg (F1,3 = 10.21, P = 0.05) and no effect for Ba (F1,3 = 1.31, P = 0.368). Overall, DMn was 2.6X greater and DMg was 1.1X in high-ration compared with low-ration fish. In contrast, DSr was 1.5X greater in low-ration compared with high-ration fish.

We also determined the Pearson correlation coefficients between SGR and DMe and increment width and DMe within the temperature treatments to further evaluate the potential effects of growth rate (Table 6). There were no wholly consistent patterns observed for any partition coefficients at all temperatures (Figure 4) and no P-values were smaller than 0.05 after conservative adjustments for multiple comparisons. However, the directionality of the correlations between SGR and DMe were similar to that of the ration effect for DMn, positive for four of the five correlations and for DSr, negative for four of the five correlations. For DMg, three of the five correlations were negative, which is opposite the observed, relatively small ration effect. The pattern of correlations between mean otolith increment width and DMe were similar to SGR. The coefficient of variation for otolith increment width was greater than for SGR, except for the low ration treatment in which variation in SGR was very high (Table 6). The patterns between DMe and HSI were similar to SGR and otolith growth (Figure S1).


Table 6. Correlation coefficients between DMe and specific growth rate (SGR, % body mass per day) and partition coefficients (DMe) for fish within the same treatments.
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FIGURE 4. Scatter plot of DMe and specific growth rate (% body mass d−1) for all fish in the 2, 5, 9_low ration (9L), 9_high ration (9H), and 13°C treatments (top four graphs) and for DMe and mean otolith increment width (bottom four graphs).


The observed ration effects were consistently greater than the observed temperature effects. The ration effects are also greater than any observed effects due to growth variation within temperature treatments. For example, the mean difference in SGR between the 2 and 13°C treatments (1.09% g d−1) was similar to the difference between the low- and high-ration 9°C treatments (1.20% g d−1). In contrast, the mean difference in DMn between the 2 and 13°C fish (1.3X) was half of the observed difference between the low- and high-ration fish (2.6X). Additionally, mean DSr was similar in the 2 and 13°C fish (0.244 and 0.229, respectively) whereas DSr values for the low-ration 9°C fish were, on average, 1.5X greater than the high-ration 9°C fish, despite the similar growth rate variation. Similarly, the HSI was, on average, 1.2X greater in the 13°C treatments compared with the 2°C treatments but was 2.8X greater in fish from the high-ration vs. low-ration 9°C treatments. Thus, the difference in condition, as measured by the HSI, reflects the variation in DMe better than somatic or otolith growth.

We identified 21 studies in our literature review of growth and temperature effects on otolith elemental incorporation, which was limited to laboratory studies on larval and juvenile marine and euryhaline fish. Only 10 of these studies explicitly attempted to account for growth vs. temperature effects and only one other study directly manipulated growth through ration (Walther et al., 2010). An important consideration is that most other studies used a correlative approach to examine growth effects within or across temperature treatments (Tables 1,2).

For magnesium, the most commonly reported finding was no effect or a positive effect of temperature when comparisons did not explicitly account for growth (Gauldie, 1996; DiMaria et al., 2010; Miller, 2011; Stanley et al., 2015). When growth was examined at least somewhat independently, no effect of growth was most common (four studies) with one report of positive and one of negative growth effects on Mg incorporation. Marohn et al. (2011) observed a positive effect of growth for the European eel (Anguilla anguilla) but only at 19°C whereas Martin and Thorrold (2005) observed a negative growth effect for juvenile spot (Leiostomus xanthurus).

For manganese, there is evidence for positive temperature effects in two species (Marohn et al., 2011; Stanley et al., 2015), no effects in three species (Elsdon and Gillanders, 2002; Martin and Wuenschel, 2006; Miller, 2009) and negative effects for one species (Miller, 2009) although these observations are all potentially confounded by growth variation. However, when attempts to isolate growth effects were made, there are only reports of positive or no effect of growth on elemental incorporation.

For strontium, there are numerous studies with findings of positive, negative, or no effects of temperature; however, the majority of those are also confounded by potential growth effects (Table 2). For studies that controlled ration or examined body condition or growth within comparable temperatures, only negative (five of eight studies) or no effects (three of eight) of growth are reported. For example, DiMaria et al. (2010) examined temperature and growth effect on DSr of larval Pacific cod and observed a negative effect of temperature across temperature treatments, an observation that was confounded by temperature-induced growth variation. Within temperature treatments, there was evidence for a growth effect on DSr only within the 5°C treatment.

For barium, variable effects of temperature on incorporation, including positive, negative, and no effects, have been reported although most of these are also potentially confounded by growth (Table 2). However, similar to Sr, for studies that manipulated ration or examined growth or condition at comparable temperatures, there were no (six of nine studies) or negative (three of nine studies) effects of growth on otolith incorporation reported.



DISCUSSION

The use of otolith chemistry to address ecological questions, such as identification of natal origins or estimation of mixing among groups of individuals, and environmental challenges, such as reconstruction of water temperature or salinity, usually requires the implicit assumption that individual variation in growth has minimal effect on the elemental signatures. While there are some indications that this assumption is not wholly supported in immature (Walther et al., 2010; Marohn et al., 2011; Stanley et al., 2015) or mature (Kalish, 1991; Sadovy and Severin, 1994; Sturrock et al., 2014) fishes, independent evaluations are scarce due to the inherent covariation of temperature and growth in fishes. While we observed a relatively large effect of ration on the incorporation of Mn (+) and Sr (–), there was a relatively small effect for Mg (+), and no effect for Ba. Temperature effects were only observed for DMn and DMg and only associated with the 2°C treatments. Furthermore, the data were inconclusive regarding the effect of growth rate within temperature treatments although the observed directionality of the potential growth effects were similar to the ration effect for Mn and for Sr but not for Mg.

The proposed mechanisms by which trace elements become associated with an otolith include: substitution for calcium; trapped in interstitial spaces within the crystal; passive or active association with the organic component; or incorporation as a biochemical co-factor (Campana, 1999; Doubleday et al., 2014; Thomas et al., 2017). Determining definitively which of these processes occurs is challenging. However, several studies have examined elemental concentrations throughout the pathway leading to crystallization, i.e., in the blood, endolymph, and otolith (Kalish, 1991; Payan et al., 1999; Melancon et al., 2009; Sturrock et al., 2014, 2015), while other studies focused on determining which elements were associated with the organic, proteinaceous component of the endolymph and otolith (Miller et al., 2006; Izzo et al., 2016).

Recently, Thomas et al. (2017) used size-exclusion chromatography with inductively coupled plasma mass spectrometry to determine if elements within the endolymph were associated with proteins, present only as free ions, or both. They propose that elements occurring only as free ions (or within the “salt” fraction) are the most likely to be substituted for calcium and therefore reflect environmental variation whereas elements found only associated with proteins (within the “proteinaceous” fraction) would be more likely to be associated with the organic component and to reflect physiological variation. Elements found in both fractions could reflect both environmental and physiological process, thereby complicating interpretation of otolith concentrations. Magnesium and manganese were found only in the salt fraction whereas calcium, strontium, and barium were all found in both the proteinaceous and salt fractions (Thomas et al., 2017). The substitution of other ions for calcium in aragonite appears to be dependent on size with some authors suggesting that those with larger ionic radii than calcium (Sr and Ba) are more likely to substitute (Thomas et al., 2017) whereas others indicate those with smaller ionic radii (Mg) are energetically favored as substitutes (Menadakis et al., 2008). Magnesium has a smaller ionic radius than calcium and could also be trapped within the growing otolith matrix. Thomas et al. (2017) propose that their observation of Mn only in the salt fraction of the endolymph, combined with its potential to form a dimer with an ionic radius similar to calcium, is an indication that Mn otolith incorporation could occur through substitution for calcium. However, several studies have reported Mn associated with otolith proteins (Miller et al., 2006; Izzo et al., 2016; Thomas and Swearer, 2019). Despite the progress made on understanding the mechanisms of otolith elemental incorporation, uncertainty regarding how various factors, such as temperature or growth, influence those mechanisms remains high.

Seasonal variation in plasma or endolymph chemistry has been reported in adult fish (Kalish, 1991; Sturrock et al., 2014, 2015). However, there is less information on seasonality for immature, marine or euryhaline fish. The experimental phase of our study ranged from 40 to 147 d, and the difference in duration between the low- and high-ration 9°C fish, which showed the largest treatment effect, was 16 d. Therefore, it is unlikely the changes due to seasonality could explain our observations although it is not out of the realm of possibility for the temperature effect observed for the 2°C treatment. For mature, female bearded rock cod (Pseudophycis barbatus), Kalish (1991) observed that protein, Sr, and Sr:Ca levels in the endolymph, the calcifying fluid in which the otolith grows, all reached their lowest levels in March, which was also when the otolith Sr:Ca reached its nadir. Kalish (1991) concluded that these seasonal patterns were most likely related to changes in protein concentrations and composition within the plasma and endolymph that were associated with reproduction. He noted that changes in endolymph composition associated with gonad development cannot explain otolith Sr:Ca changes in immature fish but postulated that stress could change the protein complement and ultimately affect the relative proportions of calcium and strontium in the endolymph.

Given that the largest incorporation effects in this study were associated with ration rather than growth or temperature, could the pattern be explained by a stress response? We did not assess stress directly, and therefore cannot objectively determine if the low-ration fish were stressed. As noted, stress could alter the protein quantity and composition and ultimately affect the relative proportions of calcium and strontium in the endolymph. Kalish (1989) and Townsend et al. (1992) reported higher otolith Sr:Ca in presumably stressed immature fish with relatively low condition indices compared with unstressed fish that had higher condition indices. Stress in fishes can lead to increased production of hormones, such as corstisol and other glucocorticoids, which can increase permeability of gill and intestinal membranes potentially altering ion transport (Wendelaar Bonga, 1997). If such alterations occurred, they could affect endolymph chemistry and otolith composition. However, studies that examined endolymph chemistry of fish that were stressed through starvation (Payan et al., 1998) or through Cl2-stress (Payan et al., 2004b) report no change in Ca, sodium (Na), or potassium (K) concentrations within the endolymph. Furthermore, a notable change in endolymph Ca concentrations, which are regulated through active transport and ion exchange, could be expected to similarly affect other elements that can substitute for Ca. However, we observed a negative effect of ration only for DSr. Alternatively, if the low-ration fish experienced this type of stress response that led to increases in Sr concentrations while there was a greater level of ion regulation for Ca, it is plausible that the observed increase in DSr was due to increases in strontium concentrations within the endolymph rather than declines in calcium (Payan et al., 2002, 2004b). Additionally, as noted, the concentration of proteins within the endolymph can vary (Mugiya, 1987; Payan et al., 1999; Edeyer et al., 2000), which could also influence the incorporation of protein-associated elements. If there was a decline in protein concentration within the endolymph associated with the low-ration treatment, that could potentially result in a decline in the incorporation of manganese, which is reported to be associated with matrix proteins (Miller et al., 2006; Izzo et al., 2016; Thomas and Swearer, 2019), in the low-ration fish as we observed.

Overall, we identified modest effects of temperature only for DMn and DMg. These relatively small incorporation effects associated with temperature were due entirely to differences in the 2°C treatment and thus appear unlikely to be solely the result of growth variation. For DMn, we observed a moderate, positive effect of temperature (1.3X) and the relationships between DMn and somatic and otolith growth were inconclusive. As noted earlier, for the few other studies that attempted to separate growth and temperature effects, there are only reports of positive or no relationships between DMn and growth (Martin and Thorrold, 2005; Miller, 2009; Marohn et al., 2011; Stanley et al., 2015). For DMg, we observed a small, positive effect of temperature, a relatively small effect of ration, and no consistent effect of growth on DMg. In fact, two low-ration fish with relatively high DMg exhibited the fastest and one of the slowest growth rates in the entire study (DMg = 0.77 and 0.74 and SGR = 0.01 and 0.32% g d−1, respectively). For DSr and DBa there was no effect of temperature even though growth rates varied across treatments. Overall, these differences in elemental incorporation associated with ration or temperature do not appear to simply reflect growth variation.

The observed growth variation across treatments was greatest in terms of change in mass, followed by length, with the smallest differences observed for otolith increment width. While this could initially appear incongruous, there are several plausible explanations for the smaller growth effects within the otoliths. Studies report continued otolith deposition during periods of starvation (Campana, 1983; Mosegaard and Titus, 1987) whereas others report continued otolith deposition with a decrease in the frequency of increment formation (Jones and Brothers, 1987; Zhang and Runham, 1992). However, Jones and Brothers (1987) determined that, for striped bass (Morone saxatilis), this apparent reduction was likely due to a limited ability to detect increments using light microscopy as daily increments were successfully identified using scanning electron microscopy. Additionally, studies demonstrate a positive relationship between metabolic rate and otolith deposition independent of somatic growth rate (Mosegaard and Titus, 1987; Wright, 1991). In this experiment, the low-ration fish were maintained at 9°C. Therefore, it is plausible that these low-ration fish maintained a relatively high metabolic rate in comparison with the 2 and 5°C fish, which could influence their otolith deposition. Additionally, the process of otolith growth and the deposition of incremental and discontinuous zones is thought to be under circadian control, thus maintained under periods of reduced food (Mugiya, 1984, 1987; Payan et al., 2004a; Thomas and Swearer, 2019). Another observation that indicates otolith deposition occurred in all of our treatments is that the otoliths for these low ration fish were larger than the otoliths of fish of comparable body size in the other treatments, which indicates continued otolith deposition with no or minimal growth.

Our DMn values were relatively high (2.1–6.2), and exceeded estimates reported from other laboratory studies. Martin and Wuenschel (2006) reported DMn values just over 1.0 for juvenile gray snapper Lutjanus griseus and Miller (2009) documented DMn values from 0.01 to 0.41 for juvenile black rockfish (Sebastes melanops) across a wide range of water concentrations (4.6–118.9 μM M−1). However, Dorval et al. (2007) collected water and juvenile spotted sea trout (Cynoscion nebulosus) in Chesapeake Bay and also reported relatively high estimates of DMn, ranging from 7.7 to 32.8. Their otolith Mn:Ca values (21–40 μM M−1) were similar to or greater than our observations for Pacific cod (12–26.7 μM M−1) with lower or similar water Mn:Ca levels. This relatively large range of DMn values in wholly marine species indicates that multiple mechanisms could be influencing otolith incorporation of manganese.

An additional consideration with otolith incorporation of Mn is recent work that indicates Mn uptake is related to dissolved oxygen levels, with hypoxia-induced increases in Mn+2 due to favorable redox conditions (Limburg et al., 2011, 2015; Limburg and Casini, 2018). Although our dissolved oxygen levels were not constantly monitored in our experiment, values were typically >7 mg L−1 and the maximum fish density was <0.75 g L−1 with uneaten food biomass <2% of the total fish biomass in each tank. Additionally, there was no evidence in the water samples for elevated Mn in the high-ration treatment. There is also evidence for positive relationships between otolith Mn:Ca and growth: Turner and Limburg (2015) observed positive relationships between otolith growth and otolith Mn:Ca in blueblack (Alosa aestivalis) and river herring (A. pseudoharengus). Across an ~2.5 to 4x increase in otolith growth, they observed increases in otolith Mn:Ca comparable to or greater than our observed ration effect. Therefore, although multiple lines of evidence support a positive effect of growth on otolith incorporation of Mn, it is not yet entirely clear how growth and temperature, and potentially other factors, interact to regulate this element in otoliths.

Effects of ration, condition, or growth on otolith elemental incorporation have been reported previously. Izzo et al. (2015) isotopically spiked water and evaluated the effects of variable salinity and temperature on otolith elemental incorporation in barramundi (Lates calcarifer) and also determined if there were shifts in the percent contribution of food vs. water across treatments. Using a mixed-model approach, they found that temperature and indices of body condition (Fulton's K for Sr:Ca) or growth (RNA:DNA for Ba:Ca) combined were the best predictors of otolith chemistry. In their experiment, they observed higher DMe at warmer temperatures (30°C) but fish at the lower temperature (26°C) were in better condition, which indicates negative effects of condition and positive effects of temperature on otolith incorporation of Sr and Ba. They also observed a reduction in the percent contribution of water to otolith Sr:Ca and Ba:Ca (and an increase in the food contribution) at the lower temperature, which was the treatment with the higher condition fish. The observation of a negative effect of ration and condition on DSr is similar to our results as well as those of Walther et al. (2010), who reported a negative effect of ration on DSr and DBa in juvenile spotted chromis (Acanthochromis polycanthus) and observed negative relationships between fish growth and DSr and DBa. Therefore, for the few studies that manipulated or evaluated the effects of ration, there are consistently negative effects of increased ration, higher condition, or elevated growth on DSr and some consistency (two out of three studies) for DBa. Combined with our observations of positive effects of ration on DMn, these findings indicate that there may be stress-, condition-, or nutrition-mediated effects on otolith elemental incorporation, at least for some elements.

An important question is whether or not it is reasonable to expect a general pattern for growth effects on elemental incorporation to emerge if enough species are studied. Given the structural differences in calcium carbonate morphology (trigonal, orthorhombic, and hexagonal) across crystal types (calcite, aragonite, vaterite) and the observations of variable growth effects across crystal types (De Choudens-Sánchez and González, 2009), comparisons with abiotic aragonite, which is the common morphology of sagittae, are the most relevant. Experimental manipulations of abiotic aragonite have demonstrated that incorporation of alkaline earth cations (Mg+2, Ca+2, Sr+2, and Ba+2) have an inverse relationship with temperature (Gaetani and Cohen, 2006). Furthermore, aragonite precipitation rate also influenced elemental incorporation rates with positive effects for Mg:Ca and negative effects for Sr:Ca and Ba:Ca, and models that reconstruct temperature based on Me:Ca in coral aragonite were improved by inclusion of these precipitation rate effects (Gaetani et al., 2011). Therefore, it does not seem unreasonable to expect some consistent patterns to emerge in regard to growth rate effects on otolith elemental incorporation.

Given the collective evidence currently available, there is support for ration, growth, or condition effects on otolith elemental incorporation, at least for Mn, Sr, and Ba. Therefore, there are some clear recommendations. Otoliths are growth structures that, in most cases, require extensive preparation prior to elemental analysis. Despite the effort involved in preparing otoliths for chemical analysis, which could also be used to generate estimates of otolith and somatic growth, many studies do not report any estimates of somatic or otolith growth and compare fish across relatively large ranges of size, ages and growth rates [but see (Darnaude et al., 2014; Bouchoucha et al., 2018)]. Our understanding of the factors influencing otolith elemental incorporation would be enhanced by the inclusion of somatic and/or otolith growth rates and consideration of body condition, whenever feasible, in both laboratory and field studies. This type of information could advance the understanding of factors influencing otolith chemistry. Additionally, other approaches to manipulate growth rates and condition, such as by manipulating activity levels, could help further disentangle the related aspects of temperature, growth, condition, and feeding rates and advance the understanding and utility of a powerful methodology in fisheries and ecological science.
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Walther et al. (2010) Acanthochromis polycanthus 26,28, 31 Sr,Ba Two rations at all three
temperatures.

"Elsdon and Gilanders (2002) Acanthopagrus butcheri 16,20, 24 Mg, Mn, Sr, Ba

2Webb et al. (2012) Acanthopagrus butcheri 12,16, 20, 24,28 sr,Ba 9% contribution water vs. food

Marohn et al. (2011) Anguilla Anguila 14,19, 24 Mg, Mn, Sr, Ba Regression analysis within temp.

Barnes and Gilanders (2013) Argyrosomaus japonicas 16,20, 24 Mg, 1, Ba

Chesney et al. (1998) Brevoortia patronus 18,22,26 sr

Reis-Santos et al. (2013) Dicentrarchus labrax 21,25 Sr,Ba

Raditke (1989) Fundulus heteroclitus 18,22, 26,30 sr

"DiMaria et al. (2010) Gadus macrocephalus 2,58 Mg, Sr, Ba Correlation analysis within temp.

2Miller and Hurst, this study Gadus macrocephalus 2,5,9,13 Mg, Mn, Sr, Ba Two rations at 9°C
Corretation analysis within temp.

Stanley et al. (2015) Gadus morhua 5,85,12 Mg, Mn, Sr, Ba Correlation analysis within temp.
mixed-effect model

Gallahar and Kingsford (1996) Girella elevate 19,28 sr

Izz0 et al. (2015) Lates calcarifer 26,30 Sr,Ba % contribution water vs. food
mixed-effect model

"Bath et al. (2000) Leiostomus xanthurus 20,25 Sr,Ba Correlation analysis within temp.

2Martin et al. (2004) Leiostomus xanthurus 17,20, 23,26 Sr

SMartin and Thorrold (2005) Leiostomus xanthurus 17,20, 23,26 Mg, Mn, Ba Correlation analysis within temp.

Martin and Wuenschel (2006) Lutianus griseus 18,23, 28,33 Mg, Mn, Sr, Ba

1Gauldie (1996) Oncorhynchus tshawytscha 8,10,12,14,16 Mn, Mg, Sr

2Millr (2011) Oncorhynchus tshawytscha 9,12,15 Mg, r, Ba Correlation analysis within temp.

Walsh and Gillanders (2018) Percalates novemaculeata 16,20, 24 sr, Ba

Hoff and Fuiman (1995) Sciaenops ocellatus 21,283,27,30,34 Mg, S

Miller (2009) Sebastes melanops 7.4,13 Mn, Ba Correlation analysis within temp.

Temperature treatments and elements examined, ration, if variable, and the statistical approach, if used to separate growth and temperature effects are included. Two studies used
tracers to estimate the percent contribution of water and food to otoith elemental composition. General findings of these studies are presented in Table 2. Subscripts link study in
Table 1 with results in Table 2 when there is more than one study per species.
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Reported results for temperature (T) and growth (G) effects on the otolith incorporation of magnesium (Mg), manganese (M), Strontium (Sr), and barium (Ba) are included as well as

observed efects that coukd be inflaenced by variation in growh (T'S). Green, postve effect, biack, negative effect, ray with ) symbol, examined but o effect, bank or wite, not
examined. “TxS" indlcates a reported interaction between temperature and salinity. “NL” indlcates non-linear relationship. Notations indicate the number of within-temperature growth
correlations that were statistically significant. For exemple, a black box with *3 of 9" indicates that three temperature-specific correlations were significantl, negatively correlated with
incorporation of that element. Studies represented are presented in Table 1. Subscripts link study in Table 1 with results in Table 2 when there is more than one study per species.
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2 147 3836(14.1) 1.208(439) 7.10(028) 5.1(09) 23(12 5198(175)  847(004) 3.9(0.08) 43(0.02)
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Values were averaged using samples collected over the duration of the experiment within each temperature treatment. The number of days for each treatment s included. Experimental
dates were 10 Dec 09 to 09 Jan 10 for the 9 and 13°C high-ration treatments; 10 Dec 09 to 01 Feb 10 for the 9°C low-ration treatment; 10 Dec 09 to 24 Feb 10 for the 5°C high-ration
treatment; and 10 Dec 09 to 25 Apr 10 for the 2°C high-ration treatment.
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10 2°C High 126.0 (20.7) 0.41(0.09) 7 1.57 (0.34) 4
12 2°C High 1125 (7.8) 0.41(0.05) 6 1.30(0.24) 6
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Sample sizes for SGR and otolith growth analyses are also included.
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indicates correlations with P < 0.05 and no correlations meet a more conservative
P-value adjusted for multiple comparisons. The sample sizes (n) for each comparison
and the coefficient of variation for SGR and otolith increment widith are included. “9H" and
“9L" refer to the high- and low-ration treatments at 9°C.
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