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Abstract

:

Due to their robust preservation and widespread nature, marine bivalve shells are increasingly used as informative, high-resolution records of past environmental conditions. Unfortunately, few studies have investigated variability amongst individuals in a genetic cohort and throughout their ontogeny. We measured several morphological properties and the element patterning of 200-day-old juvenile Leukoma staminea (Conrad, 1837) grown in identical conditions from the same reproductive cohort. We hypothesized that slower shell growth would correspond to the reduced incorporation of trace/minor elements (Sr, Mg, and S) in the aragonite lattice, as has been documented in other biomineralizing marine invertebrates. Microprobe analyses of adult shells revealed higher levels of S, Sr, and Mg in the dark, slower-growing growth lines compared to the light, faster-growing increments, particularly in the inner shell layer, thus refuting our hypothesis. Moreover, elemental count variation within single adult shells generally tracked changes in shell microstructure (i.e., higher counts in prismatic microstructures) and growth line patterns, and these differences are detectable on a micrometer scale. Juvenile shells of different sizes showed variation in S, Sr, and Mg counts as well, but it was unclear whether the variability closely tracked changes in microstructure, body size, and/or growth line patterns. In all individuals, regardless of life stage, the outermost shell layer showed higher Sr and S count values, and these elements closely mirrored each other within individual shells. The results presented herein represent the first in-depth description of the shell mineralogy, microstructure, body size variability, and geochemical properties of modern L. staminea, a common eastern Pacific, shallow, infaunal bivalve, allowing for the rigorous evaluation of L. staminea shells as recorders of past environmental and biological change. Significant intraspecific variation in the young body size, growth band patterning, and elemental composition of individuals of the same age and genetic stock complicates the use of size alone as a proxy for age in historical studies. Additionally, elemental composition shifted from high to low values (for example, Sr ranging from ~190 to 100 counts) at a very fine (micrometer) scale within single shells, as evidenced by visible correlations between microstructure and elemental composition. While young L. staminea shells are likely not useful as archives of (paleo)environmental conditions, adult L. staminea shells are likely suitable if micrometer-scale variability in shell structure and chemistry is accounted for.
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1. Introduction


Readily preserved in a wide range of conditions due to their hard, mineralized calcium carbonate shells, bivalve molluscs are increasingly used as high-resolution records of both distant and recent past oceanographic conditions [1,2,3,4]. Despite a growing body of knowledge, few studies have investigated variability amongst individuals in a genetic cohort. To test the influence of growth rate on aragonitic biomineralization, we investigated the shell morphology, microstructure and chemical composition of Pacific littleneck clams, Leukoma staminea (Conrad, 1837), of multiple sizes and life stages. We hypothesized that periods of slower growth correspond to lower values of trace/minor elements (Sr, Mg, and S) in the shell because slower calcification can allow for the exclusion of “impurities” from the CaCO₃ crystal lattice [5,6,7]. Interestingly, though, as calcification rate increases in Arctica islandica (Linnaeus, 1767), another marine bivalve, the Ba, Mg, and Sr/Ca ratios decrease in a nonlinear fashion, and patterns vary across individuals studied and locations of collection [5]. This highlights the need to study species-specific relationships between growth and trace/minor element shell chemistry. To test our hypothesis, we evaluated various morphological properties and element patterning of 200-day-old juvenile L. staminea clams grown in identical conditions from the same reproductive cohort. Additionally, we analyzed the parent individuals from Bodega Bay, CA to make comparisons across life stages of individuals from a common genetic stock. We then used this information to rigorously evaluate the utility of L. staminea shells as records of historical environments. By examining animals from multiple life stages, we captured both pre-sexual maturity and post-sexual maturity shell features and made comparisons among and within individuals. We provide the first in-depth description of the shell mineralogy, microstructure, body size variability, and geochemical properties of L. staminea, and we determine whether and how differences in growth rate and life stage correspond to changes in shell structure and trace element patterns.



Bivalve shell morphology, body size variability, and chemistry have been analyzed to infer historical patterns of shellfish harvesting by humans [6,7,8], as well as recent and paleo-oceanographic conditions [1,2,3,4]. To use shells as records of environmental and climatic trends, biominerals and the complex interplay between physiology and the environment from which they arise must be understood. Biomineralized calcite and aragonite from corals [9], foraminifera [10,11,12], and marine bivalves [1,13,14] can serve as records of past oceanographic conditions when evaluated with stable isotopes, and trace and/or minor elements. These organisms actively incorporate molecules present in seawater into their shells and skeletons and therefore can capture the chemical properties of seawater and record changes throughout their development. Some trace and minor elements, including Sr, Mg, Na, B, and Ba, can record properties such as seawater temperature and salinity at the time of calcification [10,14,15]. However, how element concentrations in the shell change as body size increases and shell shape changes is not always straightforward and is complicated by ontogeny, “vital” or other biological effects, and environmental conditions [15,16,17].



During abiotic crystallization, Sr ions can be incorporated into the aragonite lattice at concentrations approaching twice as high as in calcite due to (1) the structure of the crystal lattice and the larger size of the Sr ion and (2) because Sr is strongly precipitation-rate-dependent in inorganic calcite (but not aragonite), with slower growth leading to less incorporation [18,19]. Furthermore, inorganic aragonite shows an inverse relationship between temperature and Sr concentration [18] and is independent of precipitation rate [20]. Although metal-Ca ratios show predictable correlations with temperature in inorganic aragonite and calcite [18,20,21], the relationships show little consistency across biomineralized species and often deviate from elemental equilibrium due to several co-varying “vital effects” [22,23,24]. During biomineralization, vital effects, including metabolic rate, ontogenetic age, genetic variability, and growth rate, are known to affect the incorporation of elemental impurities into shells, causing discrepancies across (and within) species [23,24,25]. Differences in species-specific organism development may translate to some species having more dramatic vital effects than others, and some are likely more influenced by their ambient chemical environment than others. Because of these complexities, studies investigating these relationships are necessary to further document species’ variability.



Across bivalve species, immense variability in shell trace element incorporation exists. For example, the middle layer of the aragonitic venerid clam Mercenaria campechiensis (Gmelin, 1791) exhibits Sr/Ca ratios negatively correlated with seawater temperature [26], while the outer layer of another venerid, Saxidomus gigantea (Deshayes, 1839), exhibits Sr/Ca ratios positively correlated to temperature [27]. Additionally, metal-Ca ratios can vary significantly throughout the ontogeny of a single individual, as was demonstrated in the large Mediterranean clam, Pinna nobilis (Linnaeus, 1758), which is a member of the more distantly related Pteriomorphia [28,29]. Such variation throughout ontogeny can impact metal-Ca ratios among individuals within a population. For example, slower-growing Arctica islandica individuals maintained lower Mg- and Sr-to-Ca ratios in their aragonitic shells than faster growing individuals of the same population, complicating its use as a species-specific paleo-archive and illustrating the importance of incorporating intraspecific growth rate variation into sclerochronological analyses [25]. Given these complexities, paleoclimate reconstruction using chemical proxies of biogenic materials requires a deep understanding of biomineralization mechanisms across species, among populations, and within single individuals.



In addition to chemical proxies, microstructural changes within a shell may reflect organisms’ response to shifts in environment throughout development [30]. Like trace elements, though, the precise relationships between microstructure and environment are underexplored, potentially species-specific, and could vary within populations due to genetic variability. During biomineralization, the molecules needed to produce CaCO₃ microstructures are transported into and out of the calcifying fluid from the ambient environment via potentially energetically costly transport processes [31,32]. The degree to which the site of calcification is isolated from the environment varies by species [15], and the mechanisms underlying element partitioning in shells are complex and variable. In bivalve molluscs, biomineralization occurs extracellularly on organic templates, the diverse array of which are hypothesized to determine the species-specific mineralogy and shell microstructure [15,33,34,35]. Recent work suggests minor elements, such as Mg⁺², play an important role in the transformation of the amorphous calcium carbonate precursor to organized calcite and aragonite crystals [36,37]. Furthermore, despite the small amounts of proteinaceous material in bivalve shells, researchers have documented a diverse array of amino acid compositions across species as well as within-single species’ microstructurally distinct layers [33,38], supporting the hypothesis that microstructural changes within a shell may reflect changes in organic composition at the site of calcification throughout development [35]. Clearly, both the final shell microstructure and trace/minor element geochemistry result from a complex interplay of whole-organism biological and environmental processes. While a thorough understanding of shell microstructure, growth patterning, and geochemistry is not always straightforward, it is necessary to (1) understand the mechanisms involved in element partitioning in biogenic minerals; (2) characterize the variability among individuals, conspecific populations, and among species; and (3) accurately interpret shells of marine organisms as archives of historical conditions.



Leukoma Staminea as a Study Organism


The Pacific littleneck clam, L. staminea, is an excellent focal species because it is geographically widespread, abundant, easily collected, and ecologically and culturally significant [39,40,41,42]. L. staminea is an infaunal marine bivalve (Veneridae) that burrows 5–15 cm beneath the sediment surface and is found along nearly the entire coast of western North America, ranging from Baja California, Mexico to Alaska [39,43]. Found in a variety of habitats ranging from exposed rocky beaches to low-energy mudflats, L. staminea is a suspension feeder that feeds on a variety of plankton [39]. Sexual maturity occurs at around 2–3 years, and spawning takes place in late-spring and early summer [39,44]. L. staminea have been harvested for millennia by Indigenous peoples across the northeastern Pacific coast [40,41] and remain commonly collected and eaten today. Recent research has documented L. staminea population decline in some areas, likely due to competition with invasive species [45].



L. staminea produces aragonitic shells that contain light and dark banding patterns in the outer layers [39,46] (Figure 1 and Figure 2). Until this study, the fine-scale shell structure, growth patterning, relationship between dark/light patterns and chemical properties of the shell, and patterns of ontogenetic variation in individual size and shape had not been studied extensively [46]. Generally, though, under reflected light, bivalve shell sections often exhibit patterns of light and dark banding, where light increments correspond to fast growth in optimal conditions, and dark bands to slow (or nearly ceased) growth in stressful conditions [4,47,48,49]. The well-studied, long-lived bivalve species A. islandica documents high resolution environmental trends via daily and annual growth lines that closely follow differences in shell stable isotope and elemental chemistry [2,14,50]. While the extensive research on A. islandica demonstrates its utility as a record of past climate and seasonal trends, research on additional bivalve species (particularly common, temperate zone species) aimed at evaluating their utility as a record of environmental change is limited [4].





2. Materials and Methods


2.1. Oceanographic Setting of Broodstock Sampling Location


Bodega Bay is located approximately 60 miles north of San Francisco on the central coast of California. The area sits within the California Current System, which is composed of various currents that create the complex mosaic of oceanographic conditions off the California coast [51,52]. Coastal waters around Bodega Bay experience seasonal upwelling during the spring-early summer months associated with strong alongshore winds and Ekman transport, with temperatures from ~10 to 12 °C, followed by autumn relaxation periods with temperatures around ~13 to 15 °C, and wet, moderate winters with seawater temperatures ~11 °C [53,54]. Average seawater pH varies widely from ~7.6 to ~8.0 throughout the region due to seasonally influenced physical processes, including wind stress and upwelling, which lower pH, as well as diel cycles of photosynthesis and respiration [54,55,56,57].




2.2. Sample Collection and Preparation


We analyzed a total of 41 L. staminea specimens, including 36 juvenile clams (ranging from ~5 mm–12 mm) and five broodstock adults (~3 cm). Adult broodstock were collected from Bodega Harbor in Bodega Bay, CA in the winter of 2021. Adults underwent a controlled mass spawn in the laboratory, which produced the juveniles used in this study (Supplemental Information). All juvenile specimens were kept in identical, consistent conditions for 200 days before they were collected from group culture in November 2021. Due to the fragility of the juvenile shells, these samples were immediately frozen in −80 °C and allowed to thaw to open the valves. Adult individuals were carefully opened using a shucking knife. Shells were cleaned by gently scraping out the soft tissues, which were then frozen in −80 °C, subsequently rinsed in water-free ethyl alcohol, and air–dried.




2.3. Shell Morphology and Growth Banding


Shell morphology was examined to identify the precise relationships between juvenile body size, growth rate, shell chemistry, and structure. Morphological characteristics measured included shell length, the length of axis of maximum growth, shell mass, and the number of internal dark growth lines visible in the entire shell (Figure 1). The whole valve shell length and axis of maximum growth of each individual was measured using digital calipers (0.1 mm accuracy), and shell mass (g) was measured using a Mettler Toledo M140E scale (Mettler-Toledo, LLC, Columbus, OH, USA) (0.0001 g).



To quantify growth banding patterns in juveniles of the same age from a genetic cohort, 18 juvenile shell cross sections were prepared and imaged using light and stereoscopic microscopes to count growth lines. The fragility of the juvenile shells made it infeasible to produce high quality polished thin sections. Therefore, juveniles were embedded in 1-inch epoxy rounds, cut in half, polished, and imaged using an Olympus SZX10 stereoscope (Olympus Corporation, Tokyo, Japan) with PRECiV software. Growth lines were counted manually on images in Affinity Designer 2 (Figure 1; Supplemental Information).




2.4. Microstructual Properties: SEM Analyses


Scanning electron microscopy (SEM) was used to generate two-dimensional images of shell microstructural textures at a very fine scale in cross-section. To document the shell microstructure and crystal orientation of each shell layer and throughout ontogeny, two broodstock adults were examined with a high-resolution scanning electron microscope (Philips XL30 SEM) (SEMTech Solutions, Inc., North Billerica, MA, USA). To prepare samples for SEM, shell thin sections along the axis of maximum growth were prepared by gluing whole valves to a plexiglass cube, which was then covered with a layer of epoxy resin and dried overnight. A low speed Buehler Isomet saw was used to cut 200-µm sections along the axis of maximum growth for each valve. Sections were ground using Buehler silicon carbide papers of different grit sizes and mounted on a grinder-polisher machine. After each grinding step, the blocks were rinsed in an ultrasonic bath for two minutes and observed with transmitted light to check for the quality of the polish. For SEM, sections were etched in 1 vol% HCl for 10 s and bleached in 6 vol% NaOCl for 30 min. After air-drying for at least 24 h, samples were attached to SEM stubs using double-sided tape and coated with gold using a sputter coater. To identify ontogenetic variability in microstructural fabrics, micrographs were taken at or near the thickest part of the shell to capture the microstructural properties of all mineralogical layers, as well as within both growth lines and increments in two broodstock adults. Images were taken at the same sections of the shell as the electron microprobe (EMP) analyses described below and ranged from 65× to 2500× magnification.




2.5. Trace Element Composition: EMP Analyses


EMP is a non-destructive method to evaluate fine-scale element patterns in solid materials, where samples are bombarded with a condensed electron beam, which then produces X-rays characteristic of an element. To identify the precise relationships between body size; growth rate; shell structure; and the incorporation of Mg, Sr, and S, we produced two dimensional elemental maps using a JEOL JXA-8230 electron microprobe (JEOL Ltd., Tokyo, Japan) at the Stanford University Mineral and Microchemical Analysis Facility. We produced maps of S, Sr, and Mg for four individuals (one ~35 mm adult, and three juveniles ranging from 5–12 mm in length). We imaged the entire cross section for each juvenile shell and produced maps showing the section of interest in the adult shell, capturing all of the shell sublayers (Figure 2).



EMP maps were produced using wavelength-dispersive spectroscopy for high precision, highly sensitive elemental mapping at 2-µm resolution. The electron beam was regulated at a current of 400 nA with a dwell time in 100 ms in all samples. X-rays are generated at the main element peak (element k-alpha) when the shell is bombarded by electrons. Each map illustrates the relative intensity of X-ray counts along the cross section of the shell, which are reflected by a color scale indicative of the relative amount of each element (see Section 3). Beam conditions were kept constant across runs, allowing us to qualitatively compare element incorporation across different samples as well as within each sample.




2.6. Statistical Analyses


Morphological variability and relationships among growth parameters in juveniles (n = 18) were analyzed with linear and exponential regression. All regression analyses were performed in R (version 4.3.0). Furthermore, in addition to a qualitative analysis of microprobe count values, we utilized Fiji to calculate the minimum, maximum, mean, and standard deviation of gray-scale values (i.e., the average of the three component colors (R, B, and G)) along line profiles of the shell [58]. This analysis was performed to quantitatively confirm element variation between structurally distinct layers in adult specimens.





3. Results


3.1. Shell Morphology and Growth Banding


Adult L. staminea shells exhibit three microstructurally distinct aragonitic layers. This finding differs from previous studies, which only described two distinct layers [46]. Somewhat similar to well-studied A. islandica, L. staminea shells consist of an outer shell layer with two sublayers, which we refer to as the inner (iOSL) and outer-outer shell layer (oOSL) and an inner shell layer (ISL) [50] (Figure 2). Thin sections cut to a 200-µm uniform thickness and viewed under transmitted light reveal growth banding (i.e., dark and light sections of shell) present in the outer shell sublayers (iOSL and oOSL) (Figure 2). These growth patterns demonstrate that L. staminea lengthens its shell via ventral margin extension of these layers. The innermost layer contains growth lines/increments that run approximately parallel to the shell surface. This layer thickens, rather than lengthens, the shell, likely after the first shell is deposited very early in ontogeny between 6–11 mm in length (see Section 3.3), thus strengthening the shell. Furthermore, the ISL tapers off near the middle of the shell (Figure 2). Viewed under a stereoscope, juvenile shells from the same reproductive cohort also exhibited layered shells but lacked a clear boundary between the oOSL and iOSL. Further, juveniles exhibited highly variable body sizes despite rearing in identical conditions (Table 1; Figure 3). In general, greater shell length and weight correlated with more visible internal growth bands in the outer shell layer, and this relationship is statistically significant (p < 0.001) (Figure 3).




3.2. Microstructural Properties: SEM Analyses


SEM micrographs reveal three microstructurally distinct layers in the shells of adult L. staminea. In the iOSL and oOSL, annual and semiannual growth lines and increments all exhibited homogeneous microstructures with crystals of various sizes and orientations (Figure 4). When viewed qualitatively, the oOSL showed slightly smaller crystal sizes and more distinct boundaries between dark cessation lines and adjacent increments than the iOSL (Figure 4). Growth lines are characterized by slight textural changes in the shell cross sectional surface, but the microstructure appears to remain homogenous (Figure 4). However, there is not a clear, systematic microstructural boundary observed between a growth line and an adjacent growth increment in the SEM images in the two outer shell layers (Figure 4). The ISL was dominated by increments composed of well-organized cross acicular microstructure, and growth lines running approximately parallel to the direction of growth composed of prismatic microstructures (Figure 4). The observed growth patterns of L. staminea mirrored other bivalve species in some ways, including the well-studied species Arctica islandica [25,35,47,50,59]. For example, A. islandica also contains an OSL with two microstructurally different sublayers (an oOSL and an iOSL) [60]. Despite similarities to A. islandica, it is important to note that these two genera are classified in different families, and microstructures are incredibly variable across Bivalvia, with paleontologists, or anyone studying sclerochronological patterns in bivalves, sometimes using them as discerning characters in identifying fossils [38].




3.3. Trace Element Composition: EMP Analyses


Microprobe analyses show that Sr, S, and Mg concentrations vary throughout the shells of all analyzed shells (n = 4). When viewed qualitatively, all individuals clearly contain chemically distinct layers of the shell that correspond to the structurally distinct layers visible under stereoscopic and transmitted light, deposited over time during ontogeny. In the adult specimens, the area of interest captured all microstructurally distinct layers (Figure 5). The oOSL and iOSL show evidence of dark growth lines that are relatively enriched in Sr (~190 counts) and S (~50 counts) when compared to growth increments, which are distinguished by thickness (Figure 5). Growth increments, on the other hand, contain Sr values of ~100 counts and S values of ~15 counts. In the same individual, the ISL shows markedly higher Sr, with count values ranging from ~190–218. Mg varied throughout the shell in a similar manner to Sr and S, but the differences between the growth lines and increments are less distinct. Generally, Mg values ranged from ~20–40 counts throughout the entire shell section analyzed (Figure 5). Additionally, the average gray-scale values of each layer varied significantly between the ISL, iOSL, and oOSL (Figure S1; Table S1). As mentioned previously, the microstructure of the growth increments differs from that of the growth lines in the adult specimen, particularly in the inner shell layer, which corresponds closely with changes in shell elemental chemistry (Figure 6).



Juvenile shells showed variation in Sr, S, and Mg counts as well (Figure 7). In all individuals, the oOSL showed higher Sr and S values (Figure 7). In the outer layers of the juveniles, the smallest individual had the highest count values for Sr (~190 counts), followed by the largest juvenile (~170 counts) and then the medium-sized juvenile (~15 counts). For S, the smallest juvenile OSL had values ~50 counts, followed by the medium and largest juvenile, both of which had similar counts of ~42. Mg was highest in the smallest and largest juvenile OSL, with values of ~40 counts, followed by the medium juvenile, with values of ~15 counts. The medium juvenile showed little to no variation in Mg levels throughout the shell, which may be related to differences in microstructure that were not captured in this study. Interestingly, the juvenile individuals did not show clear evidence of an inner shell layer (ISL) enriched in S and Sr (Figure 7). However, we hypothesize that this pattern is observed due to the fragility of the shell and potential loss of shell material during the polishing process.





4. Discussion


4.1. Ontogenetic Influences on Shell Microstructure and Geochemistry


In this study, we consider the shell growth rate on two distinct temporal scales: (1) growth increments (faster and thicker) vs. growth lines (slower and thinner), and (2) early ontogeny (faster) vs. late ontogeny (slower). We hypothesized that slow shell growth would correspond to lower EMP X-ray count values of trace element incorporation in the shell, due to individuals having more time to exclude elemental “impurities” from the crystal lattice during biomineralization. Our results reject this hypothesis and suggest that the fast growth (i.e., growth increments) of aragonite in L. staminea leads to a depletion of Mg, Sr, and S compared to periods of slow growth (i.e., growth lines) in adult growth (Figure 5). When comparing average trace element count values of juveniles vs. adults, the outer shell layers were generally comparable. However, juveniles lacked an ISL enriched in Sr, ensuring that the average shell chemistry of the overall faster-growing juveniles contained less Mg, Sr, and S. Lastly, when comparing different sections of the adult shells, we found no detectable differences between the umbo-ward sections of the shell (earlier ontogeny, faster growth) vs. the ventral margin (most recent growth). However, the X-ray maps of the umbo and ventral margin were not complete due to irregular textures in the shell (see Figure S2). Due to the nature of our approach, it is important to note that we did not calculate Sr/Ca ratios but instead based our results on high-resolution X-ray maps and count values, which are more qualitative in nature but allow for an extremely fine-scale investigation of element patterns. Interestingly, these results counter the previous limited work on L. staminea using LA-ICP-MS, which linked the faster growth rate to higher element: Ca ratios [46]. Takesue and Van Geen (2004) only analyzed the outer shell layers, which clearly document growth reduction over ontogeny as annual lines become more closely spaced [46]. However, the ISL, which they did not study, appears to be mineralized at a rate distinct from the outer layer(s), as indicated by the higher Sr levels (Figure 5 and Figure 6). This supports the idea that different regions of the mantle mineralize at different rates and different times throughout ontogeny. We also add finer-scale images of element patterns, as well as descriptions of shell microstructure, and provide useful information on juveniles and their variability in size and growth during the same, known period, from an extant population living further south than previously studied.



EMP count values for S correlated to those for Sr, and to a lesser extent Mg in L. staminea shells. We suspect that this pattern is a manifestation of the organisms’ modulation of insoluble and soluble organic matrices, which often contain sulfur, throughout development [35,61,62,63,64,65,66]. Interestingly, however, when comparing the life stages of our samples, not all juvenile individuals show clear evidence of an ISL enriched in S and Sr, suggesting that the trace elemental incorporation of these elements in the thickening portion of the shell may occur later in ontogeny. In our juvenile samples, inner layers relatively enriched in Sr start to form between 6–11 mm in length, but the smallest individual lacks evidence of an ISL, and it is not until the juveniles are closer to 11 mm in length that the Sr values in the ISL approach values akin to the adult ISL (Figure 7). The thick, Sr-rich ISL present in our adult samples may indicate that this inner layer grows later and more slowly than the oOSL and iOSL, which are not as enriched in Sr (Figure 5). Additionally, within Veneridae, microstructural variation between the myostracum and underlying shell in the ISL exists [67]. This warrants further investigation of the ISL to identify precise relationships between microstructure, geochemistry, and how these vary between the myostracum and the underlying shell.



Juvenile L. staminea showed, like the adults, clear microstructural evidence of ventral margin extension via growth lines/increments in the shells and a structurally distinct thickening inner shell when viewed under a stereoscope. While these internal growth band patterns could not be directly correlated to our microprobe data, we suspect that the microprobe resolution of 2 µm, while very fine, may have still been too coarse to detect even-finer scale patterns of elemental variation that may be present in juvenile shells. One potential reason for this observation could be that the shell crystal size was too small (sub-micrometer size). Another possibility is that the juvenile shell contained significant amounts of amorphous calcium carbonate (ACC) in its structure. Although the transformation mechanisms of ACC to crystalline material are elusive, several recent studies have investigated the role of ACC in biomineralization and documented its presence in bivalve shells using novel imaging techniques [36,68,69,70,71]. Interestingly, precipitation experiments involving inorganic calcium carbonate from seawater have shown that ACC can differ chemically quite significantly from crystalline CaCO₃ [72], which could explain the lack of clear elemental patterns in our juvenile samples.



Although we could not identify precise correlations in elemental and growth line patterns in 200-day-old individuals, juveniles exhibited notable differences in trace and minor element composition within single shells, which varied across individuals of different sizes and the same age. In the outer shell layer, the large and medium-sized (i.e, faster-growing) individuals showed the lowest count values for S (~42), while the smallest individual had only slightly higher counts of ~50. For Sr, the medium sized (moderately fast growing) individuals had the lowest count value for Sr (~15 counts), which was significantly lower than both the fastest and slowest growing individuals (190 and 170 for Sr, respectively). Growth rate differences early in ontogeny may have some relationship to the elemental incorporation of Sr into the shell biomineral; however, the different expressions of element incorporation in juvenile L. staminea are perhaps a result of other physiological and/or genetic variation present within the population. In all, these results suggest that ontogenetic and microstructural biases must be considered when using L. staminea for paleoclimate reconstructions and proxy development, particularly if one is interested in the ISL [73].




4.2. Population-Level Variability in Growth and Studying Biomineralization through Time


The mineralized shell developed early on in mollusc evolution and was subsequently lost in some lineages, making variability in shell structure a point of interest for those studying morphological change, phylogenetic histories, heterochrony, and macroevolutionary trends through time [2,38,48,74,75]. In some studies, shell size is used as a proxy for age, and annually precipitated growth patterns can provide age-at-size information and document life history [75]. Often, researchers must distinguish annual lines from “disturbance lines,” which can occur from storms, predation attempts, and/or abnormal environmental events and are in many ways morphologically like annual lines [31]. One way that researchers distinguish these lines is via close examination of the “microincrements,” or subannual lines, which precede the darker/thicker annual lines in shells [46]. Microincrements supposedly decrease uniformly in width leading up to an annual line, while disturbance lines occur more abruptly amid regularly spaced microincrements [48].



Microincrements in bivalve shells have been empirically linked to a variety of environmental processes, including tidal cycles, nutrient availability, and dark/light cycles [48,76,77,78,79,80,81,82,83,84,85]. The production of microincrements may stem from endogenous rhythms controlled by “biological clocks” [77]. Biological clocks exist across the tree of life, ranging from cyanobacteria, to fungi, mammals, and molluscs [86,87,88,89]. These systems are composed of (1) a central molecular oscillator that tracks time; (2) environmental cues that measure time; and (3) rhythms of physiological, biochemical, or behavioral activities of an organism, such as gape (opening) patterns in marine bivalves [90,91]. Biological clocks are ultimately under genetic, rather than environmental, control and serve to optimize the energetic balance of organisms by obtaining nutrients and using energy when it is available [77]. Aschoff (1981) argued that biological clocks can be “auto-entertained,” meaning that the observed physiological oscillations can continue even if the organism is kept under constant conditions, similar to what we observed in L. staminea juveniles [92]. These patterns are observable, likely because the biological clock is highly conserved [93]. Biological clocks have been documented in several bivalve species, mainly at the daily and tidal frequencies, and posited as responsible for growth line/increment patterns [17,77,84]. Further, in recent years, homologous clock genes have been studied in the mussels Mytilus edulis [86] and Mytilus californianu [94], the oyster Magallana gigas [95], and the scallops Argopecten irradians [96] and Chlamys islandica [97].



Interestingly, though, microincrements within the juvenile shells of L. staminea did not present in a regular, predictable pattern but occurred somewhat haphazardly throughout all the analyzed individuals (Figure S3). This also occurs in many oysters, making them a less common study group in sclerochronology studies [98,99]. Variability in the observed gross morphology and growth banding patterns may reflect inherent intrapopulation genetic variability present in the sample. Additionally, distinct environmental drivers of the biological clock system beyond those classically studied (i.e., photoperiod and/or temperature), such as food availability, should be considered and further evaluated and may shed light on L. staminea growth banding. It is likely that size variability within the juvenile cohort corresponds to variability in their feeding habits (i.e., larger individuals may have been feeding more and therefore may have produced larger shells with more growth lines/increments). While we did not measure feeding rate in our juvenile samples, further studies in controlled laboratory studies should investigate the role of food availability/consumption on shell growth patterning.



Marine bivalves, including L. staminea, typically decrease their shell growth rate throughout ontogeny, and species-specific ontogenetic patterns can affect the duration and timing of the growing season (i.e., when increments are formed vs. when lines are formed) [100,101,102]. We suspect this may also vary within species with large geographic ranges, such as L. staminea, where local adaptation and population genetic variation can occur. Additionally, how the variability in growth rate, growth banding, and elemental composition observed in our young, juvenile population grown in the lab would scale throughout their ontogeny is unknown and warrants further study. To better understand these questions, more data on adult populations of the same, known age, and location are necessary. Lastly, a deeper investigation into the genetic mechanisms of the biological clock in L. staminea and the role of the feeding rate could yield important information regarding the timing and tempo of their growth line and trace and minor element incorporation patterns.




4.3. Potential of L. staminea to Document (Paleo)Environmental Conditions


As biomineralization mechanisms vary both across and within species, we argue that both morphological and geochemical measurements must be leveraged to accurately use bivalve shells as a record of paleoenvironmental conditions, growth rate, and/or lifespan [103]. In addition to trace elements, the stable oxygen isotope composition of bivalve shell carbonate, which typically varies along the axis of maximum growth, can and should be used since it is highly temperature-dependent [23,104] and therefore responds to seasonal trends in temperature. Oxygen isotopes, when coupled with clear growth band patterns, can thus reveal chronological environmental information from the shell. Early research demonstrated that the oxygen isotope composition of bivalve shell carbonate is precipitated at, or near, isotopic equilibrium with the seawater in which the organism builds its shell and therefore reflects the oxygen-isotope composition of the seawater (δ¹⁸O w) and ambient temperature [104]. Since then, δ¹⁸O of both aragonitic and calcitic bivalve shells has been used as a record of past seawater temperatures [3,105,106,107,108,109]. However, kinetic effects during biomineralization can cause species-specific deviations from isotopic equilibrium [100,109,110,111]. Owen et al. (2002) documented a relationship between low shell growth rate and shell δ¹⁸O that was more positive (differing by ~0.4‰, corresponding to an offset of 1.9 °C) than the predicted values of inorganic calcite in isotopic equilibrium with seawater [100]. Additionally, Cusack et al. (2008) found significant differences in isotopic composition (differing by ∼0.4‰), depending on whether the outer prismatic or inner nacreous section of the shell was sampled, similar to our results with Sr incorporation differences between the inner and outer shell layers [33]. As is the case with trace/minor elements, we suspect ontogenetic and population-level variability in growth rate and other physiological properties may also obscure recorded isotope values.



Because elemental composition changed significantly at the very fine (micrometer) scale within single shells in our study, as evidenced by visible correlations between microstructure and elemental composition, we argue that adult L. staminea shells are only suitable for further proxy-development if micrometer-scale variability in the shell structure and chemistry is accounted for to minimize time-averaging. To do so, researchers should use both electron microprobe mapping tools, SEM, and quantitative analyses such as fine-scale LA-ICP-MS or stable isotope sampling. Although previous work documented in situ trace element measurements of Sr and Mg in the outer shell layer of L. staminea [46], these results were based on samples ablated from 90–100 µm diameter spots, which comprise an overly coarse resolution to accurately capture the elemental variability present in the shell. LA-ICP-MS typically requires the sampling of at least ~50 µm spot size [112], but new high-resolution LA-ICP-MS technologies allow for elemental analysis at ~10 µm resolution [113]. Additionally, correlations between crystal microstructure and elemental chemistry in adult specimens point to the need for the detailed mapping of the crystal fabrics in addition to analyses of stable isotopes and/or trace elements, due to the close relationships among them [60,114]. These various shell characteristics must be accounted for and necessitate the rigorous evaluation of modern, local populations prior to (paleo)environmental analyses. In all, our results highlight the biological influences underlying the shell characteristics of L. staminea, demonstrating the importance of accounting for both ontogenetic and population-level variability. These issues likely affect species other than L. staminea and are particularly problematic for extinct species. In all, the best way forward for (paleo)environmental reconstructions using L. staminea, or any aragonitic bivalve, is to take a multi-proxy approach drawing upon morphological and geochemical properties, and account for micrometer-scale variability that occurs throughout the organism’s lifespan.





5. Conclusions


We provide the first detailed description of shell mineralogy, microstructure, body size variability, and geochemical properties of modern L. staminea. We measured various morphological properties and element patterning of 200-day-old juveniles grown in identical conditions from the same reproductive cohort, as well as their parent individuals.



5.1. Morphology and Growth Rate


We hypothesized that slow shell growth yields lower trace/minor element incorporation in the shell, due to individuals having more time to exclude elemental “impurities” from the biomineral. Our results refute our hypothesis. In adults, growth increments (fast growth) were relatively depleted in Mg, Sr, and S compared to growth lines (i.e., slow growth) (Figure 5). When comparing different ontogenetic sections of the adult shells, we found no detectable differences in count values between the umbo (earlier ontogeny, faster growth), the middle, and the ventral margin (most recent growth). However, microprobe maps of the umbo and ventral margin were not complete due to irregular textures in the shell, thus warranting further examination.




5.2. Microstructure and Trace Elements


Growth lines and increments showed distinct microstructural and geochemical properties. Microprobe analyses revealed higher levels of S, Sr, and Mg in the prismatic growth lines, particularly in the inner shell layer, suggesting a link between microstructure and trace element chemistry. Further, we provide the first structural and geochemical description of the inner shell layer, which appears to mineralize at a slower rate than the outer layers and only once the shell length reaches between ~6–11 mm, demonstrating that different regions of the mantle mineralize at distinct rates and times throughout ontogeny. While juvenile shells of different sizes also showed variation in S, Sr, and Mg, we could not link elemental patterns clearly to microstructure, body size, and/or growth line patterns. Significant intraspecific variation in the body size, growth band patterning, and elemental composition of individuals of the same age and genetic stock nevertheless complicates the use of size as a proxy for age in historical studies. Juvenile L. staminea shells are likely not useful for paleontological and/or (paleo)environmental research due to these issues as well as to potential diagenetic alteration. Lastly, because elemental composition changed significantly at the micrometer scale within single shells, we argue that L. staminea shells are only suitable if micrometer-scale variability in the shell structure and chemistry is accounted for to minimize time-averaging and if a multi-proxy approach to environmental reconstruction is adopted. Further studies examining the role of the biological clock and vital effects on biomineralization, and how these processes vary throughout ontogeny and across populations, are warranted to further rigorously evaluate the utility of L. staminea, and other bivalve species, in paleoenvironmental studies.
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Figure 1. L. staminea anatomy. (A) ventral margin of juvenile; red dots within the cross section mark sub-annual growth bands; scale = 400 um. (B) entire cross sectional view of juvenile shell; scale = 1 mm. (C) Whole-shell image and shell cross section are from a 200-day-old juvenile. Red line denotes the axis of maximum growth along the shell; scale = 1 mm. 
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Figure 2. (A) Drawing of an L. staminea shell cross section showing microstructurally distinct layers. Red box denotes approximate area of the shell imaged in below in 2B. Scale: 50 mm. (B) Transmitted light microscopy image showing microstructurally distinct shell sublayers in an adult L. staminea shell. Scale: 50 mm. 
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Figure 3. Morphological variability and relationships among growth parameters in juveniles (n = 18). Variables were compared using linear and exponential regression analyses in R. Data shown in (A–D) are fit with exponential regression, while (E) is a linear regression. All regression analyses were performed in R. Shaded gray shows 95% CI for regression. 
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Figure 4. (A) Drawing of an L. staminea shell cross section showing microstructurally distinct layers, as shown in Figure 2, scale bar: 50 mm. (B) Transmitted light microscopy image showing microstructurally distinct shell sublayers in an adult L. staminea shell, scale bar: 50 mm. (C) SEM images of microstructures present in adult L. staminea shell layers; scale bar: 30 µm. oOSL = outer shell layer; ISL = inner shell layer; and iOSL = inner outer shell layer. The structure in the oOSL appears to respond more clearly to periodicities in the environment, and the ISL less clearly. 
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Figure 5. Element maps of adult L. staminea. (A) drawing of shell section and transmitted light cross sectional view of microstructurally distinct layers; red box: area of interest for element maps. (B) Element maps. B1. Mg, B2. S, B3. Sr. Scale bar: 200 µm. oOSL = outer shell layer; ISL = inner shell layer; and iOSL = inner outer shell layer. 
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Figure 6. Inner shell layer of adult L. staminea. (A–C) element maps. Red boxes on maps indicate the area of interest highlighted in the SEM image. Color scales show x-ray counts from microprobe analyses. (D) SEM image in area of interest showing the correlation between microstructures and trace element counts. P = prismatic microstructure; CA = cross acicular microstructure. Dotted red line indicates boundary between growth line and growth increment in the ISL. 
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Figure 7. Microprobe analysis of juvenile L. staminea. (A1–A3) = small (6 mm); (B1–B3) = medium (11 mm); and (C1–C3) = large (15 mm) juvenile L. staminea Mg, S, and Sr values, respectively. (C1–C3) show only the ventral margin of the largest individual. Scales show relative X-ray counts for each element. Note differences in color scales between scans. EMP analyses do not allow for direct comparisons among different elemental maps. For example, if the Mg map shows more counts than the Sr map that does not indicate more Mg than Sr in the sample, i.e., Mg maps can only be compared to other Mg maps. 
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Table 1. Shell metrics (mm) (mean ± standard deviation) of juvenile clams raised in identical conditions.
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	Shell Weight (mg)

(n = 36)
	Shell Length (mm)

(n = 36)
	Axis of Maximum Growth (mm)

(n = 36)
	Number of Dark Growth Lines

(n = 18)





	121.7 ± 151.2
	10.8 ± 3.3
	9.3 ± 2.6
	91 ± 46
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
— Medium

(Anvg BV ©nme

®se ©se






media/file4.png





nav.xhtml


  minerals-13-00814


  
    		
      minerals-13-00814
    


  




  





media/file2.png
(A)

400 um

Axis of maximum growth € r— Dorsal

Posterior






media/file5.jpg
@

@ {

o
o | w2 [S20 |
* Tow | on [iso
s Tom [ o6 Tssmor
e o [ on ozmnw
o o | 0w Tasriot
& Tow o T2

Lengiiy






media/file3.jpg





media/file1.jpg
()

Axis of maximum growth — Dorsal
_

") | Anterior
-

Posterior






media/file7.jpg





media/file10.png
(A) —— N

50 mm

200 ym

00SI






media/file12.png
’

stT \K n"@‘h - \‘\&L
(D) L

A,M%Q>Lu% o -‘;) \«v '}?t».
ﬁuxﬁfdﬁ pu-‘;( L-La" ﬂ &T‘”” pf‘fi"

r.:w@m\w\\\ \&ﬁ‘*"fﬁ" Mn»:n..
: AN M\






media/file9.jpg





media/file0.png





media/file14.png
T UL __:.._ L T OOL
] | ..,
" |
—
<
]
\)
. \
= n %)
a N )
: O S) &
[

:
-:--- -----_
B ’ v
@
P’
2

Medium

(B2) S
(B3) Sr

m--l-nul-

(A3) Sr

(Al) Mg
(A2) S






media/file8.png
30 um





media/file11.jpg





media/file6.png
0.31

Mass (g)

0.11

0.0

2001

Number dark lines

501

(A)

-
(o)
o

—
o
o

5

Axis of maximum growth (mm)

(D)

7

9

11

13

10.0
Length (mm)

12.5

15.0

Number of dark lines

Axis of maximum growth (mm)

200 1

-
%))
o

100 1

501

(B)

Axis of maximum growth (mm)

(E)

7

9

11

13

7.5

10.0 12.5
Length(mm)

15.0

(C)
0ol * "’ . ) , _ ,
7.5 10.0 12,5 15.0
Length (mm)
Graoh > | Standard |
P R Erior p-value

A 0.98 0.16 1.5x10°15
B 0.86 0.19 3.3x10°8
& 0.99 0.14 2.2x10°1°
D 0.85 0.20 4.9x10°8
s 0.99 0.31 2 2x1016






