
1. Introduction
Tridacna (giant clams) provide decades-long, sub-daily resolvable archives of (sub)tropical reef environments. 
Specifically, by analyzing the geochemical composition of their aragonitic shells, environmental parameters can 
be reconstructed, such as temperature (e.g., Ayling et al., 2015; Batenburg et al., 2011; Pätzold et al., 1991), light 
availability (e.g., Hori et al., 2015; Warter et al., 2018) and nutrient availability (Arias-Ruiz et al., 2017; Batenburg 
et al., 2011; Elliot et al., 2009) as well as short-term disturbances of reef systems, such as storms and heavy precipita-
tion events (Komagoe et al., 2018; Yan et al., 2020). Tridacna emerged in the early Miocene (Harzhauser et al., 2008) 
and are mostly mixotroph organisms (Jantzen et al., 2008), feeding on glucose produced by their photosymbionts 
and filtering particulate nutrition from the environment (Kunzmann, 2008). Their ability to record both seasonal 
variability and short-term events as well as the excellent fossilization potential of their large dense aragonitic shells 
make them well-suited paleoclimate archives even in “deep-time” (Batenburg et al., 2011; Harzhauser et al., 2008; 

Abstract Shells of the giant clam Tridacna can provide decade-long records of past environmental 
conditions via their geochemical composition and structurally through growth banding. Counting the daily 
bands can give an accurate internal age model with high temporal resolution, but daily banding is not always 
visually retrievable, especially in fossil specimens. We show that daily geochemical cycles (e.g., Mg/Ca) 
are resolvable via highly spatially resolved laser-ablation inductively coupled plasma mass spectrometry 
(LA-ICPMS; 3 × 33 μm laser slit) in our Miocene (∼10 Ma) specimen, even in areas where daily banding is not 
visually discernible. By applying wavelet transformation on the measured daily geochemical cycles, we quantify 
varying daily growth rates throughout the shell. These growth rates are thus used to build an internal age 
model independent of optical daily band countability. Such an age model can be used to convert the measured 
elemental ratios from a function of distance to a function of time, which helps evaluate paleoenvironmental 
proxy data, for example, regarding the timing of sub-seasonal events. Furthermore, the quantification of 
daily growth rates across the shell facilitates the evaluation of (co)dependencies between growth rates and 
corresponding elemental compositions.

Plain Language Summary Shells of giant clams exhibit growth bands, similar to tree rings, 
which form in both seasonal (visible by eye) and daily (resolvable by microscope) increments. However, the 
optical visibility of daily bands in fossil giant clam shells can be poor. Fortunately, growth bands are often 
accompanied by changes in the chemical composition of the shell. The incorporation of trace elements into 
the shell depends on environmental factors (like temperature and light) and biological controls, which are both 
characterized by cyclic daily variation. With our Python script Daydacna, we present a tool that enables daily 
resolution scale changes in growth rate to be evaluated using daily geochemical cycle lengths, that is, how much 
the shell has grown each day. Daydacna then creates an internal age model and converts the respective element 
compositions from being expressed over distance to being expressed over time. This information enables an 
unambiguous estimate of growth rate to be compared to elemental compositions, enabling (e.g.) potential (co)
dependencies of these parameters to be identified. Time-resolved data also allow to determine the timing of 
seasonal environmental changes, affecting the shell composition, with higher confidence and thus form an 
important basis for research on the seasonal aspects of the (paleo)climate.
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Warter et  al., 2015). As seasonality is an important component of the climate system, seasonally resolved data 
greatly help in constraining palaeoclimate reconstructions and may be used to test the skill of climate models (Carré 
& Cheddadi, 2017; Cauquoin et al., 2019; Schmidt et al., 2014; Tierney et al., 2020).

Besides geochemical variability, macro and microstructures within the shell reflect changes in the environmental 
setting of clams (Gannon et al., 2017). Tridacna shells feature seasonal (macroscopically visible at mm scales) to 
daily (microscopically visible at μm scales) growth bands. Daily growth bands can be counted to determine time 
intervals within recent giant clams (Duprey et al., 2015; Gannon et al., 2017; Sano et al., 2012; Zhao et al., 2023). 
However, microscopic daily growth band visibility is not always sufficient for reliable counting, especially in 
fossil shells (Figure 1e, Figures S1 and S2 in Supporting Information S1; Section 3.2).

Alternatively, seasonal bands at the macroscale or annual cycles in the oxygen isotopic composition of the 
shell (δ 18O) have been used to determine the ontogenetic age of fossil giant clams and to evaluate seasonal and 
multiannual paleoenvironmental changes (Ayling et al., 2015; Batenburg et al., 2011; Driscoll et al., 2014; Warter 
et al., 2015). However, in many tropical areas, seasonality is manifested not via large temperature variability but 
rather via substantial changes in precipitation, which may complicate the interpretation of δ 18O records obtained 
from Tridacna specimens and their usability for indicating yearly time intervals (Ma et al., 2020). This argues for 
either an alternative macro-scale geochemical proxy or a reliable micro-scale analysis of the shell. Fortunately, it 
is possible to measure daily increments within fossil Tridacna shells via spatially resolved geochemical analysis. 
Analytical methods suitable for resolving daily changes in elemental composition are (Nano) Secondary Ion 
Mass Spectrometry (e.g., Füllenbach et al., 2017; Hori et al., 2015; Sano et al., 2012; Yan et al., 2020), Electron 
Probe Micro Analyzer measurements (Füllenbach et al., 2017; Hori et al., 2015), and Laser-Ablation Inductively 
Coupled Plasma Mass Spectrometry (LA-ICPMS) (e.g., Warter & Müller, 2017; Warter et al., 2018). LA-ICPMS 
is a more rapid and inexpensive method (Warter & Müller, 2017) and may therefore be advantageous in determin-
ing the ontogenetic ages of large (100–1,000 mm) and long-lived Tridacna shells by daily band analysis.

Here we present a method applicable to the rapid generation of a reliable internal age model for fossil (Tridacna) shells. 
Specifically, we show that daily resolved internal age models can be generated by assessing the changing wavelengths 
of daily cycles of elemental ratios (e.g., Mg/Ca) measured via high resolution LA-ICPMS. We demonstrate the suita-
bility of this approach for assessing paleo-seasonality by enabling high-resolution analysis of geochemical parameters 
over time rather than shell distance. Time resolved paleoenvironmental proxy data can be compared seasonally, which 
improves the interpretation of reoccurring seasonal environmental changes. Additionally, we aim to further our under-
standing of the relationship between growth rate and geochemical proxies. Comparing the daily resolved growth rate 
changes to geochemical data helps decipher growth rate dependent and independent proxy variability.

In general, the approach developed here is not only applicable to Tridacna but also to other organisms and 
archives providing cyclic data sets (see Section 5).

2. Materials and Methods
2.1. Sample Origin and Preparation

A large fossil Tridacna sample (TOBI; Figure 1a) was sampled in East Borneo in early November 2013, near 
Bontang (0°08′15″N, 117°26′21″E). The shell was recovered from a micritic bioclast packstone horizon within 
silty shales and sandstones (Renema et al., 2015). Other bivalve shells and corals from the “Bontang Garden” 
location have been dated via Strontium Isotope Stratigraphy, suggesting that fossils from this location can be 
assigned to the Tortonian (late Miocene) (Renema et al., 2015).

The shell was externally cleaned with a brush, rinsed with tap water and dried before being cut along its maxi-
mum growth axis. The central slab was divided into smaller rectangular slabs (55 × 28 × 7 mm) with slightly 
overlapping areas (Figure 1a). From the slabs, thin sections of 50 μm thickness were cut using a G&N MP2 2R 
300 surface grinder and polished with 3 μm diamond suspension on a Logitech PM2A. These thin sections were 
used for both imaging (e.g., Figures 1c–1f) and LA-ICPMS analysis.

2.2. Microscope Imaging

In order to obtain information on the shell structure, microscope images of the polished thin sections were taken using 
a Keyence VHX-6000 microscope with full ring incident light. For overview images we used 20× magnification, 
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areas around the high-resolution laser-ablation (LA) tracks were documented at 400× magnification, and pictures up to 
2000× magnification were taken of areas of specific interest, for example, within dark presumably semi-seasonal bands. 
Where possible, daily bands were counted (Figures S3 and S4 in Supporting Information S1) and a semiquantitative 
analysis of daily band widths in different areas of the shell was conducted by counting daily increments over distance.

2.3. Phase Assessment via Attenuated Total Reflectance Fourier Transform InfraRed Spectrometry 
(ATR-FTIR) and X-Ray Diffractometry (XRD)

Material from the rim of the shell was sampled using a handheld slow-rotating diamond-tipped drill. From the 
inner shell, the material was cut out with a diamond blade saw and powdered by hand using an agate mortar. This 
procedure was chosen to avoid any recrystallization of aragonite to calcite during the drilling process, as previously 
observed (Aharon, 1991; Foster et al., 2008). The mineralogical composition of the powder samples was measured 
both by XRD, namely a PANalytical X’Pert PRO X-ray diffractometer, equipped with a copper X-ray tube and 
a Ni-filter, and by ATR-FTIR, namely a Bruker Alpha II equipped with a diamond ATR attachment. ATR-FTIR 
baseline subtraction was performed using a baseline measurement (12 scans) taken immediately prior to sample data 
acquisition (24 scans), while data were collected between 350 and 4,000 cm −1 at a resolution of 4 cm −1.

2.4. LA-ICPMS

LA-ICPMS analysis was carried out using a RESOlution LR laser-ablation system equipped with a two-volume 
S155 cell (Laurin Technic; Müller et al., 2009) coupled to a ThermoScientific Element XR sector field mass 
spectrometer. Prior to analysis, thin sections were ultrasonically cleaned using ethanol.

Ablation took place in He atmosphere, with Ar added at the top of the funnel, and N2 admixed downstream of 
the cell at ∼4 ml/min. Tuning was performed using a 60 μm spot, with 1 μm/s scan speed and 5 Hz repetition 
rate. Following Warter et al. (2018), ablation was carried out using a rotatable rectangular laser slit. Here, we use 
a 3 × 33 μm slit, which has an ablation surface area similar to a 15 μm circular spot, hence yielding equivalent 
ICPMS signal intensities. All laser tracks were set parallel to the maximum growth axis, that is, orthogonal to 

Figure 1. (a) Cross section of the late Miocene Tridacna shell (TOBI) with six slabs cut for analysis. The numbered points refer to the position of the three laser-ablation 
tracks presented and discussed in this paper. (b) Ocean Data View map of the Indo-Pacific region with the sampling location marked by a star. (c) Thin section of the 
ontogenetic oldest slab with presumably semi-seasonal dark banding. (d) Close-up of c with crossed lamellar crystal structure striking at an angle of ∼135° (dark gray 
dotted line) and two dark bands striking at an angle of ∼45° (white dotted lines). (e) Close-up of d, showing the crossed lamellar crystal structure within part of a dark band. 
These brownish and grayish structures likely reflect aragonite crystals of different orientations. The angle of the crystal structure changes around the dark banding, from 
around 135° to around 110°. (f) Close-up of d, with crossed lamellar crystal structure and daily banding striking at an angle of ∼45° (red dotted line).
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the daily bands. Precleaning took place at 7 μm/s scan speed and 20 Hz repetition rate, while measurements were 
conducted at a scan speed of 1 μm/s and 10 Hz repetition rate. We monitored the isotopes  11B,  23Na,  24Mg,  27Al,   
43Ca,  88Sr,  89Y, and  138Ba, with a total sweep time of 330 ms, resulting in a sampling frequency of ∼0.34 μm. We 
do not further present or discuss  27Al data as they lie largely below the limit of detection.  89Y data were measured 
to check any possible diagenetic alternation and are, like  27Al, only displayed with the full data set in Figure S5 
of Supporting Information S1. Instrumental tuning was performed on the standard reference material NIST SRM 
612. The plasma was tuned to a ThO +/Th + rate of 0.4%, a Th/U ratio of 0.97, and a normalized argon index 
(Fietzke & Frische, 2016) of 1.1, while double-charged production at 1.5% was monitored via the 22/44 ratio. At 
10 Hz, we did not use the signal smoothing squid in order to maximize the spatial resolution (Müller et al., 2009). 
An overview of the measurement and tuning parameters can be found in Table S1 of Supporting Information S1.

Element/Ca (El/Ca) ratios were calibrated using NIST SRM 612 as the bracketing external standard (Jochum 
et al., 2011) with updated Mg values (Evans & Müller, 2018) and  43Ca as the internal standard. Data quantifi-
cation follows Longerich et al. (1996) and was performed using the software Iolite 4 (Paton et al., 2011). Data 
quality (accuracy and precision) was determined by measuring the MPI-DING glass KL2-G (Jochum et al., 2006) 
and the nanopellet carbonate standard MACS-3NP (Garbe-Schönberg & Müller, 2014) treated as unknowns and 
analyzed in the same way as the samples; data are shown in Table 1.

Further data evaluation and visualization was done using Python and facilitated through the use of the Python 
libraries and packages NumPy (Harris et  al.,  2020), Pandas (Reback et  al.,  2022), and Matplotlib (Caswell 
et al., 2022) as well as PyCWT based on Torrence and Compo (1998).

2.5. Wavelet-Analysis: New Python Script “Daydacna”

2.5.1. Data Pre-Treatment

Prior to further analysis, we removed outliers from the data set. Because the data are both cyclic and display long-
term trends, we detrended the data before determining outliers. Detrending was conducted by subtracting a 20-point 
running mean from the original signal to remove most underlying variability. Subsequently, all data points outside 
the two standard deviation range were selected as outliers. These data points were excluded from the original data 
set and replaced with linearly interpolated values. Rejecting data points over two standard deviations resulted in a 
clearer signal and less noisy wavelet scalogram compared with rejecting only points over three standard deviations.

2.5.2. Continuous Wavelet Transform (CWT) Basics

To evaluate the wavelength shifts within the daily El/Ca cycles, we applied CWT (Goupillaud et al., 1984) to the 
data set. In CWT, an input function is multiplied by a wavelet. The wavelet used in this study is a real-value Morlet 
wavelet (Morlet et al., 1982). This wavelet is continuously scaled and shifted in its position within a given range. 

Measured mean (μg/g) ± 2 SD Reference value (μg/g) ± 2 SD Accuracy (%) Precision (% 2 RSD)

B MACS-3 10.13 ± 1.84 8.9 13.82 18.13

KL2-G 2.88 ± 0.40 2.73 ± 0.28 5.49 13.73

Na MACS-3 7,711 ± 1,053 5,900 ± 800 30.70 13.66

KL2-G 17,051 ± 544 17,434 ± 593 −2.20 3.19

Mg MACS-3 1,948 ± 108 1,756 ± 272 10.91 5.55

KL2-G 43,519 ± 1,296 44,263 ± 543 −1.68 2.98

Sr MACS-3 7,205 ± 238 6,760 ± 700 6.58 3.31

KL2-G 355 ± 8 356 ± 8 −0.28 2.34

Ba MACS-3 77.3 ± 7.2 58.7 ± 4.0 31.70 9.31

KL2-G 127 ± 2 123 ± 5 3.25 1.50

Table 1 
Results of Standard Reference Materials Measured Using the 3 × 33 μm Slit Compared With Reference Values for MACS-3 
(Na, Mg, Sr, Ba: Solution Based USGS-Data From Stephen Wilson (Pers. Comm, 2010); B: Laser-Ablation Inductively 
Coupled Plasma Mass Spectrometry Data With Medium Mass Resolution and 193 nm Wavelength; Jochum et al., 2012) 
and KL2-G (GeoReM Preferred Values; Jochum et al., 2006); Accuracy and External Precision for Each Element
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The product of wavelet and input function is integrated, and the resulting coefficient can be used to determine the 
correlation between wavelet and input function at a given frequency, including the position of the wavelet.

The resulting correlation between the wavelet and input function at a given interval and a given frequency of the 
wavelet was used to determine the main frequency present in the input for said interval. The continuous shift in 
location and frequency of the wavelet during its comparison to the input data allows for the analysis of shifts in 
frequency over distance within the input data set itself. This is best visible in a scalogram in which the relative 
correlation intensity is displayed in color with distance or time on the x-axis and wavelength on the y-axis (e.g., 
Figure 2). In our new data evaluation script “Daydacna,” we use the Python package PyCWT (based on Torrence 
and Compo (1998)) to calculate and display our CWTs.

2.5.3. Wavelet Correlation Maxima and Growth Rate Evaluation

Figures 2a–2d illustrate the steps taken by the Daydacna script. We apply a combination of automated maxima 
detection, manual correction, and smoothing to determine the wavelengths of daily cycles, hence directly trans-
lating to daily growth rates. These form the basis for the estimation of the number of days included in the data set. 
We use a Monte Carlo approach to quantify the uncertainty of this estimation.

As a first step, the frequencies with the maximum correlation coefficient at a given point over distance are selected 
to determine the main frequency within the input data (red lines, Figure 2a). Here, we set the maximum limit for 
detection to 40 μm because daily band widths were optically determined to be 38 μm or below throughout the shell 
(see Section 3.2). In step two, an initial interpolation and locally weighted scatterplot smoothing (LOWESS) statisti-
cal regression function based on Cleveland (1979) using the statsmodels Python module (Seabold & Perktold, 2010) 
is applied to smooth through the correlation maxima detected in step one (black line, Figure 2b). Overlying lower 
frequencies can at times show a clearer cyclicity in the data set and therefore have higher correlations than daily 
cycles. Thus, the dominant wavelengths highlighted by Daydacna in the resulting graph may not always represent 
daily cycles. To correct this issue, we implemented a mixture of automatic and manual adjustments. In areas where 
overlying (greater than daily) frequencies dominate over longer distances, manual readjustment of the pathway 
might be necessary. The user can choose a more likely pathway for such areas by selecting other points of high corre-
lation (blue dots, Figure 2b). These manually set points within one pathway are in turn connected linearly (blue lines, 
Figure 2b), which overall replaces the automatically detected pathway in that data range. A Monte Carlo approach 
was used to account for the uncertainty of manually selecting the approximate area of high correlation related to 
the daily signal. Both x (distance) and y (wavelength) values of each manually selected point are randomly selected 
(1,000 times) from a normal distribution using the point's coordinates as mean and 1% of the mean value as the 
standard deviation. In a third step, maxima will be reselected automatically, but this time only close to the pathway 
describing the approximate area in which the daily signal is expected based on Monte Carlo simulations. The upper 
and lower boundaries of the range in which maxima are selected are also determined by a Monte Carlo simulation 
with 1,000 iterations. The mean of the upper and lower boundaries is centered on the smoothed pathway plus or 
minus 0.5 log2 units respectively. Based on these mean values, the boundaries are randomly sampled from a normal 
distribution with a standard deviation of 0.05 (∼10% uncertainty). The smoothed pathway is processed as log2 of 
the selected wavelengths; therefore, the range of interest is displayed uniformly across the scalogram (Figure 2c). 
Correlation maxima detected outside the area of interest, that is, far away from the smoothed detected pathway, 
are automatically excluded in this second maxima detection step (Figure 2c). Through microscope observations, 
we found that growth rate changes are rather gradual (see Section 3.2, Results). Therefore, we created smoothed 
pathways through the detected maxima in the last step. Here we use a convolution algorithm for each of the 1,000 
envelopes, rather than smoothing with LOWESS, because the computational time needed for the latter is more than 
three orders of magnitude higher, making it unsuitable for Monte Carlo simulations on large data sets. However, the 
convolution algorithm has boundary effects, impacting the rim domains from a distance equivalent to half of the 
smoothing window. We cannot properly assess the uncertainty introduced by smoothing in these rim areas, but since 
they make up only about 3% of the entire data set, we consider this contribution to be minor. The smoothing window 
span is also simulated in 1,000 iterations using a Monte Carlo approach. Here, we chose a mean smoothing window 
span of 400 data points with a standard deviation of 75. The resulting 50th percentile pathway describes the changes 
in wavelengths over distance (dashed line, Figure 2d) and the 2.5th and 97.5th percentiles are used to represent the 
uncertainties (indicated in gray, Figure 2d). Because of the aforementioned steps, different thresholds, and working 
with linear and log2 scales, the resulting array of Monte Carlo simulated number of days in the sample is not always 
normally distributed. As such, we use the 2.5th/97.5th percentiles in addition to the 2 SD values.
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Our time series analysis approach provides a data set of wavelengths over distance, which traces the lengths of the 
daily El/Ca cycles recorded within the shell. The wavelength of each daily cycle represents the shell growth per 
day along the measured transect. With the smoothed growth rate pathway, we can quantify the growth rate in μm 
per day for each given point, which allows us to quantify the time represented between two data points as a frac-
tion of a day. The cumulative sum of time between data points over distance along the shell results in an internal 
age model based on daily growth rates. This allows us to obtain an overall estimate of the number of days included 

Figure 2. Steps performed by the Daydacna script to assess the daily growth rate from the continuous wavelet transform (CWT) scalogram of the Mg/Ca data set 
of LA track 2 (for details see Section 3.3.2, Figure 4). The y-scale is inverted and on a log2 scale. (a) Step 1: Correlation-maxima are selected within the range of 
potentially occurring daily cycles (up to 40 μm, based on observation). (b) Step 2: If these maxima are unlikely to represent daily cycles (criteria see Sections 2.5.3 
and 4.2), an alternative area of interest can be selected manually, indicated in blue. (c) Step 3: An area of interest is defined around a smoothed curve of the selected 
maxima and areas of manual correction excluding outliers and artificial jumps in growth rate. The black dashed lines indicate the 50th percentile of the Monte Carlo 
simulated area of interest. Correlation maxima are detected for a second time but now only within the area of interest (red domains). In this way, low frequency 
overlying signals with higher correlations than the daily signal are excluded. (d) Step 4: The maxima are interpolated and smoothed with different smoothing window 
spans via Monte Carlo simulation. The 50th percentile curve, which is used to determine growth rates over distance, is indicated as the black dashed line. Confidence 
intervals (2.5th and 97.5th percentiles; ∼2 SD) are displayed by the area shaded in gray.
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in the measured LA track and quantify the distribution of time over distance. In order to assess and quantify the 
uncertainties associated with the determination of days in a data set, we modify—via Monte Carlo simulations—
the parameters used to establish the daily growth rate, which have to be set but are difficult to determine. These 
factors include the exact position of the high correlation area attributed to daily cyclicity by manual selection, the 
range of area of interest around the approximate pathway of daily wavelengths and the smoothing window span.

Ultimately, we apply the internal age model derived as described above to display the measured data against time 
rather than distance. When doing so, data points plotted versus time are no longer evenly spaced, in contrast to 
plotting against distance. Nonetheless, this provides a test of the model as the daily cycles should all be displayed 
as being equally long on the time scale (1 day).

3. Results
3.1. Preservation of the Shell

While the outer rim (∼1 cm) shows visible alteration, characterized by a change in color and at times visible 
recrystallization, the inner part of the shell has an optically pristine appearance as it displays no signs of recrys-
tallization or dissolution (Figure 1c). The original crystal structure is well preserved and visible in the microscope 
images (Figure 1d–1f). Furthermore, the El/Ca ratios (see below) are very similar to those of modern Tridacna 
shells (Batenburg et al., 2011; Sano et al., 2012; Warter et al., 2018). The measured Y/Ca ratios do not indicate 
diagenetic alteration (Figure S5 in Supporting Information S1). XRD and ATR-FTIR measurements confirm that 
the aragonite is preserved throughout the bulk of the shell analyzed here, whereas both calcite and aragonite are 
detected in the powder samples from the outermost rim (Figures S6 and S7 in Supporting Information S1).

3.2. Optical Analysis of Presumably (Sub)seasonal and Daily Bands

Along the cross-section of the shell, a conspicuously regularly occurring light-dark banding pattern is visible 
(Figures 1a and 1c). The banding pattern may be irregular, but especially in the ontogenetically older area of 
the shell, a double-banding structure prevails (Figure 1c). In areas where daily bands are visually resolvable, we 
could count around 70–100 days between the centers of the two bands close to each other, while the larger gaps 
usually contain more than 200 days. This indicates that the macroscopically visible dark bands in our sample are 
likely to be produced seasonally.

The various microscopy techniques applied did not unequivocally resolve the daily bands throughout the shell. In 
some areas of the shell daily bands are well resolvable with 400× magnification. In areas where daily bands are 
not visible in 400× magnification, a five-fold increase in magnification generally did not result in better daily band 
discernibility. We further unsuccessfully tried to enhance daily band visibility by treating slabs and thin sections 
with Mutvei's solution, as described in Schöne et al. (2005), prior to microscopic assessment and imaging (Figure 
S8 in Supporting Information S1). In order to enhance the visibility of daily growth bands in recent specimens, 
fluorescence microscopy has been utilized, which triggers the autofluorescence of the organic content within the 
shell, which varies on a daily scale (Duprey et al., 2015; Ma et al., 2020; Yan et al., 2020). Our fossil sample did not, 
however, display distinct continuous daily banding via fluorescence microscopy (Figure S9 in Supporting Informa-
tion S1). Furthermore, daily bands were not distinguishable via Scanning Electron Microscope imaging, nor did 
their density difference allow them to be distinguished using μCT or via X-ray imaging (Figure S10 in Supporting 
Information S1). Daily geochemical El/Ca cycles, however, are preserved and resolvable in areas where the micro-
scopic bands were not well visible in our fossil specimen (Figure S1 in Supporting Information S1).

The daily band visibility is slightly better in the ontogenetically youngest part of the shell, where the daily bands 
are widest with a maximum of 38 μm. However, daily band visibility and the lack thereof are not directly coupled 
to ontogenetic age. Rather, there are bands and patches in which visibility is better or worse throughout the shell 
section. In areas with good daily band visibility, we observed the following recurring patterns. We found that 
daily band widths decrease towards the macroscopically visible dark (more translucent) presumably seasonal 
bands. Daily band widths further decrease within the dark bands to well below 10 μm and at times below 5 μm 
with a minimum of 2 μm. A gradual increase in daily band width is seen at the end of the dark band until a rela-
tively constant daily band width is reached in the lighter (less translucent) parts of the shell (e.g., Figure S4 in 
Supporting Information S1). The observation of reduced widths of the microscopically visible daily growth bands 
within the macroscopically visible darker presumably seasonal bands holds throughout the shell, linking the dark 
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bands to reduced growth of the organism. The crossed lamellar aragonite crystal structure (Figure 1e–1g) shows 
a steepened angle within the dark low growth bands (Figure 1e).

Daily bands were counted along LA tracks in areas with good daily band visibility. A comparison of the counted 
numbers of daily bands and Mg/Ca cycles confirmed their 1:1 relation. The counted sections also provide a basis 
for checking the accuracy of the age estimates generated via our wavelet-analysis-based Python script Daydacna 
(see Section 3.3).

3.3. LA-ICPMS Data, Growth Rate, and Internal Age Model

In the following, we present the results for three LA tracks. We chose to run Daydacna on the Mg/Ca rather than 
Sr/Ca data sets, because the daily cycles were more clearly expressed in Mg/Ca (compare Figure 3 and Figure 
S11 in Supporting Information S1). The first LA track is from an area of relatively uniform growth within the 
shell. The daily bands corresponding to the measurements were countable (Figure 3). The second track includes 
two dark presumably seasonal bands with reduced growth. Along this track, the daily bands were also countable 
(Figure 4). The third one includes four dark bands and is situated in an area where continuous counting of growth 
bands was not possible (Figure 5).

3.3.1. Track 1: Uniform Growth and Optically Countable Daily Bands

Along the first LA track, 145 daily bands were optically counted (Figure 3a). The daily bands are relatively evenly 
spaced in the microscope image. Mg/Ca values range from 0.09 to 0.44 mmol/mol with a mean of 0.24 mmol/mol. 

Figure 3. (a) Microscope image along LA track 1. Daily bands are visible and counted to be 145 full bands (highlighted in black). (b) Measured Mg/Ca (light blue) 
from the same track versus distance with resolvable daily cyclicity, with locally weighted scatterplot smoothing curve smoothed over 600 data points shown in gray. 
(c) Continuous wavelet transform scalogram of the Mg/Ca signal with determined growth rates over distance (dashed line). (d) Internal age model indicating the range 
of number of days across distance. The overall number of days ± 2 SD determined from daily Mg/Ca cycles by our Daydacna script is 148.2 ± 0.08 with an offset of 
3 days (2%).
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The overall rather flat LOWESS curve, smoothed over 600 data points, and independent of daily cycles, is char-
acterized by little variability with values ranging between 0.20 and 0.26 mmol/mol (Figure 3b). Daily growth 
rates determined by Daydacna show moderate variability and are in the range of 18–27 μm/day (Figure 3c). No 
manual correction, to exclude maxima not representing daily cycles, was necessary in this region of the shell. 
The Daydacna script determined 148.2 ± 0.08 days (2 SD) for this measurement (Figure 3d). The precision is 
relatively high in this example because the result is generated in a fully automated manner, and no additional vari-
ability is introduced by manual selection. The discrepancy between the 148 days determined by the script and the 
optically counted 145 days is 2%. This offset between the number of days counted and determined by the script 
appears to be caused by a slight underestimation of the growth rate in the rim areas of the scalogram (Figure 3c).

3.3.2. Track 2: Variable Growth and Optically Countable Daily Bands

In the case of the second example, 271 daily bands were optically counted (Figure 4a). The density of daily bands 
seen in the microscope image is variable as the LA track crosses two presumably seasonal low growth areas. 
Mg/Ca values range from 0.10 to 0.62 mmol/mol with a mean of 0.29 mmol/mol (Figure 4b). The smoothed 
Mg/Ca values (600 points, LOWESS) vary between 0.21 and 0.39 mmol/mol. Two peaks in the Mg/Ca trend 
around 1,400 and 3,150 μm coincide with areas of denser daily banding (Figure 4a). The detected wavelengths of 
daily cycles in the scalogram (Figure 4c) are variable and range between 9 and 27 μm. In the regions of Mg/Ca 
peaks, daily bands were overlain by longer term frequencies. Here, Daydacna detected and selected wavelength 

Figure 4. (a) Microscope image along LA track 2. Daily bands are visible and indicate that this LA track includes 271 days. (b) Measured Mg/Ca (light blue) from LA 
track 2 versus distance, with daily cycles at times too narrow to be resolvable at the overview scale. The 600-point locally weighted scatterplot smoothing curve (gray) 
shows a long-term trend with two maxima around 0.4 mmol/mol, coinciding with areas with narrow daily banding in panel a. (c) The continuous wavelet transform 
scalogram of the Mg/Ca signal shows variability in the determined growth rates with manual correction (dashed line). The 2.5th/97.5th percentile (∼2 SD) is displayed 
by an area shaded in gray. The pathway without manual correction is displayed by a dotted line. (d) The internal age model (days vs. distance in blue) reflects the 
non-linear growth rates determined. The thickness of the blue curve reflects the 2.5th to 97.5th percentile interval, also displayed by ret dotted lines in the inserted 
distribution graph. The overall number of days ± 2 SD determined from the Mg/Ca signal for LA track 2 is 269.4 ± 3.2. The offset of days counted versus determined 
by Daydacna is 2 days (0.7%). The blue dotted line represents the uncorrected age model.
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maxima which are not related to daily bands. Hence, a manual correction was needed (Figure 4c) in order to force 
Daydacna to select the minor peaks reflecting the daily cyclicity. The manual correction is based on the optically 
observed shortening of daily band intervals in the regions of the dark presumably seasonal bands. The variability 
in growth rate can be seen in the age model displayed in time over distance (Figure 4d). The time represented 
in the measured shell section, as determined by Daydacna, is 269.4 ± 3.2 days (2 SD). The 271 days counted 
optically are within the 2 SD interval of prediction with an offset of 2 days (0.7%).

3.3.3. Track 3: Variable Growth and Optically Not Countable Daily Bands

Daily bands were only partially optically visible along the third LA track, preventing continuous counting. The 
LA track starts within a dark presumably seasonal band and passes through another three such bands (Figure 5a). 
Mg/Ca values vary from 0.15 to 1.10 mmol/mol with a mean of 0.39 and the smoothed (600-point LOWESS) Mg/
Ca trend ranges between 0.27 and 0.72 mmol/mol (Figure 5b). Elevated Mg/Ca values are visible in and around 
the dark bands (Figures 5a and 5b). The wavelengths determined by Daydacna range from 2 to 19 μm (Figure 5c). 
Manual adjustments within the areas of the dark bands were needed for Daydacna to select the minor correlation 
peaks at higher frequencies. While better correlated higher wavelengths are present at these points in the shell, 
by comparison to other shell sections in which daily bands were clearly countable and based on the observation 
that dark bands are connected to low growth areas, we judge that the shorter wavelengths are more likely to 
represent daily cycles. In areas in which daily frequencies are not well represented (e.g., around 3,300 μm, middle 

Figure 5. (a) Microscope image along LA track 3. Daily bands are not optically resolvable. Four dark presumably seasonal bands are visible, one of which is located at 
the left edge of the image. (b) Measured Mg/Ca (light blue) from LA track 3 versus distance, with daily cycles at times resolvable at the overview scale. The 600-point 
smoothed locally weighted scatterplot smoothing curve (gray) shows a variable long-term Mg/Ca trend with maxima around the dark bands seen in Figure 4a. (c) 
The determined growth rates with manual correction (dashed line) and without manual correction (dotted line) on the continuous wavelet transform scalogram of the 
detrended Mg/Ca are variable. The 2.5th/97.5th percentiles (∼2 SD) area around the corrected pathway is shaded in gray. (d) The changes in the slope of the internal 
age model (solid blue curve) reflect the variability of growth over time, while the thickness of the blue curve reflects the 2.5th to 97.5th percentile interval, also 
displayed by ret dotted lines in the inserted distribution graph. From the Mg/Ca signal, we determined that LA track 3 spans 519.6 ± 11.0 days (2 SD). The uncorrected 
age model is shown in the blue dotted line.
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of the third dark band), interpolation determines the most parsimonious pathway. The resulting growth rate is 
variable and decreased in the dark band areas. The determined time contained in the measured shell section is 
519.6 ± 11.0 days (2 SD).

3.4. Geochemical Composition Versus Time at Daily Resolution

The internal age models determined by Daydacna allow us to display the measured El/Ca data against time 
(Figure 6). The first LA track is ontogenetically the youngest, followed by the second and third tracks. Given that 
these tracks have a very similar overall length (∼4,030 μm), the decrease in observed duration of ∼150, ∼270, 
and ∼520 days indicates a trend towards reduced growth with increasing ontogenetic age as previously observed 
in our microscope image analysis. Additionally, the presence and absence of dark bands characterized by reduced 
growth affects the conversion of distance into time along the maximum growth axis of the shell, which Daydacna 
can account for.

Displaying the data of track 1 against time (Figure 6a; close-up in Figure 6b), using the age model derived above 
(Figure 3), results in clearly visible daily cycles in the Mg/Ca and Sr/Ca data sets. Na/Ca and B/Ca co-vary and 
display clear cycles with longer wavelengths of 4–10 days that overlie the daily cycles. Mg/Ca and Ba/Ca are 
characterized by low-amplitude long-term cyclic variability, while Sr/Ca shows no cyclicity other than on a daily 
scale.

In track 2, daily cycles are difficult to resolve in the overview image (Figure 6c). The close-up from 20 to 40 days 
(Figure 6d) shows distinctive daily cycles in Mg/Ca and Sr/Ca. From the overview image, we can deduce that 
phases of low growth, connected with high Mg/Ca values, last 1–2 months. Mg/Ca cyclicity covaries positively 
with Sr/Ca, whereas it displays a broadly negative relationship to Na/Ca. B/Ca behaves in an overall similar 
manner to Na/Ca. Ba/Ca variability increases in low growth bands.

In track 3 (Figure 6e), we observe that low-growth high Mg/Ca bands appear in the same half of the first and 
second years. In the other half of the first year, low Mg/Ca values prevail. Mg/Ca and Na/Ca show opposing trends 
in terms of their long-term variability, especially during low-growth, high Mg/Ca phases. B/Ca behaves similarly 
to Na/Ca in regular growth areas, but unlike Na/Ca, B/Ca shows no strong shifts in low growth areas. The Sr/
Ca variability is in phase with Mg/Ca. Ba/Ca shows an increase again in variability in low-growth areas and is 
lowest in the first low growth band of the second year. In the close-up view from 200 to 220 days (Figure 6f), all 
elemental ratios display daily cyclicity, of which Mg/Ca and Sr/Ca are clearest.

4. Discussion
4.1. LA-ICPMS Data Evaluation With Daydacna

Daydacna is a new, purposely designed Python script which allows daily resolved internal age models for (fossil) 
Tridacna shells to be generated from appropriately spatially resolved El/Ca data. Although it was only applied 
here on one Tridacna specimen, it could also be used for similar data sets generated for different biogenic or 
inorganic archives with incremental growth bands. Using the age model, the necessary high-resolution analysis 
of the geochemical parameters against time rather than shell distance is possible. We envisage that this approach 
could have multiple applications, such as quantified comparison between growth rate and elemental ratios, unam-
biguous interpretation of geochemical data in terms of seasonal paleoenvironmental change, and possible identi-
fication and quantification of extreme weather events (see Section 4.4).

Despite the excellent preservation of the inner shell part of our sample “TOBI,” where neither microscope imag-
ing, phase (polymorph) analysis nor elemental ratios point towards recrystallization or alteration (see Section 3.1), 
daily increments could not be optically resolved in all parts of the inner shell. Instead, we observed that the daily 
geochemical variability in fossil Tridacna can be retrieved even in areas where daily band visibility is very poor 
(Figure 5, Figure S1 in Supporting Information S1). Optical evaluation of daily increments is practical within 
certain smaller segments with good visibility, whereas using geochemical cycles to determine daily resolved 
age models is advantageous for analyzing large shells with hundreds to thousands of days of growth, including 
shell parts with poor optical visibility. Furthermore, creating daily resolved internal age models for long-lived 
(several decades old) organisms using daily band counting would be very time consuming. Programs for auto-
mated image-based lamina detection have been available for over a decade (e.g., Meyer et al., 2006) and can 
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Figure 6. Elemental ratios for the three LA tracks (shown in Figures 3–5), now displayed versus time. The ranges of the x and y axes are specific to each track in order 
to best display the measured data. (a) Elemental ratios measured along LA track 1. Daily cyclicity is best visible in Mg/Ca and Sr/Ca. Overlying lower frequencies 
are visible in B/Ca and Na/Ca, with corresponding close-up in (b). (c) Elemental ratios measured along LA track 2 over reduced growth areas (around 80–90, and 
170–200 days, respectively); (d) Close-up of c showing daily cycles for 20–40 days. (e) Elemental ratios measured along LA track 3 with four reduced growth domains 
(around 0–20, 70–90, 370–430, and 480–500 days), with corresponding close-up (f) for 200–220 days.
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facilitate daily band counting on the scale of years if the band visibility is sufficient. However, even in areas with 
good banding visibility, the success of computer-based image assessment of daily bands is lower than that of 
geochemical assessment (Warter & Müller, 2017).

Daily geochemical cycles have previously been used in rudist shells to obtain a reliable daily resolved age model 
due to their better resolvability than daily banding (de Winter et al., 2020). We have extended this approach and 
provide, to our knowledge, the first internal age model in clams based on CWT of daily geochemical cycles. 
We provide a semi-automated script (Daydacna) which quantifies the wavelengths of the correspondent daily 
geochemical cycles. As the wavelength of each daily cycle indicates how much the shell grew during that day, 
changes in the daily wavelength over time directly translate to daily growth rates. This approach tackles both 
the issue of low visibility of daily banding and the time effort of counting daily signals and measuring daily 
signal distances over timespans of months to decades. Furthermore, one set of elemental ratio measurements can 
provide an age model that is directly applicable to related geochemical proxies, allowing paleoenvironmental 
interpretations.

4.2. Before Applying Daydacna

To derive reasonable daily growth rates, some knowledge of the analyzed sample is needed. We interpret and 
restrict the selection of wavelengths, which represent daily cycles, based on the following observations, which 
need to be reconsidered for each sample before Daydacna is applied. All adaptations can be modified in the 
code if the underlying observations are not applicable to the specific sample under consideration; however, if the 
Daydacna code is run without adaptation, the following assumptions have to be met to obtain reliable results.

1.  One band is one daily cycle:
 It has previously been shown that Tridacna shells contain daily banding and daily cycles in Sr/Ca and Mg/Ca, 
likely linked to the light-related dependency of the incorporation of these elements in the shell, which could 
be connected to photosymbiotic activity (Sano et al., 2012; Warter & Müller, 2017; Warter et al., 2018) and/or 
light enhanced calcification (Rossbach et al., 2019; Sano et al., 2012). In previous Tridacna culturing studies, 
Warter et al. (2018) demonstrated that the culturing period in days was equivalent to the number of bands and 
cycles in several El/Ca ratios. The sample presented here (“TOBI”) is a fossil specimen, therefore we cannot 
independently verify how much time is contained in the shell. We observed that the Mg/Ca cycles, measured 
via LA-ICPMS, coincide with a microscopically detected banding pattern, similar to that observed daily in 
scale by Warter et al. (2018). Overall, we are confident that the El/Ca cycles in the range of a few to tens of 
μm observed in our fossil Tridacna are daily. The evaluation of the temporal interval of the analyzed cycles is 
crucial for successfully applying Daydacna. Other bivalves, for example, mussels, have shown semi-diurnal 
elemental cycles caused by semi-diurnal tidal influence (e.g., Sano et al., 2021). To analyze such samples 
using Daydacna, the expected time interval per cycle would need to be adapted.

2.  Choice of appropriate widths of daily growth:
 The range of daily band width observed optically within the analyzed clam fell between 2 and 38 μm. Bands 
over 30 μm wide are mostly apparent in the ontogenetic youngest part of the shell. After the first decade of 
life, daily growth bands in TOBI are mostly in the range of 5–25 μm. We decided to limit the range in which 
correlation maxima are selected to wavelengths below 40 μm to include all daily signals but reject long-term 
trends, such as seasonal signals. Shell growth rates are variable even within Tridacnids (from a few μm/day 
(this study) to 140 μm/day (Killam et al., 2021)) and can range higher for other bivalves like Pecten maximus 
(e.g., Gillikin et al., 2008) or remain in the range of few μm/day for other calcifiers with daily banding like 
foraminifera (Spero et al., 2015). Therefore, it is crucial to study the sample and choose an appropriate range 
for daily band selection.

3.  Areas displaying macroscopically dark bands coincide with reduced daily band width:
 We observed a linkage between the macroscopically dark (translucent) bands and low growth rate (see 
Section 3.2). The signal of daily cycles in the low growth rate range, close to or below the spot size (i.e., slit 
width; 3 μm), can be reduced in amplitude due to smoothing effects. Sinusoidal signals with wavelengths of 
the spot size/n, with n ∈ ℕ, cannot be detected. In these areas of reduced daily cycle amplitudes, the daily 
signal is often overlain by cyclicities with larger wavelengths. The overlying signal is not reduced in amplitude 
and may dominate during the evaluation of correlation maxima in the scalogram, making it more likely to 
be automatically selected by the script than the daily signal. Therefore, manual corrections are often needed 
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in these areas of low growth rate, implying that in such cases the shorter wavelengths should preferably be 
selected manually.

4.  Shifts in growth rate are gradual:
 Based on microscope images, shifts in daily band widths are gradual rather than abrupt such that slight differ-
ences in width between individual daily bands can be averaged out without biasing the age model overall. 
As such, smoothed correlation curves of the scalogram are used to select the correlation maxima most likely 
related to daily cycles and the growth rate pathways are smoothed again to exclude unrealistically abrupt 
short-term variability in the suggested growth rate.

4.3. Daydacna Limitations

A prerequisite for the effective use of our Daydacna script for internal age assessment is the availability of appropriate 
data sets on shell structure (imaging) and geochemical composition (Section 4.2). The major limitation of the script is 
that not all auto-selected correlation maxima are necessarily related to daily cycles, which necessitates some manual 
adjustment. In the case of the specimen studied here, we observed that the daily cycle signal is usually well visible in 
the scalogram. The lower limit of cyclic signal detection is twice the sampling frequency (e.g., Åström, 1969), allow-
ing the detection of cycles with wavelengths down to 0.7 μm in our data. But due to smoothing effects caused by the 
fact that the spot size (3 μm) is larger than the sampling steps (∼0.35 μm), we cannot detect sinusoidal signals with 
wavelengths of the spot size/n with n ∈ ℕ (i.e., 3, 1.5, 1, and 0.75 μm). Cyclic signal detection below the spot size is 
both severely reduced in amplitude and discontinuous and thus less reliable. We recommend using a spot size below 
the smallest expected wavelengths to analyze the cyclic signal. For our specimen, optically determined daily banding 
as well as detected daily cycle wavelengths are rarely below the spot size. However, cyclic signals with wavelengths 
above the spot size also have a smoothing-induced reduction in amplitude, which is more pronounced the closer the 
wavelength is to the spot size. The resulting biases in the automatic selection of correlation maxima toward longer 
wavelengths can affect the resulting internal age model. This underlines the importance of the manual adjustment 
option, which allows manually selected points to replace those automatically selected in the first step. A range of inter-
est is set via Monte Carlo simulation in the case of both manual and automatic selection, in which Daydacna auto-
matically searches for maxima a second  time. An exact selection of the minor correlation peaks associated with daily 
cycle wavelengths is not needed as the position of the point is subsequently varied via Monte Carlo simulation, such 
that similar pathway corrections lead to equivalent results with deviations of no more than a few percentage. However, 
it is possible to manually select areas which do not represent daily cycles, which can lead to erroneous growth rates. 
The resulting growth model should therefore be checked in a few test cases before applying it to larger data sets.

To assess whether the resultant model is realistic, two approaches can be taken. In areas with countable daily 
growth bands, a comparison between the number of daily growth bands and the number of days suggested by the 
age model can be conducted to check the accuracy of the model (see results; Figures 3 and 4). This is especially 
suitable for testing the model on shorter intervals within the shell before selecting larger shell segments. In areas 
without countable daily bands and across longer areas of the shell, the evenness of daily cycles over time can be 
checked via wavelet transformation of the geochemical data onto their timescale. However, note that the wavelet 
transformation can only be applied to evenly spaced data. As the measured data are redistributed from distance 
to time by Daydacna, the resulting data points will be unevenly distributed. Therefore, resampling of the data 
along  the interpolated pathways between the measured data points must be conducted beforehand. After rescaling 
the geochemical signal over time, daily cycles should be uniform and, by definition, 1 day long. In the resulting 
wavelet scalogram of the detrended data set, we expect the highest correlation around the one-day wavelength if 
the manual selection of the daily wavelength area is accurate (Figure S12 in Supporting Information S1). If there 
are areas where the correlation maxima strongly deviate from the 1-day line, the time contained in this interval 
may have been over- or underestimated. In this case, the section of data should be reconsidered by adapting the 
manual selection of the pathway such that the resulting scalogram of the daily cycles shows frequencies in the 
1-day range.
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4.4. Daydacna Applications

4.4.1. El/Ca Variability With Growth Rate

Macroscopically visible darker seasonal bands and thus areas with low growth rates coincide with higher Mg/Ca, 
as has previously been shown in other mollusks (e.g., Lorens & Bender, 1977; Schleinkofer et al., 2021). Here, 
we demonstrate one advantage of deriving a continuous growth rate model by testing whether Mg/Ca and other 
elemental ratios correlate with the growth rates determined (Figure 7). Mg/Ca values and growth rate correlate 
nonlinearly and negatively with an R 2 value of 0.71, increasing to 0.84 in the case of the corresponding smoothed 
data set that excludes daily variability. Similarly, Sr/Ca shows a nonlinear and negative trend with an R 2 value of 
0.31 for the complete data set and 0.58 for the smoothed data set. Na/Ca shows a nonlinear but positive trend with 
a growth rate mostly in the low growth areas, with overall poor correlation coefficients. Both B/Ca and Ba/Ca 
show an essentially linear increase with lower growth rates albeit with a shallow slope and lower coefficient of 
correlation (R 2 value of 0.07 for both ratios for the untreated data and 0.1 for the smoothed data). By correlating 
Ba/Ca to growth rate, we could, however, confirm our previous observation (Figures 6c and 6e) that Ba/Ca vari-
ability increases in low growth areas. Similarly, the Mg/Ca and Sr/Ca variability is higher for low growth rates.

4.4.2. Seasonal Environmental Impacts

Evaluating seasonal paleoenvironmental data on daily resolved time scales rather than over distance improves 
data comparability over several years and between different organisms and time periods. In the following section, 
we briefly discuss the sub-seasonally-resolved paleoenvironmental information that can be gleaned from different 

Figure 7. Correlation curves of growth rate versus El/Ca ratios of all three LA tracks. All data (n = 35,061) are displayed on the left in semi-transparent blue dots 
to better show the data density, while the data smoothed over 120 points (n = 294) are displayed on the right in semi-transparent circles. Dashed lines represent the 
upper and lower 95% prediction band (95% chance that the next data point is within that area). The 95% confidence interval lies almost indistinguishably close to the 
regression line (orange) due to the large data set and is therefore not displayed.
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elemental ratios. Overall, an investigation across greater time spans would be needed for an in depth paleoenviron-
mental interpretation, as reproducible seasonal patterns would become more evident. However, the observations, 
especially from track 3, already point towards a long-term trend in shell geochemistry with seasonal variability. 
The low growth bands, visible as dark bands in the shell, occur typically twice a year and are associated with 
long-term changes in Mg/Ca, Sr/Ca, Ba/Ca, and Na/Ca. Mg/Ca and to a lesser extent Sr/Ca values are increased 
in low growth areas (Figure 7), whereas Na/Ca decreases in these bands. The measured Ba/Ca is characterized by 
a higher degree of variability in seasonal intervals of low growth.

Mg/Ca displays a strong relationship with growth rate (Section 4.4.1, Figure 7). Previous studies link Mg/Ca 
ratios in Tridacna to temperature (Arias-Ruiz et al., 2017; Ayling et al., 2015; Warter et al., 2015) as well as 
light availability and physiological stress, especially on short (daily) time scales (Warter et al., 2018). In Arctica 
islandica shells, a correlation between increased Mg and increased organics (in the form of the organic matrix) 
has been observed (Schöne et al., 2010) as well as a dependency on the crystal structure (Schöne et al., 2013). In 
Tridacna, Mg/Ca has also been suggested to be growth-dependent given the increasing Mg/Ca with ontogenetic 
age (e.g., Elliot et al., 2009; Warter et al., 2015). We propose that the growth rate also impacts Mg/Ca at much 
shorter time scales, from daily to seasonal. On the daily level, the Mg/Ca ratios provide the clearest of the El/
Ca cycles. This might be due to the impact of reduced growth during the night, characterized by elevated Mg/Ca 
values, and vice versa (cf., Warter et al., 2018). In bivalves, reduced growth and elevated Mg/Ca values can also 
be coupled to a relative increase in organic content (Schleinkofer et al., 2021).

More broadly, these findings suggest that it is unlikely that a single environmental parameter governs shell Mg/
Ca. Instead, both temperature and light are impacting the growth rate, crystal structure, and possibly incorpo-
ration of organics into the organism shell and thus affect Mg/Ca values. Decoupling the effect of temperature, 
light, and growth rate in experimental setups would greatly aid the development of the proxy. However, given that 
Mg/Ca is dominantly driven by growth rate (or some factor that correlates with growth rate), irrespective of the 
primary cause of the change in growth rate, the Mg/Ca “proxy” may find utility as a tracer of the combined set 
of processes that can impact the calcification rate. We expect that during the rainy season, irradiance is reduced 
because of reduced direct sunlight and higher turbidity. This causes reduced growth and high Mg/Ca values. Mg/
Ca may thus be used to track growth rate changes, possibly linked to seasonal rainfall. Hence, the recording of the 
rainy season, coupled to the passing of the Intertropical Convergence Zone (ITCZ) twice a year, may make Mg/
Ca in Tridacna a potential tracer for past ITCZ positioning in tropical regions.

Sr/Ca values show a slight increase in low growth areas, but no strong correlation between growth rate and Sr/
Ca could be established. Contradicting observations have been documented regarding the interpretation of Sr/Ca 
as a paleoenvironmental proxy in Tridacna. While some studies show a partly species-dependent, inverse corre-
lation between Sr/Ca and SST (Mei et al., 2018; Yan et al., 2013), other studies found no significant correlation 
(Arias-Ruiz et al., 2017; Batenburg et al., 2011; Elliot et al., 2009; Warter et al., 2015). On a smaller scale, the 
diurnal Sr/Ca cycles have been linked to diurnal changes in irradiance (Hori et al., 2015; Sano et al., 2012). Sr/Ca 
variability has also been linked to physiological performance and growth (Carré et al., 2006; Gillikin et al., 2005). 
In our data, long-term Sr/Ca trends are in phase with Mg/Ca but the correlation to growth rate is weaker in the 
former (Figure 7). A dependency of Sr/Ca on solar irradiance could explain the high Sr/Ca values associated with 
the dark seasonal banding, which we interpret as growth during the rainy season in which the reef experiences 
reduced direct sunlight and increased water turbidity.

Ba/Ca in Tridacna has been proposed as an indicator of primary productivity (Arias-Ruiz et al., 2017; Elliot 
et al., 2009; Hori et al., 2015) and other mollusks (e.g., Fröhlich et al., 2022; Gillikin et al., 2008; Marali et al., 2017). 
Short and intense Ba/Ca peaks have also been connected to storm events in Tridacna (Komagoe  et al., 2018) and 
Tsunamis in mussels (Sano et al., 2021). A higher variability during low growth (Figure 7) might indicate an 
increased storm activity during the rainy season, additionally impacting turbidity and nutrient availability through 
influx and resuspension and thus introducing higher variability in primary productivity.

Na/Ca is yet to be established as a paleoenvironmental proxy in Tridacna. Na/Ca has been positively corre-
lated with salinity (negatively to freshening) in marine mollusks (Findlater et al., 2014) and estuarine barnacles 
(Gordon et al., 1970). Similarly, Na/Ca was suggested to be a proxy for salinity in foraminifera (Wit et al., 2013). 
However, the very weak relationship of Na/Ca to salinity in core-top samples and similarly weak relationships to 
other environmental factors, such as temperature, seawater [CO3 2−], and bottom water Ωcalcite, make its successful 
application as a salinity proxy unlikely in most settings (Gray et al., 2023). If the Na/Ca-salinity relationship in 
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mollusks is indeed expressed more strongly than in foraminifera, the Na/Ca decrease observed in periods with 
low growth rates could be related to a freshening happening in the rainy season. However, more experimental data 
are needed to robustly interpret this elemental ratio.

5. Conclusions and Outlook
We present our Python script Daydacna, which enables an age model to be created, using CWT analysis of 
elemental data of samples with daily resolution chemical banding, applied here to a fossil Tridacna shell. A key 
advantage of this approach is that the spatially resolved measured data are assigned to regular time intervals using 
an age model based on the data itself. This approach avoids potential errors introduced by matching the geochem-
ical data set to the optical data set and reduces the dependence on the optical resolvability of daily banding, 
making it both more time efficient and applicable to more samples compared to optical approaches. By applying 
the age, seasonal changes in environmental proxy data over time can be assessed at the daily temporal resolution. 
Furthermore, the daily growth rates are quantified across the shell and can be compared to elemental ratios. We 
show that Mg/Ca is growth rate dependent and suggest considering the influence of metabolism and growth rate 
driven incorporation of organic matter and trace elements in addition to the influence of external environmental 
factors (e.g., temperature or light) impacting the element incorporation into the shell. Further in-depth evaluation 
of growth rate changes, how they are impacted by environmental changes and how they affect elemental incor-
poration is needed, based on culturing studies with controlled environmental settings (cf., Warter et al., 2018).

The Daydacna script with its CWT approach to reconstruct daily cycles provides a basis for further paleoseason-
ality and growth rate studies in Tridacna (and potentially other long-lived mollusks with daily chemical growth 
bands). Ultimately, we envisage that this approach of combining daily resolved geochemical data with a daily 
growth model will facilitate the interpretation of geochemical data sets from clams in terms of paleo(extreme)
weather evaluation, given that several El/Ca systems have been shown to relate closely to light intensity and/
or chemical and physical properties of the seawater (e.g., Arias-Ruiz et  al.,  2017; Ayling et  al.,  2015; Hori 
et al., 2015; Sano et al., 2012; Warter et al., 2015, 2018). Tridacna shells can provide decade-long records of the 
tropics and subtropics from the early Miocene onwards (Harzhauser et al., 2008). They are therefore especially 
well-suited for the generation of decade-long paleo(extreme)weather and seasonality records in the context of 
Neogene (sub)tropical climate reconstructions.

Although Daydacna was designed to evaluate daily cycles in Tridacna samples, it can be applied to other 
archives, types of data sets, or cyclicities. Potential high-resolution archives suitable for Daydacna include other 
bivalves, corals, coralline algae, otoliths, other marine calcifiers, speleothems and teeth. If geochemical data are 
not retrievable in sub-daily resolution, other types of cyclic data sets can be used to evaluate daily cycles with 
Daydacna, such as a lightness or color curve across a sample which shows distinct daily banding throughout the 
shell. If the lowest measurable cyclicity in the data set is tidal, yearly, or even in the scale of Milankovitch cycles, 
the script could still be applied by adjusting the defined length for one cycle, as long as the time represented by 
one cycle is well known. Lastly, if low frequency cycles of known time spans are available within the sample 
(e.g., yearly cycles), Daydacna can also be used to assess which time interval fits best to the high frequency 
cycles of the same data set (e.g., diurnal or semi-diurnal).

Data Availability Statement
The laser-ablation data fed into Daydacna to create the internal age models in this study are available at Zenodo 
with licence CC BY 4.0 (Arndt et al., 2023). Version 1 of Daydacna used to create an internal age model and 
redistribute data from distance to time is available at Zenodo with licence CC BY 4.0 (Arndt & Coenen, 2023).
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