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Chronicles in ivory: estimating
the age of narwhals (Monodon
monoceros) through stochastic
modeling of seasonally varying
trace elements
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Adeline Samson3, Daniel K. P. Wielandt4,
Mads Peter Heide-Jørgensen5, Susanne Ditlevsen1

and Eva Garde5

1Department of Mathematical Sciences, University of Copenhagen, Copenhagen, Denmark,
2Department for Mapping and Mineral Resources, Geological Survey of Denmark and Greenland
(GEUS), Copenhagen, Denmark, 3Université Grenoble Alpes, LJK, Grenoble Alpes Data Institute,
Grenoble, France, 4Natural History Museum of Denmark, University of Copenhagen,
Copenhagen, Denmark, 5Department of Birds of Mammals, Greenland Institute of Natural Resources,
Copenhagen, Denmark
Introduction: Age estimation is an important tool for understanding the life

history of animal populations, and several techniques have been developed, each

with its own strengths and limitations.

Methods: In this study, we apply a novel age estimationmethod that utilizes trace

element signals with seasonal components obtained through laser ablation

inductively coupled plasma mass spectrometry (LA-ICP-MS) on tusks of 16

narwhals. We model tusk growth as a stochastic process that, by hypothesis,

tracks the number of elapsed annual cycles. For each tusk, we estimate this

process in order to derive model-based age estimates.

Results: We show that this method provides objective and reproducible age

estimates without requiring visually distinguishable growth layers. Age estimates

are compared with those from other methods, specifically manual counting

(visual reading) of growth layers, radiocarbon dating, and using aspartic acid

racemization. Our model provided age estimates ranging from 16 to 60 years of

age and showed strong agreement with manual counts for 14 of 16 individuals,

with two critical exceptions differing by 9 and 14 years, respectively.

Discussion: We end with a discussion of modeling challenges and deficiencies

related to this particular tusk dataset. Although demonstrated on narwhal tusks,

we discuss how this method can be generalized to other mineralized materials

with a layered structure.
KEYWORDS

sclerochronology, stable isotopes, age estimation, time warping, LA-ICP-MS, stochastic
process, growth layer
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2025.1655427/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1655427/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1655427/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1655427/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1655427/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1655427&domain=pdf&date_stamp=2025-09-30
mailto:lrn@math.ku.dk
https://doi.org/10.3389/fmars.2025.1655427
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1655427
https://www.frontiersin.org/journals/marine-science


Reiter et al. 10.3389/fmars.2025.1655427
1 Introduction

Narwhals (Monodon monoceros) are endemic to Arctic waters

and are best known for their distinctive spiral tusks that constitute

the horns of the mythical unicorns. The tusk, a predominantly male

characteristic, emerges early in life from the upper left lip and

presumably grows throughout the narwhal’s lifespan (Garde and

Heide-Jørgensen, 2022). Within the tusks, growth layer groups

(GLGs)—each consisting of an opaque and a translucent layer—

form annually (Hay, 1984). The traditional method for estimating

an age in toothed whales involves counting of GLGs in the tooth

dentin or cementum (Read et al., 2018). However, this approach is

observer-dependent and inherently interpretative (Lonati et al.,

2019), often lacking quantification of uncertainty, and can be

challenging due to issues such as layer compression or occlusion

of growth layers at the tooth root (Watt et al., 2020; Read et al.,

2018). In this study, we utilize the annual and seasonal migrations

of narwhals and their resulting cyclic patterns in selected trace

elements to produce more quantitative and reproducible age

estimates based on their tusks. We estimate the age of 16 tusks

collected from different locations in Greenland (Figure 1A). Arctic

narwhal populations have been observed to exhibit consistent

migration patterns between summering and wintering grounds

(Heide-Jørgensen et al., 2003; Watt et al., 2013), exposing them to

different prey and water masses, which is reflected in the trace

elements barium (Ba) and strontium (Sr) deposited in their tusks.

For Sr, this shift is likely driven by the transition from warm, saline

water to colder waters with a higher salinity (Vighi et al., 2019). For

Ba, the origins are less understood, although a study on fish otoliths

suggested that Ba cycles may also largely reflect water chemistry

(Walther and Thorrold, 2006). To unlock element records

preserved in the tusks, we use laser ablation inductively coupled

plasma mass spectrometry (LA-ICP-MS), a powerful analytical tool

that measures trace elements and isotope ratios in solid materials

with high sensitivity (Kelvin et al., 2022). The technique is widely

used in geology, biology, and related fields and allows for detailed

analyses of materials and structures ranging from fish otoliths to

tree rings (Heimbrand et al., 2020; Fink-Jensen et al., 2021; Smith

et al., 2021; Binda et al., 2021; Koch and Günther, 2011). Tusks were

sectioned into several pieces, and LA-ICP-MS was performed along

transects on each piece to produce a sequence of element

measurements at the exact spatial positions (Figures 1B, C).

Translation of spatial positions to temporal (yearly) estimates was

achieved using the time-warping procedure introduced in Reiter

et al. (2025), which models empirically observed variations in

growth rate using a hidden stochastic process. Variations in

growth rate can be due to life stage changes (e.g., juvenile to

mature), as well as changes in food availability or even stress and

illness (Hay, 1980; Dietz et al., 2021; Council, N. R., on Earth, D.,

Board, O. S., and on Potential Impacts of Ambient Noise in the

Ocean on Marine Mammals, C, 2003). Once the model was fitted to

all tusk pieces, we estimated and filtered temporal overlaps between

signals of adjacent pieces, caused by reappearance of GLGs, using a

least-squares approach. We repeated the procedure for each tusk

and reconstructed a continuous growth process from which we
Frontiers in Marine Science 02
could derive an age estimate. We end with a discussion on the

validity of our approach and highlight potential limitations and

problematic aspects. The purpose of this study is to establish a

quantitative workflow to estimate age of narwhals from their tusk

samples and compare with other existing age estimation methods,

primarily visual readings of GLGs but also based on carbon-14

(C14) dating (Garde et al., 2024) and aspartic acid racemization

(AAR) (Garde et al., 2022). Although developed for narwhal tusks,

we argue that the approach can be generalized to other growth-

layered records with periodic (e.g., annual) deposition.
2 Materials and methods

2.1 Data acquisition and LA-ICP-MS

2.1.1 Sample collection, preparation, and
analytical setup

The narwhal tusks were collected from Inuit hunts conducted

between 2008 and 2018 (Table 1, Figure 1B). The tusks were

previously sectioned longitudinally for prior studies, and age

estimates for the tusks were obtained by counting GLGs (this

study; Garde et al., 2012, 2024). For this study, the tusks were

further cut into smaller pieces, each less than 10 cm in length, to fit

the analytical equipment (Figure 1B). From these tusk pieces, we

selected a subset where we took care to ensure that each piece

contained unique growth layers not represented in previously

selected pieces. This approach was designed to avoid temporal

overlap in the signals obtained from the subsequent laser ablation

analysis (Figure 1C). Calcium (Ca) was adopted as the internal

standard element for these phosphate-rich tusk structures. We used

X-ray fluorescence spectrometry (XRF) to quantify Ca content

across the tusk growth layers, estimating an average concentration

of 53.789 wt%.

2.1.2 Microchemical analysis
The trace element composition of the narwhal tusk was

measured along a transect running across the growth zones, from

the cementum to the pulp cavity (Figure 1A), corresponding to the

temporal progression of growth. The analyses were performed at

the LA-ICP-MS facility at the Geological Survey of Denmark and

Greenland (GEUS). An NWR213 frequency-quintupled Nd: YAG

solid-state laser system from ESL, employing two-volume cell

technology, was coupled to an ELEMENT2 double-focusing

single-collector magnetic sector-field ICP-MS from Thermo

Fisher Scientific. The operating conditions and data acquisition

parameters are listed in Supplementary Table S1. The general

analytical approach and data processing techniques used are

described in Serre et al. (2018); Fink-Jensen et al. (2022, 2021),

and Stounberg et al. (2022) with further details differing from these

procedures given herein.

Laser counts per second were mapped to μg/g using Ca as

internal calibrant (fixed at 53.789 wt% from our XRF average) and

NIST-610 glass as reference material (see the Supplementary

Materials). Drift was mitigated by flanking each transect with
frontiersin.org
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NIST-610 and BHVO-2 reference runs, and accuracy was checked

against NIST-610/614 (2s < 5% for >1 μg/g; see Supplementary

Figure S1). Analyses were performed at 40 μm spot/10 Hz (2–3 J

cm−2), with 30 s gas blank measurement and washout prior to each

new run. Data reduction used the Trace Elements scheme in iolite4

(Hellstrom et al., 2008). In this paper, we focused on the resulting

trace element signals relative to the major element Ca.

For full instrument models, optimization routines, oxide-ratio

minimization, calibration curves, and XRF mapping workflow, see

Supplementary Methods.

2.1.3 Omitting data from cementum and pulp
cavity

The GLGs in the dentin are composed of alternating dark and

light bands, which are believed to represent annual cycles, as

confirmed in several species (Perrin et al., 2009; Scheffer and
Frontiers in Marine Science 03
Myrick, 1980; Hohn et al., 2016; Waugh et al., 2018), such as

belugas (Delphinapterus leucas) and harbor seals (Phoca vitulina).

Dentin GLGs are preferred for age estimation because they are more

easily distinguishable than cementum (Garde et al., 2012), and we

follow this established practice. To isolate the part of the LA-ICP-

MS signals corresponding to dentin, we measured the width of the

cementum and pulp along the laser transect using a vernier caliper.

Based on the laser’s movement speed of approximately 3 μm per

second, we then truncated the signal at the corresponding time

points. Because the junctions between dentin and cementum are not

always clearly visible (Ho et al., 2004), we supplemented the caliper

measurements by examining zinc (Zn) elemental signals in each

tusk piece (Figure 2A), as Zn concentrations are known to be

elevated in the cementum (Dean et al., 2018; Martin et al., 2007;

Clark et al., 2020b). Additional evidence of elevated Zn

concentrations was obtained by XRF spectroscopy (Figure 2B).
FIGURE 1

(A) Map of Greenland. Locations where whales were captured are highlighted with black stars. (B) Example of a narwhal tusk piece analyzed with LA-
ICP-MS. Tusk piece showing a laser transect (black arrow) used to measure local element concentrations. The narwhal tusk has three main parts: the
outer cementum (porous and flexible), the dentin (wherein groups of growth layers—GLGs—are visible), and the pulp cavity (which contains blood
vessels and nerves; note that the pulp has been rinsed in this picture). (C) A tusk sectioned into smaller pieces. Since growth layers (black line) can
stretch over several pieces, we need to consider the possibility of temporal overlap when running LA-ICP-MS over the laser transects (red dashed
line). GLG delineation and laser transect paths are schematic representations for illustrative purposes only. In particular, the traced growth layer
might not be accurately identified.
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TABLE 1 Tusk samples used in this study and information about sex (F, female; M, male), and the year and region where the narwhal was captured (NGL, North Greenland; WGL, West Greenland, and EGL, East
Greenland).

(VR)
GLG

overlap (LSQ)
Age estimate (model)

[lower, upper]
Age estimate

(other methods)

0 16 [14–18] 15, 18, NA*, NA†

5 16 [14–19] 16, NA, 16*, NA†

1 17 [15–19] 14 [13–15], 19 [18–20], NA*, NA†

7 18 [15–21] 18, NA, 19*, NA†

0 18 [16–20] 12 [11–13], 17 [16–18], NA*, NA†

0 21 [19–24] 20 [19–21], 24 [23–25], NA*, NA†

0 22 [20–24] 22, 25, NA*, NA†

4 25 [22–28] 24, NA, 17*, NA†

1 28 [26–30] 18, 19, NA*, NA†

4 28 [26–30] 24 [23–25], 26 [25–27], NA*, 26†

0 32 [29–35] 26, 31, NA*, NA†

6 36 [33–40] 32, 43, 40*, NA†

3 42 [38–46] 37, 44, 84*, NA†

6 46 [44–48] 60 [58–62], 70 [68–72], NA*, 55†

10 48 [43–53] 38, 50, 50*, NA†

29 63 [58–71] 53 [48–58], 60 [55–65], NA*, 58†

sk, or any combination of these was missing. If present, we record it as yes; otherwise, no. Tip missing means that the tusk was broken,
readings (VR) and least squares (LSQ). See also section 2.3.2. The table shows the estimated age based on the time-warping model,
e et al., 2022), and carbon-14 (C14) dating (Garde et al., 2024) is shown in that order of appearance. The visual readings of GLGs, of
terval to account for uncertainty in our estimate of the missing layers (section 2.3.1). For tusk 938, we did not attempt a correction for
d with * and C14 estimates are marked with †.
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Tusk ID Sex Year Region
Tusk

length (cm)
Neonatal Tip Base

GLG
overlaps

951 M 2008 WGL 109 Yes Yes Yes 0

1002 M 2017 EGL 145 Yes Yes Yes 5

4084 F 2008 NGL 130 Yes Yes No 2

1016 M 2018 EGL 134 Yes Yes Yes 6

4080 F 2008 NGL 92 Yes Yes No 0

888 M 2009 WGL 181 Yes Yes No 0

4075 F 2008 NGL 164 Yes Yes Yes 0

1015 M 2018 EGL 191 Yes Yes Yes 9

974 M 2010 EGL 173 Yes Yes Yes 1

953 M 2008 WGL 194 Yes Yes No 4

841 M 2008 NGL 179 Yes Yes Yes 0

929 M 2016 EGL 210 Yes Yes Yes 11

938 F 2017 EGL 144 (No) (No) Yes 6

956 M 2010 WGL 255 No Yes Yes 7

925 M 2016 EGL 181 Yes Yes Yes 14

4076 M 2008 NGL 255 No No Yes 26

The tusk length was measured after extraction from the cranium. For some of the tusks, the neonatal line, tip of the tusk, base of the tu
and not just worn, implying several missing layers and missing neonatal. The table also includes the estimated overlaps from visual
including bootstrap 95% confidence intervals. Estimated age based on VR (Garde et al., 2012), aspartic acid racemization (AAR) (Gar
which some are repeated readings, are listed without a mark. For tusks without neonatal, tusk tip, or tusk base, we included an error in
missing layers, even though the tip was broken and should be considered a minimum age estimate. Estimates from AAR are marke
d
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We also observed a small increase in Zn at the end of the signal,

where the laser enters the pulp chamber. This is likely because the

Ca content in the pulp drops faster than the Zn content; thus, the

Ca-normalized zinc levels spike. For pieces where this increase is

clear, we also chose to trim the end of the signal to exclude the

influence of pulp.
2.2 Element signal decomposition and
analysis

LA-ICP-MS generated signals for 15 elements (Supplementary

Table S1) for each tusk piece across all 16 tusks. Here, we focused on

Sr and Ba, since these elements are assumed to reflect seasonal

migrations between winter and summer grounds through cyclic

variations (Ruiz-Sagalés et al., 2024; Heimbrand et al., 2020),

thereby providing proxy markers for age estimation. For the

purpose of age estimation, trends add unnecessary complexity, as

our model only needs to capture the dynamics of the repeating

cycles. We therefore decomposed each signal into a trend

component and a cyclic component, with focus on the latter. The

trend components were estimated using local polynomial regression
Frontiers in Marine Science 05
[locally estimated scatterplot smoothing (LOESS)] implemented in

the statistical program R. This estimation was performed on the full

tusk signal, by combining the signals from each tusk piece in

chronological order. The cyclic components were then obtained

by subtracting the estimated trend from the original signal

(Figure 3). We chose the Spearman correlation coefficient to

account for non-linear associations. Our proposed model assumes

that the observed signals consist of a mean structure, expressed as a

sum of sinusoidal functions, plus measurement error (Equation 1).

The measurement error (noise) is explicitly modeled as normally

distributed. Further details are provided in section 2.3. To reduce

the variance of the noise term in the signals used for age estimation,

we considered the average of Ba and Sr. We also assumed that all

growth layers were present in the tusk piece, such that when pieces

are gathered, the signal covers the entire lifespan of the narwhals

(except for possible few missing layers; see section 4).
2.3 A time-warping model

In this section, we introduce the time-warping model fitted to

the average Ba–Sr signals, which display cyclic patterns reflecting
FIGURE 2

Zinc concentrations in tusk pieces. (A) LA-ICP-MS-derived zinc (the isotope 66Zn) signal for tusk 956, piece V. The blue, green, and red areas are the
presumed regions of cementum, dentin, and pulp, respectively. Regions of pulp and cementum show elevated zinc levels. (B) X-ray fluorescence
tusk image. Zinc concentrations (in blue) in the cementum zone of a tusk piece, compared to the calcium levels (in red), mostly concentrated in the
dentin zone.
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narwhal migratory behavior. These cycles alternate between larger

and smaller peaks due to seasonal differences. We account for this

by modeling the average dynamics as a sum of sinusoidal

components, or “waves”, where the dominant wave models the

overall annual dynamics and the second wave corrects for any shift

in concentration between seasons. Because tusk growth rate vary

over time, e.g., due to poor feeding year or illness, the rates are

modeled stochastically, leading to a more realistic representation of

the signal dynamics.

Let yi = y(xi) be the detrended (see section 2.2) element

concentration of the average signal over Ba and Sr at a distance

xi = Di from the cementum–dentin junction along the laser transect of

the tusk piece, where D = xi − xi−1 is the distance between

measurements for i = 1,…,n, with n equal to the number of

measurements. The measurement at position xi then corresponds

to the element deposition at an unknown time through an increasing

function g, ti = g(xi), which we denote the growth process, since the
Frontiers in Marine Science 06
increase in g from position xi to position xi+1 gives the time passed for

the tusk to grow a distance xi+1 − xi along the laser transect. We

impose that g is a strictly increasing function with respect to x, which

ensures that time never goes backward.

The growth process is defined as the integral of an

instantaneous frequency process xx [frequency at time tx = g(x)],

which we assume is stochastic due to environmental, seasonal, and

internal variability in the growth rate of the tusk. The process xx
should be positive, since the tusk can only grow and not shrink. We

assume that it varies stochastically around some mean growth rate

a > 0. We use the so-called square root (SQR) diffusion, which is a

positive stochastic process with governing equation.

dxx = −b(xx − a)dx + w
ffiffiffiffiffi
xx

p
dWx ,     x0 = 0,

with parameters mean a, rate of adjustment b , and variance

w2=2b , and Wt is a Wiener process modeling the unknown

deviations from the mean as stochastic.
FIGURE 3

Standardized (no units; n.u.) signals of Ba (red) and Sr (blue), separated into a cyclic component (A) and a trend component (B) for 12 tusk pieces
from tusk 956. Standardization was done by dividing each observation with the standard deviation of the signal. The trend was then obtained using
local polynomial regression, with a span parameter equal to 30% of neighboring points. Vertical dashed lines mark transitions between tusk pieces.
For this specific tusk, the Spearman correlation between Ba and Sr is 0.6 and 0.71 for the cyclic and trend component, respectively.
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The growth process is then defined as g(x) =
Z x

0
xs ds, so g is

also stochastic, and strictly increasing, since xx > 0, ensuring non-

reversion of time. Whenever xx increases, it indicates a deceleration
in the growth of the tusk (since the resulting increase in g indicates

that more time has passed for the same amount of dentinal growth).

We assume the following form for the progression of the

element measurements:

yi = A sin(g(xi) + b)|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Annual cycles

− B cos(2g(xi) + 2b)|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Summer=winter differences

+ ei,   i

= 0, 1,…, n; xi = iD; g(0) = 0 (1)

where ei is assumed to be an independent and normally

distributed measurement error with mean 0 and variance s 2,,

which could describe instrumental fluctuations, surface

contamination, or small-scale variations not captured by the

model mean. The parameter A represents the baseline amplitude

of the element concentration at the time of year of maximum

concentration (summer or winter), while B < A modulates this

amplitude, accounting for seasonal variations. The offset

parameter b determines the point in the season of the birth of

the animal.

The growth process g(x) provides the current age in years at any

spatial position xi, through counting the elapsed number of cycles,

such that:

Age(xi) = Elapsed number of cycles =
g(xi)
2p

, i = 1,…, n (2)

Age of whale = Age(xn), (3)

where g(x) is the growth process of the entire tusk, and xn is the

total distance covered across all tusk pieces. The model was fitted to

each individual piece of the tusk, whereafter the growth processes

were concatenated in chronological order, i.e., from the tip of the

tusk to the root segment, taking into account possible overlaps (see

section 4.3.2).

We then perform time warping, by expressing the observations

yi in terms of time coordinates ti instead of length coordinates xi.

The model was fitted using a variant of the Stochastic

Approximation Expectation Maximization (SAEM) algorithm

(Ditlevsen and Samson, 2014; Reiter et al., 2025). Residual

bootstrapping was used to produce confidence intervals for the

age estimate. It was performed on the fitted signal for each tusk

piece to generate M = 100 bootstrapped versions of the growth

process g(x). A single bootstrapped version was randomly selected

for each tusk piece, and the selected processes were then

concatenated to form a complete growth process for the entire

tusk. This procedure was repeated 100,000 times, generating

100,000 complete growth processes for each tusk, hence 100,000

age estimates using Equation 3. The empirical density of the

bootstrapped estimates, with a small correction introduced in

section 2.3.1, is then used for uncertainty quantification. See

Reiter et al. (2025) and section 4.3 for details and further

discussion of the model and the estimation method.
Frontiers in Marine Science 07
2.3.1 Missing layers
For tusk 956, the tip was worn and the neonatal line, along with

a few layers, was likely missing. For tusk 4076, the tip was broken,

and the neonatal line, along with several layers, was clearly missing.

We incorporated this extra variability into our bootstrap procedure

by uniformly sampling the number of missing layers from the

intervals [0, 4] for tusk 956 and [5, 15] for tusk 4076. The chosen

intervals were conservatively defined based on estimates from

Garde et al. (2012). The study concluded that tusk 956 was

missing only a few layers, if any, since the tip was present, but

worn. In contrast, the tip of tusk 4076 was broken and this tusk was

then compared to tusk 956, which shared similar physical

characteristics from which a point estimate of 10 was made

(Garde et al., 2012). An additional four tusks (888, 953, 4080, and

4084) were missing an estimated 5–7 cm at the base, based on

physical comparison with intact tusks (Garde et al., 2012). The

authors judged that the missing centimeters would correspond to

only a few growth layers. For these tusks, we therefore sampled

uniformly from the interval [0, 2]. This correction was consistently

applied to both the bootstrap procedure and the visual readings. For

instance, tusk 4076’s visual reading of 50 years, when adjusted for

missing layers sampled from [5, 15], yielded a final estimate of 60 ±

5 years.

2.3.2 Overlapping pieces
Following the segmentation of a tusk into multiple pieces,

particular attention was given to ensure that selected pieces used

in this study covered all GLGs. Still, as previously stated, visually

tracing GLGs is challenging (Figure 1C) and a conservative strategy

was adopted, where we labeled any layer that was not clearly

continuous with adjacent layers as a new GLG. This strategy

minimizes the risk of undercounting GLGs, but can produce

overlaps between adjacent pieces. To visually assess the exact

amount of overlap, we re-traced the layers over consecutive tusk

pieces (Figure 1C) under reflective light. This provided estimates

that ranged from 0 to 14, with a median of four overlaps.

We used this visual assessment as the basis for a more objective,

data-driven quantification of the extent of overlap, following the

rules below. If the manual estimate of overlaps between two

consecutive tusk pieces was zero, we accepted it without further

analysis. If overlaps were identified, we calculated the sum of

squares to determine the most likely overlap between consecutive

tusk pieces, guided by the model estimated growth process ĝ (x),

and the estimated phase b̂ , from each tusk piece. The procedure can

be summarized in four steps:
1. Identification of annual intervals. For each tusk piece, we

used ĝ (x) and b̂ to identify the annual intervals, i.e., when a

year starts and end, using Equation 4. This amounts to

finding all xwhere ĝ (x) + b̂ is equal to an odd multiple of p
2.

2. Matching and comparing observations between

consecutive tusk pieces. We aligned the observations yi
from each annual interval of the first tusk piece with the
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observations of the first annual interval of the adjacent tusk

piece. This was done on the time-warped scale, i.e., by

expressing observations in terms of time, yi = y(ti), such that

measurements on one tusk piece were matched to

measurements on the other tusk piece believed to be deposited

at the same time. Because the spatial width of a GLG

corresponding to one whole year (one cycle) varies, so too will

the number of measurements from LA-ICP-MS. Following time

warping, the years will be aligned in time, but will still contain a

different number of measurements, resulting in different

temporal resolutions. To ensure compatibility, we adjusted the

resolution of the intervals of the first tusk piece, through

interpolation or subsampling, to match the resolution of the

annual interval of the second tusk piece. We standardized the

observations to account for variations in scale. This was done by

subtracting the signal mean and dividing by the signal standard

deviation. Finally, we computed the average of the squared

differences between observations from each interval of the first

tusk piece and observations from the first interval of the second

tusk piece.

3. Including unfinished year. Each tusk piece also had an

unfinished year at the end of the signal. This interval (start of

year to end of signal) was also included, and handled similarly as

in step 2, except that it was compared to the same annual

fraction of the interval from the following tusk piece.

4. Selecting the best match. We chose the interval from the first

tusk piece, which had the smallest average difference, with the
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first interval of the second tusk piece, as our best estimate of an

overlapping year. The overlapping data, along with remaining

data beyond the boundary of that interval, were subsequently

removed from the first tusk piece.

If only one annual peak was found in the first tusk piece, we

then assumed that there was no overlap. Similarly, if the second tusk

piece had just one peak, we also assumed no overlap. The entire

procedure is visualized in Figure 4.
3 Results

We analyzed 16 narwhal tusks, each sectioned into multiple

tusk pieces. We selected a subset of these pieces for each tusk

(ranging from 6 to 16 pieces) expected to cover all GLGs, and used

LA-ICP-MS on each piece to obtain 15 element signals.
3.1 Ba and Sr show strong seasonal
cyclicity

Analysis of the 15 elements from LA-ICP-MS revealed that

strontium (Sr) and barium (Ba) exhibited the most distinct cyclic

variations (Figure 3). In addition, we found that Sr and Ba, among

all elements, were most similar in terms of both their cyclic

variations and their trend over time. For these two elements, the

Spearman correlation test across pooled tusks showed a highly
FIGURE 4

Illustration of the least-squares estimation for overlapping growth layers on tusk 956, between tusk pieces VIII and IX. (A) Time-warped signal of
piece VIII. The signal traverses 3 years (V1, V2, and V3), and we extend with an unfinished year V4. (B) Time-warped signal of piece IX with the first
year (W1) marked by red dashed lines, and other years (unused) indicated by black horizontal lines. (C) The signal restricted to each present year (V1,
V2, V3, and V4 shown in cyan, purple, yellow, and orange, respectively) in piece VIII is compared to the signal restricted to the first year of piece IX
(W1 shown in red). The best overlap (in the least-squares sense) occurs between V3 and W1. Each signal has been standardized prior to comparison.
The method estimates an overlap of 1.57 years, compared to a visual reading of 1 year.
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significant relationship (p < 10−4; Bonferroni-adjusted p-value for

double testing), with an average (over all tusks) correlation pair of

0.49 and 0.57 for the trend and cycle component, respectively,

higher among any other elements (Table 2). In addition to these

cyclic variations, visible in elements such as Sr, lead (Pb), Ba, and

lithium (Li), we observed that incorporation varied between groups

of elements. For some elements, we observed a gradual decline in

concentrations from early GLGs (near the tip; juvenile phase) to late

GLGs (near the root; prime phase). Other elements showed more

irregular patterns. For instance, Ba tended to be relatively high

during the juvenile stage of a narwhal’s life, possibly due to dietary

intake related to nursing (Clark et al., 2020a). Figure 3 also

illustrates that the standardized Ba and Sr signals are almost

interchangeable. While Ba and Sr may seem nearly identical, the

signal-to-noise ratio can differ significantly within a tusk piece. We

often noticed that the signal-to-noise ratio of Ba appeared inversely

related to that of Sr. We refer to the Supplementary Materials for a

2-dimensional visualization of the (trend,cycle)–element

correlation pairs.
3.2 Age estimates and method comparison

The signal average of barium and strontium correlated with

seasonal cycles, enabling the translation of spatial locations on tusk

cross-sections into temporal events and providing age estimates

through a novel time-warping model. The model captures both the

deterministic seasonal component and stochastic deviations. In the

example piece shown, the fitted signal closely follows the observed

Ba–Sr oscillations (Figure 5A). Periods of higher (lower)-frequency

fluctuations (Figure 5B) coincide with periods where the growth

process g(x) is steep (flat) (Figure 5C), corresponding to local

compression (expansion) of GLGs, which, in turn, means less

(more) growth. For this tusk piece, when we integrate up all the

frequency contributions, we see that growth process actually

steepens, corresponding to declining growth. This is seen as

increasingly contracted annual intervals, which, on the time-

warped scale, were adjusted such that all annual intervals

achieved equal length (Figure 5D). Table 1 provides complete

information for all tusks, including our model’s age estimates and

estimates from visual GLG counts, C14 dating, and AAR, as well as

overlap detection assessments. Tusk 938 was broken, but we were

not able to provide an informed interval for the missing Layers

(Garde and Heide-Jørgensen, 2022); thus measurements (except for

AAR) are to be considered minimum estimates. Overall, visual GLG

readings and model estimates were consistent, except for tusks 956

and 974, where discrepancies persisted even when accounting for

model uncertainty. AAR measurements for tusks 938 and 1015 also
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diverged from both model ages and visual readings, whereas the

other four AAR values showed no substantial differences. Among

the tusks, tusk 956, which records one model estimate, two visual

readings, and a single C14 date, exhibited the greatest variability in

age estimates across methods. In contrast, the C14 dates for tusks

953 and 4076 closely aligned with the other methods. Concerning

overlaps, the visual readings and the least-squares estimation

generally agreed, with some clear deviations for tusks 1015, 929

and 938 where the visual readings detected roughly twice as many

overlaps. For several tusks, we saw sharp and narrow densities

indicating high model confidence in age estimates (Figure 6). For

tusks 4076, 925, 938, 929, and 841, we saw broader, flatter

distributions reflecting greater uncertainty. The tusks were

arranged from top to bottom by estimated mean age (Table 1,

Figure 6), and illustrations were added to simultaneously visualize

how age and length co-varied (Figure 6). The age–length

relationship revealed a general positive trend, with older narwhals

typically possessing longer tusks, though considerable variability

was observed. Some older individuals exhibited relatively short

tusks, while certain younger whales displayed disproportionately

large ones, indicating that factors beyond age influence tusk size

(Graham et al., 2020).
4 Discussion

4.1 Methods of age estimation

The traditional method for estimating the age of marine

mammals is through counting of growth layers in the dentin or

cementum of the teeth (Read et al., 2018; Scheffer and Myrick,

1980). However, visual reading is often difficult due to poor contrast

between layers and the process of GLG counting is somewhat

subjective with considerable variability in counts both within the

same reader and between different readers, especially when

assessing older individuals (Bowen et al., 1983; Lonati et al.,

2019). Age estimation also relies on the assumption that one GLG

is deposited each year (Stewart et al., 2006)—an assumption that,

while generally accepted, has stirred some debate (Brodie et al.,

2013). Finally, factors like attrition of the erupted tusk (seen mainly

in older individuals) can wear away the neonatal line that marks the

onset of the GLG deposition—this was seen in tusks 4076 and 956

(see Table 1). For the embedded tooth, dentinal occlusion can

obscure the visibility of GLGs (Watt et al., 2020; Read et al., 2018).

This last point is why GLG counting is in many cases considered a

minimum age estimate (Read et al., 2018). Despite these limitations,

visual readings remain popular because it provides a cost-effective

method that can be applied to large samples without demanding
TABLE 2 Spearman correlation coefficients between Ba137 and other trace elements for cyclic and trend components.

Element Sr88 Cu65 U238 Zn66 Pb208 Mn55 Cr53 Rb85 K39 Co59 P31 B11 Ti47 Mg25 Li7

Cycle 0.49 0.34 0.20 0.18 0.17 0.16 0.053 0.015 0.0010 −0.0027 −0.018 −0.084 −0.092 −0.14 −0.19

Trend 0.57 0.31 0.34 −0.061 0.54 0.51 0.043 −0.033 0.0039 −0.061 −0.12 0.42 −0.060 0.10 −0.13
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expensive laboratory analyses, unlike techniques based on AAR,

C14 (Stewart et al., 2006; Garde et al., 2012), or even LA-ICP-MS.

On the other hand, specialized analyses eliminate inter-observer

variability and subjective interpretation inherent in visual readings,

while providing age estimates where GLG reading fails due to poor

preservation or tooth wear. The higher accuracy and reproducibility

of these biochemical methods justifies their cost when reliable age

estimation is essential.
4.2 Segmentation, signal quality, and
biological artifacts

Our proposed method for age estimation needs only a rough

identification of GLGs, in order to properly segment the tusk and

identify pieces covering new sets of GLGs, used for the subsequent

LA-ICP-MS analysis. Still, this segmentation procedure risks either

counting certain GLGs several times across consequent tusk pieces

or failing to identify intermediate layers (although the latter is

considered unlikely). If not corrected for, this can then skew the age

estimate towards higher values. In this study, we have attempted to

address this last point by estimating the number of overlapping

GLGs, under the assumption that the collection of tusk pieces cover

all GLGs with possible repetitions between adjacent pieces. We have

done this using a least-squares approach between time-warped

signals of consecutive tusk pieces. This admittedly involves
Frontiers in Marine Science 10
unaccounted uncertainty that increases with each new

comparison. For the purpose of age estimation, an alternative

strategy would be to incorporate the uncertainty relating to

overlaps in the bootstrap procedure, similar to what we did with

missing layers. We chose the least-squares alignment approach

because it provides a logical, objective means of merging tusk piece

signals into a single, continuous timeline that has use-cases beyond

age estimation. The problem of repeated GLGs across pieces is

specific to this dataset of narwhal tusks, where tusks need to be

sectioned to fit the LA-ICP-MS equipment, a constraint not

typically encountered with smaller, more compact specimens. To

overcome this issue for future large specimens, segmentation should

ideally produce spatially contiguous (gap-free) pieces capable of

fitting the LA-ICP-MS equipment.

Concerning the analyzed LA-ICP-MS signals, we found that

this collection was quite diverse. Some signals showed clear cyclicity

whereas others displayed elevated noise levels slightly obscuring

such repeated patterns. This directly influenced estimate precision.

Tusks with clear, repeating cycles (Figure 3A) conforming to the

model specified by Equation 1 yielded narrow uncertainty bands.

Signals with irregular patterns, including secondary cycles (see the

next paragraph), produced bootstrap replicates with greater

variability and correspondingly wider confidence intervals

(Figure 6; Supplementary Figure S3). This is because we resample

residuals in the bootstrap procedure. If residuals are skewed or not

conforming to the normal assumption (for whatever reason), the
FIGURE 5

Model fit for tusk piece XII of tusk 956. (A) Raw signal (black) and fitted signal (blue). (B) Predicted square root process xx (blue). (C) Growth process
(blue). In all plots, estimated years (Equation 2) are marked as dashed green lines. (D) Time-warped signal (purple) and the original signal (black).
Years are shown both on the time-warped scale (equidistant, upper axis) and on the original scale (lower axis). The time-warped signal is obtained by
contracting longer periods (slow growth) and stretching shorter periods (rapid growth) such that all cycles have the same period.
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resulting bootstrapped signals can create new spurious cycles or

eliminate existing ones.

Another subtlety is the existence of sub-annual layers (or accessory

layers), likely associated with life-history events such as periods of low

food consumption (Read et al., 2018; Zhao et al., 2025). Accessory

layers are sporadically embedded within the primary growth layers and

risk being misidentified as GLGs when doing visual readings, which is

likely an important cause for the high variability seen in GLG counting.
Frontiers in Marine Science 11
It is hypothesized that such sub-annual layers could potentially

manifest as secondary cycles in the element signals used in this

study, thereby adding further variability to the final age estimate.

These secondary cycles may appear as embedded peaks within annual

peaks (Figure 5; note the additional peak in the third elapsed cycle,

which may be due to accessory layers). Small embedded peaks were

seen in several barium and strontium signals, but with a size negligible

to the major peaks associated with the primary growth layers. These
FIGURE 6

Age estimates and tusk lengths for the 16 tusks. Estimates from the time-warping model (section 2.3) are shown as dark blue vertical lines. Densities
of residual bootstrap estimates are shown in light blue. The manual GLG readings of each tusk is shown as orange vertical lines (one to two readings
for each tusk), along with light orange error bands from missing GLGs. Age estimates from AAR and C14 dating are shown in purple and brown,
respectively. The lengths of the tusks are visualized with an illustration of each tusk and a corresponding length scale at the top. Tusks 974 and 956
show large (average) differences of 9 and 14 between model estimate and visual reading. Tusk 938 was broken at the tip; thus, both model estimates
and visual readings are treated as minimum age estimates, which partially explain the large gap to AAR.
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embedded peaks also carry over to the cyclic part of our signal, when

we perform the decomposition described in section 2.2. For tusk 938,

base occlusion potentially obscured several layers. This, together with

the missing layers not accounted for, could explain the gap between

AAR and the other methods. Overlap detection differences between

methods contributed to some age discrepancies. Algorithmic overlap

estimates closely matched visual assessments for tusks 4084, 951, 888,

and 4075 (difference ≤ year). For tusk 1015, the difference between

model age estimate and closest visual reading was 4 years when

correcting for overlap, reducing to 1 year when overlaps were

included. We consider these issues to be ubiquitous in relation to

GLG-based age estimation, underscoring the intrinsic challenges posed

by biological complexity and environmental influences rather than

methodological shortcomings.
4.3 Classifying seasonal peaks

We obtain age estimates by fitting the time-warping model

introduced in the preprint (Reiter et al., 2025) to cyclic element

signals. The model is specified in Equation 1 and assumes that the

signals contain two distinct annual peaks of varying magnitude due

to seasonal differences. For the narwhal tusks, this pattern is

believed to be due to migration between summer and winter

grounds, where the composition of prey items and, hence,

mineral intake likely differs. The assumption may not hold true

for every single annual cycle, which may introduce error in the age

estimate. For example, if two consecutive peaks were winter peaks,

but were modeled as a winter and a summer peak due to level

differences, the model would interpret growth as proceeding more

slowly, and using Equation 2, we would count one elapsed year

when in fact it was two. When signals exhibit negligible seasonal

variation such that B ≈ 0 in Equation 1, two scenarios may arise. In

the first scenario, summer and winter peaks are roughly equal in

magnitude, and this will surely lead to overestimation of the

number of cycles using our model. In the second scenario, one of

the seasonal peaks shows negligible magnitude relative to the other.

The determination between these scenarios depends on the nature

of the signals and the ecological context. For narwhals, whose

feeding ecology suggests one dominant seasonal peak, the

condition B ≈ 0 would indicate the second scenario. It is worth

noting that, although we observed a pattern of alternating high and

low peaks in our studied population, this may not be a common

feature across other narwhal populations.
4.4 Beyond narwhal age estimation

Our extensive dataset of trace elements provides insights that go

beyond simple age estimation. The time-warping framework

introduced in section 2.3 effectively translates spatial locations on the

tusk to an annual timeline, which allows us to compare changes in

trace elements within the tusk to environmental conditions in specific

years or periods. For instance, uranium or lead concentrations could be

examined in relation to records of Arctic pollution. Biological processes
Frontiers in Marine Science 12
can also be inferred from selected trace elements, such as barium or

strontium, where abrupt shifts early in life may indicate the timing of

weaning (Clark et al., 2020a). Finally, a few elements (magnesium,

potassium, and rubidium) lacked a clear seasonal pattern, but instead

showed consistent high concentrations in the central dentin across tusk

pieces, which likely reflect underlying biological processes.

Beyond narwhals, our model can be applied to other species

with teeth or tusks that form growth layers, as well as to other

mineralized tissues and other growth structures with annual cyclic

patterns in selected elements. Examples include elephant and

walrus tusks, beluga or mammoth teeth, and even fish otoliths.

This assumes that a tracer can be identified that reliably reflects

annual cycles and conforms to the model specified by Equation 1. If

there are no seasonal differences, one can remove the second

sinusoidal term by setting B = 0 in the model equation.

Overall, this demonstrates the usefulness of our method, not only

for age estimation across species, but also for translating spatial

measurements of annual deposited element records into an

annual timeline, opening the door to further ecological and

physiological analyses.
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