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Abstract: Teleost fish possess calcium carbonate otoliths located in separate chambers (utriculus,
sacculus, and lagena) of their membranous labyrinth. This study analyzed the surface topography
of the sagittal otolith of the Pacific sardine (Sardinops sagax) and the daily and annual increments
in these otoliths. The otolith surface, characterized by laser scanning confocal microscopy for the
first time, consisted of a system of prominent ridges and valleys (grooves), but it is unclear whether
these structures are functional or represent time-resolving markings reflecting growth periodicity.
Within the first-year volume, daily increments, each consisting of an incremental (more mineralized)
and a discontinuous (less mineralized) zone, were resolved by optical microscopy and backscattered
electron (BSE) imaging in the scanning electron microscope (SEM). Daily growth increments could,
however, not be resolved in volumes formed after the first year, presumably because otolith growth
markedly slows down and spacing of incremental markings narrows in older fish. Throughout
otolith growth, the crystalline network continues across the discontinuous zones. Fluorochrome
labeling provides additional information on growth after the first year. Compared with optical and
BSE imaging, synchrotron microComputed Tomography of intact otoliths (with 0.69 pm volume
elements) was less able to resolve daily increments; X-ray phase contrast reconstructions provided
more detail than reconstructions with absorption contrast. Future research directions are proposed.

Keywords: fluorochrome labeling; laser scanning confocal microscopy; recording structure; scanning
electron microscopy; sclerochronology; synchrotron microCT imaging

1. Introduction

Several animal mineralized tissues are recording structures, sensu Klevezal [1], docu-
menting either part of or the entirety of an animal’s life. Mammalian dental enamel is an
example of the former [2]. Examples of the latter include mammalian tooth cementum [3],
mollusk shells [4,5], and shark vertebral centra [6], although, in the last example, the ability
to resolve growth zones is limited in older individuals due to the small amount of material
deposited in each zone.

The field of study addressing the reconstruction of life history traits of recent or fossil
organisms and their environments based on the analysis of these recording structures is
known as sclerochronology [7]. The discipline has been defined as “the study of physical
and chemical variations in the accretionary hard tissues of organisms, and the temporal
context in which they are formed” (Oschmann [8], p. 1). Fish otoliths are another such
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recording structure, and growth zones in otoliths are widely used for age estimation in
fish [9-11].

The inner ear of teleost fishes contains solid otoliths (“ear stones”) that are located
in separate chambers (utriculus, sacculus, and lagena) of the membranous labyrinth and
function in the perception of linear accelerations (including gravitational forces) and hear-
ing [12]. The three otoliths per labyrinth vary in size and shape and are referred to as
lapillus (from utriculus), sagitta (from sacculus), and asteriscus (from lagena), with the
sagittal otolith in most species being the largest of the three [13,14]. The huge range in the
size and shape of teleost otoliths has been linked to whole-genome duplication events and
the subsequent sub- or neo-functionalization of the duplicated genes [12].

Otoliths are acellular biomineralized structures composed of a mineral phase and an
organic matrix, the latter accounting for <10% of the otolith mass [9,15]. The mineral phase
is calcium carbonate (CaCQOs3), mostly in the form of aragonite, while the organic matrix
consists of proteins and proteoglycans [9,12,16,17]. The seeding and growth of otoliths are
under the control of regulatory proteins from the surrounding endolymphatic fluid [17].

In the otolith end organs, the sensory epithelium, referred to as the macula, is overlain
by the otolith. The contact between macula and otolith is mediated by an acellular matrix,
the otolithic membrane [12,18], with the three structures forming a functional unit. The
otolithic membrane is composed of a fibrous layer, which directly overlies the ciliary
bundles of the sensory hair cells and also covers portions of the adjacent non-sensory
epithelium, and a gelatinous layer [12]. Each ciliary bundle consists of a kinocilium and a
group of stereovilli, and stimulation of the macular hair cells is brought about by deflection
of the ciliary bundles [12,19].

Otoliths of teleost fishes grow throughout life, with daily accretion of new growth
layers [20-23]. In addition to daily increments, which reflect a circadian growth rhythm,
otoliths also exhibit incremental structures reflecting infradian (supradaily) growth cycles,
such as (semi-) lunar and annual increments [20,22,24]. Furthermore, subdaily increments
have been described, which can be mistaken for daily growth increments [22].

The continual accretion of material to the otolith over time serves to maintain the
size and shape of the otolith, enabling the fish to receive certain sound frequencies and
maintain body orientation [12,25,26]. Each additional layer is deposited on a diel cycle and
mediated by calcium and protein concentrations in the endolymph [26-28]. The periodically
formed growth layers serve as a permanent record from which age, ambient environmental
conditions, and other information can be determined [10,12,29]. An otolith increasing in
size at a predictable, age-dependent rate is key for its use to determine age [22,30].

Daily and annual increments of otoliths have been extensively used to track larval [31]
and adult fish growth [32]. The periodicity of these structures has been investigated
with good support for daily and annual growth cycles across numerous species [22,33,34].
However, many studies still assume daily or annual periodicity without conducting age
validation studies, which are labor-intensive and time-consuming [35]. The increasing
sophistication of techniques such as backscattered electron (BSE) imaging of polished
sections or microComputed Tomography (microCT) of entire otoliths may offer promise
for validation studies.

The Pacific sardine (Sardinops sagax) is an economically important forage fish in the
Northeastern Pacific Ocean that is short-lived and fast-growing [36]. Most of the somatic
and otolith growth of Pacific sardines occurs in the first two years of life [36], and therefore
they make a good candidate to examine otolith growth and microstructure. The species
would benefit from additional age validation because annual ages are incorporated into
the Pacific sardine stock assessment [37], and, as of yet, not all age classes have been
validated [11,38,39].

The study reported below applies BSE imaging, optical microscopy, including laser
scanning confocal microscope (LSCM) imaging, and synchrotron microCT imaging to
characterize the incremental markings in otoliths of the Pacific sardine. The specific
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focus is the appearance of the markings depending on the imaging modalities used for
their visualization.

2. Materials and Methods

The terminology referring to incremental markings in fish otoliths is varied, and a
clear definition of terms is required to avoid ambiguity. ‘Increment” has been defined by
Buckmeier et al. [30] (p. 35) as “a general term describing the growth of a calcified structure
during a specific time interval (e.g., annual or daily)”. We qualify the term increment
with the appropriate descriptor (e.g., annual increment). A zone is defined as “a region of
similar structure or of similar optical appearance within a calcified structure” [30] (p. 36).
We use ‘incremental marking’ to denote a structural feature (of an otolith) that allows the
identification of increments and thereby the reconstruction of growth cycles. An overview
of some common terms used to describe daily incremental markings of otoliths, as well as
the appearance of these markings depending on the methods used for their visualization,
is given in Table 1.

Table 1. Synopsis of the terminology and appearance of daily incremental markings in fish otoliths. A
daily growth increment is a bipartite structure consisting of an incremental zone and a discontinuous
zone according to the terminology introduced by Mugiya et al. [21].

Authors/Methods Incremental Zones Discontinuous Zones
Mugiya et al. [21] calcium-dominant zones matrix-dominant zones
- layers of organic
Dunkelberger et al. [18] calcified layers matrix/interlamellar matrix
Hay et al. [40] (XRF light (L) zones (low dark (D) zones (high
spectromicroscopy) sulfur content) sulfur content)

Campana and Neilson [22]
(SEM-SE images of lightly etched zones deeply etched zones
etched surfaces)

Reflected light images of
polished block surfaces

SEM-BSE images of polished
block surfaces

broader, translucent zones narrower, opaque zones

broader, bright zones narrower, dark zones

Transmitted light and reflected
plain light (bright background) broader, bright zones narrower, dark zones
images of thin ground sections

Polarized transmitted light

. . . broader, bright zones narrower, dark zones
images of thin ground sections

2.1. Samples

Pacific sardine sagittal otoliths (sagittae) were collected during fishery-independent
surveys conducted by Southwest Fisheries Science Center, La Jolla, CA, USA (Table 2). One
captive individual (#83, age 0 years) was injected with oxytetracyline (OTC, Liquamycin
La-200® (the use of Trade Names does not imply endorsement from the National Oceanic
and Atmospheric Administration), 200 mg mL~!) at a dosage of 100 mg/kg body weight
and sacrificed one year after the injection; this sample was from an earlier study [11]. Both
sagittal otoliths were extracted, rinsed with water, air-dried, and stored in labeled plastic
microtubes until analysis. All imaging and measurements were performed on otoliths from
the right side.
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Table 2. Biological data of Pacific sardine samples analyzed in this study. The standard length of the
fish is the length from the tip of the snout to the posterior end of the hypural plate. The age is the
number of completed years based on a 1 July birthdate. The otolith radius is the distance between the
center of the otolith’s focus and the most posterior point of the otolith.

Sample Number Date Collected Standard Length (mm) Age Otolith Radius (mm)

4 21 August 2016 190 1 1.35
7 21 July 2017 223 6 1.59
13 2 August 2017 196 2 1.36
14 9 August 2017 103 0 0.86
83 3 February 2016 185 1 1.43

2.2. Whole Otolith Ageing

The sagittal otoliths were aged following Yaremko [41]. In brief, the otoliths were
submerged in water and viewed on a black background at 25 x magnification with reflected
light using a stereomicroscope (MZ10 F, Leica Microsystems, Vienna, Austria). Annual
increments composed of one opaque zone and one translucent zone were counted from the
focus to the posterior edge. An annual increment is complete at the interface of an inner
translucent zone and a distal opaque zone [41,42]. Age was assigned to each fish based
on the number of annual increments, the date of capture, a 1 July birthdate (following
Yaremko [41], the birthdate is a date agreed upon for U.S. fishery management after which
all fish are considered a year older and does not refer to the actual hatching date of each
Pacific sardine), and the distal zone present on the margin. Ages are reported to the year;
partial annual increments on the otolith margin or date of capture were not used to calculate
a fractional age.

2.3. Otolith Surface Imaging

The unembedded otoliths were first viewed and photographed in air under reflected
light using a digital microscope (Keyence VHX 7000, Keyence, Osaka, Japan) equipped with
a wide-range (100 to 1000 x magnification) zoom lens (Keyence VH-Z 100T). Additional
images were acquired with a Keyence VK-X1000 LSCM equipped with a 661 nm laser, using
either a x5 objective (working distance 22.5 mm) or a x20 objective (working distance
11 mm).

Prior to surface-imaging in the scanning electron microscope (SEM), the otoliths were
sputter-coated with a thin layer (thickness 12 nm) of gold-palladium in a Leica EM ACE200
low-vacuum coater (Leica Microsystems, Vienna, Austria). The coated specimens were
then viewed in a Zeiss Evo Ma 15 SEM (Carl Zeiss, Oberkochen, Germany) operated in the
secondary electron (SE) mode at 10 kV.

2.4. Embedding, Sectioning and Polishing of Otoliths

Following the acquisition of surface images, the otoliths were embedded in epoxy resin
(Biodur E12/E1, Biodur products, Heidelberg, Germany). The embedded specimens were
manually ground and dry-polished along their anterior—posterior axis until the desired
section depth (plane running through the focus) was almost reached, using a graded series
of silicon carbide sandpapers. This was followed by a final wet-polishing on a motorized
rotary polisher (Labopol-5, Struers, Ballerup, Denmark), first using a diamond suspension
of 3 um particle size (DiaPro, Struers) and then a water-based slurry made from 0.3 um
aluminum powder (AP-D powder, Struers).

For the production of thin ground sections, the embedded and ground otoliths were
mounted with their polished surface down on glass slides. The mounted blocks were then
ground and dry-polished from the other side to a final thickness of approximately 60 pum,
employing graded silicon carbide sandpaper and a final polishing step using a leather cloth
and a solid polishing compound (Menzerna, Otigheim, Germany).
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2.5. Imaging of Polished Sectional Block Surfaces of Otoliths

The polished block surfaces of the otoliths were first viewed and photographed under
reflected light in the Keyence VHX 7000 digital microscope. Subsequently, BSE imaging
of the (uncoated) polished surfaces, which were oriented perpendicular to the primary
electron beam, was performed in the Zeiss Evo Ma 15 SEM at a 20 kV accelerating voltage,
using a high-resolution BSE detector. The gray-level variation in BSE images of topographi-
cally flat mineralized tissues reflects local variation in the degree of mineralization, with
brighter or darker gray levels characterizing areas of higher or lower mineral content,
respectively [43,44].

2.6. Light Microscopic (LM) Imaging of Otolith Ground Sections

Micrographs of the thin ground sections were obtained in the Keyence VHX 7000 dig-
ital microscope as well as Zeiss Axioskop 2 plus and Zeiss Axio Imager 2 microscopes
equipped with digital cameras (Zeiss Axiocam 503 color and Axiocam 506 mono), using
plain transmitted or reflected light, linearly polarized transmitted light (sometimes with
a 1A plate), and epifluorescence imaging. Images of the ground sectioned from the OTC-
labeled otolith were obtained with the monochromatic Zeiss Axiocam 506 camera and
a x40 objective. The same area was first photographed using brightfield illumination,
followed by imaging using a GFP filter set (excitation wavelength 493 nm, emission wave-
length 513 nm). The collected fluorescence light was converted from grayscale to green
using the processing software (Zeiss ZEN 2.6) of the microscope. An overlay image of
the two recording channels (brightfield and fluorescence) was then produced using the
same software.

2.7. Image Processing, Counting, and Comparison of Incremental Features

The acquired images were processed and arranged into plates using Adobe Photoshop
CS4 software (Adobe products, San Jose, CA, USA). As the whole otolith images and
the images of the polished block surfaces have a reversed anterior-posterior orientation
compared to those of the ground sections, some images were flipped horizontally to achieve
a consistent orientation within a single plate. Incremental markings were identified in both
the SEM and LM images, and the appearance of these markings in micrographs obtained
with different imaging modalities was compared.

2.8. Synchrotron microComputed Tomography (MicroCT)

Synchrotron microCT was performed at beamline 2-BM, the Advanced Photon Source
(APS), Argonne National Laboratory, Lemont, IL, USA, with 24 keV X-rays; see [45] for a
beamline description. Each whole otolith (Table 2) was imaged separately in its microtube.
A total of 3000 projections (0.3 s exposure/ projection) were collected over 180° specimen
rotation, and there was a 100 mm separation between the sample and detector scintillator.
Reconstructions were performed with 0.69 um isotropic volume elements (voxels), whereby
each slice consisted of 2448 x 2448 voxels and there were 2049 slices per field of view
(FOV). The reconstructed data (32-bit float) totaled 45.7 GB/FOV. The volume of otolith
#7 was also reconstructed with X-ray phase contrast using the Paganin algorithm [46] as
implemented in TomocuPy [47].

The alignment of the otolith anatomical axes was highly variable relative to the
microCT slice plane. The absorption contrast microCT data were imported into Fiji [48] in
stacks of 500 slices and resliced to the coronal plane. Brightness and contrast were adjusted
to enhance the incremental markings. Stacks were scrolled through manually to identify
the slice(s) that ran through the focus. A slice was chosen based on its proximity to the
focus and the clarity of incremental markings. The same slice was chosen among resliced
stacks to create a composite image from the focus to the posterior margin in the coronal
plane. Low-density zones (zones with dark contrast) were identified, marked, and counted
from the focus to the posterior margin in Adobe Photoshop. This was not possible for the
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entire radius of each otolith. The width of each high- or low-density zone was measured
wherever low-density zones had been counted.

A 3D rendering of otolith #7 from the absorption contrast microCT data was pro-
duced using Dragonfly software (version 2021.3.0, Object Research Systems, Montreal, QC,
Canada). Contrast from the wall of the container (containing the otolith) was cropped, and
the window level and gamma were adjusted to render the air transparent. A flat plane was
used to generate a digital cut-away view of the 3D rendering.

3. Results

We first describe the overall surface structure of the otoliths and also shortly address
the issue of age-dependent variation in the otolith growth rate. Next follows a description of
daily increments and a comparison of different imaging modalities regarding their ability to
resolve these increments. The appearance of annual increments is then compared between
surface images and ground sections. Finally, the potential of microCT to provide details
of the otolith surface and internal structure is explored, and the result of fluorochrome
labeling of an otolith is reported.

3.1. Otolith Surface Structure and Variation of Growth Rate

Figure 1 shows the general external morphology of Pacific sardine sagittal otoliths and
demonstrates their high structural complexity. The otoliths are longer along the anterior—
posterior than the dorso—ventral axis, indicating that markedly more material is being
added per unit of time along the former than the latter. The rostrum is much larger than the
antirostrum, and there is a prominent excisura major at the anterior end, while the excisura
minor at the posterior end is only weakly developed. The otolith’s ventral edge is often
serrated (Figure 1a,b and Figure 2c), while its dorsal edge shows a more undulating shape
(Figure 1a,b). The otolith’s lateral surface is convex and exhibits numerous prominent
ridges running parallel to the outer margin of the otolith (Figures 1a, 2a—c and 3(inset
image)). The ridges are separated by valleys of varying width. The focus area is discernible
as a small pit in the lateral surface (Figure 1a). The medial side of the otolith exhibits a broad
and deep sulcus acusticus that is bordered by prominent cristae dorsally and ventrally
(Figure 1b). The height map obtained with LSCM of otolith #13 shows that the cristae rise
approximately 250 pm above the bottom of the sulcus acusticus (Figure 1b). Anteriorly,
the sulcus terminates with a broad opening in the excisura major, while posteriorly, a
small notch extends from the sulcus to the excisura minor. Otoliths #4 (Figure 1a) and #13
(Figure 1b) are very close in size (Table 2) despite being one and two years old, respectively,
indicating that otolith size is not directly proportional to age across individuals.

Figure 2 shows higher magnification views of the surfaces of otoliths #4 (aged 1 year)
and #13 (aged 2 years). The LSCM height map in Figure 2a is a lateral view of the posterior
portion of otolith #4. The prominent ridges marked 1-9 converge towards the dorsal and
ventral edges of the otolith (top and bottom of the figure, respectively). The broad groove
labeled with an asterisk is interpreted as marking the end of the first year of otolith growth.
Figure 2b is an SEM-SE image of the posterior portion of otolith #4, covering the labeled
region of Figure 2a, but at higher magnification. The white arrow indicates the direction
of the most intense otolith growth. Labels 1-9 identify the same ridges as in Figure 2a. In
total, 16 prominent ridges could be counted between the focus and the groove labeled by
the asterisk, and another six from there up to the otolith’s posterior edge.

The yellow arrows in Figure 2b indicate minor incremental markings visible at the
otolith surface in the “valleys” between some of the prominent ridges. These minor
markings are most clearly seen in the broader valleys between the ridges, i.e., in areas
undergoing more rapid growth. Figure 2c is an SEM-SE image of the ventral portion of
otolith #13, demonstrating prominent ridges oriented perpendicular or obliquely to the
main growth direction and a serrated ventral edge. In places, minor incremental markings
(yellow arrows) are also visible in the valleys between the prominent ridges.
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Figure 1. General external morphology of Pacific sardine sagittal otoliths. Letters a, p, v, and d refer
to the anterior, posterior, ventral, and dorsal edges of the otoliths, respectively. Anterior is toward
the top of the images. (a) Reflected light micrograph of otolith #4 (aged 1 year) in lateral view. Ar:
Antirostrum, Pr: Postrostrum, R: Rostrum, Arrow: Focus area; (b) LSCM micrograph (height map)
of otolith #13 (aged 2 years) in medial view. Cr: Crista, S: Sulcus acusticus, Arrow: Excisura major,
Arrowhead: Excisura minor.

Figure 2. Surface structures of otoliths. (a) LSCM micrograph (height map) of the posterior portion of
otolith #4 (aged 1 year) in lateral view. Note the prominent ridges that converge towards the dorsal
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(top of image) and ventral edges. Numbers 1 to 9 identify the ridges shown at higher magnification
in (b). Asterisk: prominent groove indicating the end of the first year of otolith growth. (b) SEM-SE
image of the lateral surface of otolith #4. Nine rounded ridges are marked. Note the presence of
minor incremental markings (yellow arrows) in the “valley areas” between some of the prominent
ridges. White arrow: Main growth direction of the otolith. (c) Ventral portion of otolith #13 (aged
2 years) showing prominent ridges and serrated ventral edge. In places, minor incremental markings
(yellow arrows) are discernible between the prominent ridges. Anterior to the top, ventral to the right
of the image.

dorsal

500,um

i 4

-

L N '
&3 "E}"A‘muﬁ "

A BB SR, - —
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Figure 3. Comparison of the size of sagittal otoliths from an individual less than six months of age
(otolith #14) and from an individual aged six years (otolith #7). Shown are micrographs of ground
sections viewed under linearly polarized transmitted light. The inset image shows reflected light
micrographs of the intact otoliths in lateral view. The downward-directed white arrows mark the
focus area and the upward-directed white arrows mark the posterior end of the otoliths. The distance
between the two arrows is given as “otolith radius” in Table 2, based on direct measurements of the
otoliths. The measurement on the section of otolith #7 produced a slightly higher value. The yellow
arrowhead in the ground section of otolith #7 marks the end of the first year of growth. Posterior is to
the right of the images. The orientations in #7 also apply to #14.

The width of the otolith’s first annual increment is much higher than that of subsequent
annual increments (Figure 2a, Figure 3). This is corroborated by measurements on the
ground section of otolith #7 from a sardine aged 6 years. While the distance between the
focus and the end of the first year’s growth, marked by the yellow arrowhead in Figure 3, is
1027 um, the distance between the focus and the posterior end of the otolith, marked by the
upward-directed white arrow, is 1611 pm. Thus, the growth from the end of the first year
until death (584 um) is only 57% of that occurring during the first year of life. In otolith
#14, the distance (measured on the ground section) between the focus and the posterior
end, reflecting a growth of 152 days (see below), is 838 um (Figure 3). This indicates a
particularly high otolith growth rate during the first months of life. Note that the lengths
measured on the ground sections differ slightly (<3%) from those measured on the whole
otoliths, as given in Table 2.
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3.2. Recording Structures—Daily Increments

Incremental markings diagnosed to reflect a daily (24 h) growth periodicity could
readily be identified in the otolith portions formed during the first year of life. With the
imaging methods used in the present study, however, daily increments could not reliably
be resolved in the otolith portions added during later life. This is attributed to the markedly
reduced intensity of accretion following the rapid growth during the first year and the
resulting increasingly close spacing of the incremental markings. Each daily increment
is a bipartite structure, with the appearance of the two zones depending on the imaging
modality used (Figures 4-6, Table 1). In the ground sections viewed under transmitted
light or reflected light (with bright background), a daily increment consisted of an inner
bright zone, the incremental zone sensu Mugiya et al. [21], and an outer dark (brownish)
zone, the discontinuous zone sensu Mugiya et al. [21] (Figures 4 and 5).

Figure 4. Daily incremental markings in otolith #14. (a) Ground section viewed under reflected
light (bright background). Between the focus (arrow) and the posterior edge, 152 brownish (dark)
markings (discontinuous zones) were counted. Every tenth marking is labeled by an asterisk. Letters
1, m, and p refer to the lateral, medial, and posterior edges of the otolith, respectively. (b) MicroCT
slice (absorption contrast) along roughly the same sectioning plane (no exact match) as the polished
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section shown in (a). The red arrowhead marks the approximate position of the focus. The black
arrowheads mark every tenth dark incremental marking (low-density zone) in an area where they are
well visible. The single cyan dot to the left of the black arrowheads marks the distal-most of 10 less
visible incremental markings. Between this dot and the posterior end of the otolith (p), there are at
least eight faintly visible additional dark incremental markings. The cyan dots on the right side of the
image also mark every tenth of a sequence of less visible markings, with two of them corresponding to
the two right-most black arrowheads. There are at least 15 faintly visible dark incremental markings
between the right-most cyan dot and the focus. The solid black square marks a larger gap between
two well-visible light incremental markings, between which two dark markings are barely visible.
The unfilled black square marks a similar gap, in which, however, no dark markings can be resolved.
In total, we therefore counted 85 dark incremental markings in the slice. White arrowhead: strong
X-ray phase contrast at the air-otolith interface, Yellow arrowheads: strong X-ray phase contrast
of polymer packing material holding the otolith in place. (c) Higher magnification of area around
the focus (arrow) as seen in the ground section under plain transmitted light. Note the much better
visibility of the incremental markings compared to the microCT image. Also, note that many of the
incremental markings do not reach the surface of the otolith and the horizontal orientation of the

markings in the lower part of the image (medial portion of the otolith).

Figure 5. Daily incremental markings in otolith #14 as seen in a ground section viewed under plain
train transmitted light (a) and under linearly polarized light with a 1A plate (b). In both cases, the
discontinuous zones appear dark and the incremental zones bright. Bridging of discontinuous zones
by crystallites is visible in places.
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Figure 6. Daily incremental markings in otolith #4 as seen on polished block surface viewed under
reflected light (a) or by BSE imaging in the SEM (b,c). Note that the otolith has cracked during
processing. (a) Under reflected light, the discontinuous zones (four prominent ones are marked
by red arrows) appear opaque, while the incremental zones appear translucent. (b) In SEM-BSE
images, the discontinuous zones appear dark (the four prominent ones marked in (a) are indicated
by red arrows), while the incremental zones appear bright. White arrow: Main growth direction.
(c) Higher magnification of the SEM-BSE image. Five consecutive daily increments are marked by
green arrows. Each consists of a bright (more mineralized) incremental zone (red asterisks) and a
dark (less mineralized) discontinuous zone (red arrows). Arrowhead: Crystallite continuity across a
discontinuous zone.

Figure 6 shows images obtained on the polished block surface of otolith #4 (aged
1 year). Under reflected light, the incremental zones appear translucent and the discontin-
uous zones opaque (Figure 6a), while in SEM-BSE images (Figure 6b,c), the incremental
zones appear bright, indicating a higher mineral content, and the discontinuous zones
appear dark (lower mineral content). The incremental zones were typically broader than
the discontinuous zones, and the width of the daily increments was highest in the direction
of main otolith growth (Figures 4-6).

The ground section of otolith #14, viewed under reflected light, showed 152 brownish
(dark) incremental markings (=discontinuous zones) between the focus (red arrow) and
the posterior edge (Figure 4a). Figure 4b is a microCT slice (absorption contrast) from
roughly the same position. The plane of the virtual section is, however, slightly oblique
to that of the physical section. A total of 85 dark (low density) incremental markings
could be counted in the microCT slice, i.e., this imaging method had a considerably lower
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ability to resolve the daily increments compared to optical microscopy of ground sections.
Figure 4c shows the area around the focus (arrow) in the ground section viewed under
plain transmitted light and at higher magnification. Note (1) the much better visibility of
the incremental markings compared to the microCT image (Figure 4b), (2) the convergence
of the incremental markings that do not reach the lateral surface of the otolith, and (3) the
horizontal orientation of the markings in the medial portion of the otolith. As indicated in
Table 2, the sardine from which this otolith originated was diagnosed to be substantially
younger than one year, and the count of incremental markings in the light micrograph
(Figure 4a) is therefore consistent with the daily nature of the increments. The Pacific
sardine has a protracted spawning period [49], and a hatch date in March (as suggested
by the count) would not be uncommon for the species. Thus, during the first year of life,
an exact age-at-death estimation is considered possible based on the counting of daily
incremental markings recorded in ground sections of sardine otoliths.

In the plain transmitted light image of Figure 5a, zones of light contrast run from
the central portion of the otolith (#14) to its surface (perpendicular to the incremental
markings). The continuity of contrast is even more prominent in Figure 5b, an image
taken with linearly polarized light and a 1A plate. In these 2D images, it appears that at
least some crystallites bridge the discontinuous zones between adjacent incremental zones,
suggesting a certain degree of continuity of the crystalline network across the discontinuous
zones. Such crystallite bridging of the discontinuous zones is also supported by SEM-BSE
observations. Thus, the white arrowhead in Figure 6¢ points to a position where light
contrast crosses a discontinuous zone, which is consistent with crystalline continuity across
this zone.

3.3. Recording Structures—Annual Increments

Figure 7a is a reflected-light image of an intact otolith (#7) submerged in water in a
lateral view. In the posterior portion of the otolith, six translucent zones (outer parts of six
annual increments, indicating six completed years of growth, are marked with red bars.
Figure 7b shows the posterior end of this otolith as seen in a ground section viewed under
plain transmitted light, while Figure 7c shows the same region viewed in epifluorescence
mode using a GFP filter set. The five boundaries marked by asterisks and numbered
2-6 in Figure 7b,c correspond to the respective outer portions of annual increments 2-6
marked in Figure 7a. The boundaries separate an inner zone, appearing brighter under
transmitted light and dark in the epifluorescence image, from an outer zone, which appears
brownish under transmitted light and bright in the epifluorescence image. The increased
autofluorescence of the latter zone is indicative of a higher organic content.

3.4. Three-Dimensional Examination of Increment Structure

Volumetric microCT allows one to produce 3D renderings of the structure and to
numerically section the reconstructed volumes, thereby selecting the most informative
orientations. Figure 8a shows a microCT surface rendering of the lateral surface of otolith
#7 (with absorption contrast). Ridges and valleys run circumferentially around the otolith,
and prominent valleys run radially near the back of the rendering. In the rendering of
Figure 8b, the posterior portion of otolith #7 has been removed, exposing a numerical
transverse section normal to the otolith’s main growth axis.

The alternating light and dark incremental markings are particularly visible on the
right-hand side of the section. Figure 8c shows a parasagittal microCT section also recon-
structed with absorption contrast; dark zones contain less mineral than light zones in this
panel as well as in Figure 8d,e. Incremental markings are particularly clear near the focus
(the lowest portion of the image), and additional markings can be seen within the volume
leading to the otolith’s posterior end. Figure 8d shows a parasagittal section of otolith
#7 (as does Figure 8c) but reconstructed with the Paganin algorithm ([46], X-ray phase
contrast). The increment structure is clearer with X-ray phase contrast (Figure 8d) than
with absorption contrast (Figure 8c). The boxed area of Figure 8d is enlarged in Figure 8e,
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showing every other slice in a 40 um thick volume. Red disks mark two prominent dark
(weaker contrast) zones in each slice of Figure 8e, and in slice 1, two weaker contrast
zones are clearly visible between the prominent increments. The other slices show that
these zones have quite variable contrast even a few micrometers from slice 1, and in some
slices, the contrast is so weak that zones would be missed (e.g., slice 19). Slice images
(absorption contrast) appear in Supplementary Figure S1, and Table 3 provides information
on the number of dark zones and the width of the light and dark zones as recorded with
absorption contrast from microCT.

Figure 7. Annual growth marks in otolith #7 (aged 6 years). (a) Reflected light image of the otolith
submerged in water in lateral view. Six translucent increments (outer parts of six annuli) are marked
in the posterior portion. (b,c) Micrographs of ground section viewed under plain transmitted light
(b) and in epifluorescence mode using a GFP filter set (c). Shown is the otolith’s posterior portion
with five boundaries (marked by asterisks and numbered 2-6) that correspond to the respective
outer portions of the annual increments 2-6 marked in (a). The boundaries separate an inner zone,
appearing brighter under transmitted light and dark in the epifluorescence image, from an outer
zone, which appears brownish under transmitted light and bright in the epifluorescence image. The
increased autofluorescence of the latter zone is indicative of a higher organic content. Posterior to the
top, ventral to the left of the images.
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Figure 8. MicroCT images of otolith #7. (a) 3D surface rendering of the otolith with the posterior
end (p) toward the viewer, the dorsal edge is to the left, and the lateral surface is shown. Absorption
contrast. (b) Virtual section through the rendering (the same orientation as in panel (a), also absorption
contrast) reveals the increments within the otolith. The medial surface is at the bottom of the section.
The white border at the surface of the otolith (white arrow) is X-ray phase contrast at the air-solid

1“_ 11 o
r S

interface. There are reconstruction artifacts on either side of (ring artifacts) and at (a streak
artifact). (c) Parasagittal section of the otolith with absorption contrast. p: posterior end, r: ring
artifact, white arrow: X-ray phase contrast at the air-solid interface. (d) Parasagittal slice reconstructed
with X-ray phase contrast (Paganin filter) in a slightly different orientation than in (c). The red box
indicates the area enlarged in panel (e). p: posterior end, white arrow: X-ray phase contrast at the
air-solid interface. (e) Stack of 20 slices (covering 40 pm thickness) along the direction perpendicular
to the plane shown in panel (d); every other slice is shown and labeled with the numeral to the left of
the image. In each image, the matching pair of prominent dark increments (low phase contrast) is

labeled with red disks.

Table 3. Counts and measurements of microCT images from five otoliths. Distance is from first
counted zone to last counted zone; this distance is less than the otolith radius as zones were not
identified throughout the length of the radius. High-density areas with low resolution (unable to
resolve low-density zones) were excluded from the calculation of the high-density average.

Number of Low Average Low Density Average Width (Range) Average Width (Range)
Otolith Densi Distance (um)  Zone Periodicity (um/low of Low Density of High Density
ensity Zones .
Density Zone) Zones (um) Zones (um)
#4 44 405.79 9.23 3.22 (1.55-5.39) 5.25 (2.07-8.42)
#7 138 1440.96 10.44 2.26 (1.38-4.63) 5.46 (1.38-11.11)
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Table 3. Cont.

Number of Low Average Low Density Average Width (Range) Average Width (Range)
Otolith Densi Distance (um)  Zone Periodicity (um/low of Low Density of High Density
ensity Zones .
Density Zone) Zones (um) Zones (um)
#13 75 668.53 8.91 2.98 (2.07-4.63) 5.35 (2.49-15.46)
#14 49 370.55 7.56 247 (2.07-3.52) 5.11 (2.07-8.42)
#83 82 725.94 8.85 2.17 (1.55-3.52) 3.68 (1.55-9.87)

3.5. Fluorochrome-Labeled Otolith

Figure 9 shows the posterior end of otolith #83, which was labeled with OTC one
year before the sardine’s death. The micrograph of Figure 9a is an overlay image of the
transmitted light channel and the fluorescence channel. The arrow indicates the OTC
label. Note the convergence of the incremental markings in the posterior direction in
the area encircled by the white oval, indicating variation in the growth rate along the
circumference of the otolith, even along a nearly identical anatomical direction. Figure 9b
is a transmitted-light image taken at a higher magnification. An accentuated incremental
marking is co-localized with the OTC label (green crosses), suggesting that the OTC
injection had caused a disturbance/disruption (“check”) in the otolith’s growth process.
The red asterisks identify 40 incremental markings that could be identified between the
accentuated marking/OTC label and the otolith surface. As this distance represents growth
over one year, the markings are clearly not of a daily nature, and daily increments could
therefore not be resolved in the otolith portion formed during the year of captive growth.

Figure 9. Light micrographs of ground section of otolith #83, labeled with oxytetracycline (OTC)
one year before death. (a) Overlay image of transmitted light and fluorescence channels. Arrow: OTC
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label. Note the convergence of incremental markings in posterior direction in the area marked by
the white oval. (b) Higher magnification of plain transmitted light image of the ground section,
demonstrating co-localization of OTC label (position marked by green crosses) and an accentuated
incremental marking. Red asterisks indicate incremental markings (n = 40) identified between the
OTC label and the otolith surface.

4. Discussion

The present study used a variety of imaging modalities to analyze the incremental
markings present in the sagittal otolith of the Pacific sardine. Some approaches (LSCM
and synchrotron microCT) were applied to otoliths for the first time. The use of multiple
imaging modalities allows the comparison of the advantages and limitations of the various
methods and a cross-validation of their results.

The marked system of prominent ridges and valleys characterizing the surface of
the otoliths has thus far not received much attention. It is currently unclear whether the
structures visible at the otolith surface, i.e., the prominent ridges and valleys as well as
the minor markings in the valley regions, represent periodic growth signals that could be
used for age estimation. Both fortnight (14 days) and lunar (28 days) increments have been
identified in other fish species [20,24,50]. The periodicity of these ridges may reflect a lunar
cycle as otolith #14 had 16 ridges in the first year of growth. Further studies addressing
this question are therefore encouraged, as these structures can be readily visualized and
measured by LSCM. This method thus allows for the rapid automated surface profiling of
otoliths and might therefore be a useful addendum to the toolkit of fish biologists working
on age estimation.

Our results confirm that incremental markings reflecting different growth periodicities
are present in the otoliths and that the intensity of the growth process is highly variable
both temporally and spatially [22,23]. Thus, the velocity of otolith growth slows down
dramatically after the first year and the accretion of new material varies considerably along
the otolith’s circumference. This leads to the convergence of incremental markings in
certain areas. There are apparently also surfaces where almost no growth occurs over a
certain period of time, while simultaneously, the accretion of new material continues in
other regions of the otolith. Corresponding observations have been made in the case of
bone growth [7,51]. Finally, the microCT results on successive slices (Figure 8e) show that
incremental markings can be clearly visible in one volume but are invisible a few tens of
micrometers away. The orientation dependence of increment spacing and their variable
contrast present real challenges in analyzing increment periodicities.

Daily increments in the otoliths of the Pacific sardine can be readily visualized by
optical microscopy and BSE imaging in the SEM, and the appearance of the incremental
and discontinuous zones corresponds to what is known from the literature for other fish
species [9,22]. The daily increments are most visible and thus countable along the main
growth direction of the otolith, where their width is the largest. It was, however, not
possible to reliably resolve daily increments beyond the first year of otolith growth with
the imaging methods used in the present study. This is attributed to the narrowing of the
incremental markings with reduced growth intensity, and the resulting reduced width and
spacing of the markings being beyond the resolving power of our methods.

The ability of microCT, at least at the resolution level used in the present study, to
resolve the finest-scale incremental markings is lower than that of the optical and SEM-BSE
methods used in the present study. Generally, phase contrast imaging is better suited for the
visualization of daily increments by microCT than absorption contrast imaging. Improving
the resolution in microCT will likely increase the applicability of the method. For example,
ID19, the European Synchrotron Radiation Facility, can routinely provide full field microCT
with voxels as small as 150 nm [52], and the lens-based nanoCT instrument at 32-ID,
APS, routinely provides imaging with 50 nm voxels on 50 pm diameter specimens [53].
Laboratory nanoCT systems producing reconstructions with sub-micrometer voxels are
available from several manufacturers. The voxel size used in the present study (0.69 um)
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was already suited to provide general information on otolith microstructures using a
non-destructive approach. Another method with the potential to resolve thin, closely
spaced incremental markings could be SEM-SE imaging of etched polished surfaces at high
(>10,000 x) magnification.

Recently, Hay et al. [40] reported that daily increments in pipefish otoliths, in which
the increment count is also hampered by lack of resolution of standard microscopic meth-
ods, can be resolved based on a periodic alternation of zones with low and high sulfur
(S) content as revealed by synchrotron-based scanning X-ray fluorescence. They found
that the (mineral-rich) light zones (L-zones), corresponding to the incremental zones of
Mugiya et al. [21], had a low S content, while dark zones (D-zones, rich in organic matter),
corresponding to the discontinuous zones of Mugiya et al. [21], showed higher S concen-
trations. Hay et al. [40] suggest that the high S content in the D-zones is caused by the
increased incorporation of S-rich proteoglycans during growth compared to the L-zones.
It seems worthwhile to also explore the potential ability of X-ray fluorescence analysis to
resolve daily incremental markings throughout entire otoliths in the Pacific sardine from
individuals older than one year.

Our results suggest some continuity of the crystalline network between consecutive
incremental zones, i.e., that there is crystallite bridging across the intervening discontinuous
zone. This confirms previous statements by other authors and their conclusion that the
term discontinuous zone is therefore somewhat misleading [22]. Although it was not noted
explicitly in the Results, microCT also showed light contrast bands extending radially
through discontinuous zones; these radial bands have variable thicknesses both in the
plane of the reconstructed slices and perpendicular to this plane.

Annual increments could be demonstrated using the established method of counting
them in submerged otoliths. The analysis of ground sections suggests that the zones
appearing bright in transmitted light micrographs of polished sections and dark under
epifluorescence are more mineralized and contain less organic material than the zones
appearing dark in the transmitted light micrographs and bright under epifluorescence.
Using ground sections to count annual increments is a viable method; however, it is more
labor-intensive to produce ground sections than the current method of counting annual
increments from submerged whole otoliths.

As the daily apposition of new growth layers of otoliths continues over the entire life
of a fish, although at highly varying rates, the relationship between daily increments and
annual increments needs to be resolved. This question does not appear to have attracted
much interest in the past. It may be assumed that within an annual increment, the volume
ratio of the (daily) discontinuous to incremental zones is higher in the annual opaque zones
rich in organic material (showing higher autofluorescence) than in the more mineralized
annual translucent zones. Alternatively, it could be that both the incremental and the
discontinuous zones within the high organic annual opaque zones are less mineralized and
contain more organicmatrix than those within the low organic annual translucent zones.

In vivo fluorochrome labeling is an established method used to reconstruct the growth
of mineralized tissues [54-56]. OTC injection in the Pacific sardine otolith produced
a distinct, well-visible label in the otolith. By labeling at multiple time points during
otolith growth, using either the same or different fluorochromes, it is possible to precisely
reconstruct the velocity of otolith growth as well as the variation in the accretion rate along
the otolith surface. Experiments using repeated labeling of growing otoliths are therefore
encouraged. In the present study, the OTC dose caused the formation of an accentuated
incremental line in the otolith, indicating a certain disruption of the growth process. Similar
observations have previously been made with OTC labeling of forming enamel [57]. Such
growth disruption could likely be prevented by using a lower dosage of OTC or a different
fluorochrome, e.g., calcein.
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5. Conclusions

The four imaging modalities used to study incremental markings in sagittal otoliths
of the Pacific sardine (Sardinops sagax), namely SEM-BSE, light microscopy, LSCM, and
synchrotron microCT, all revealed that the intensity of the growth process is highly variable
both temporally and spatially. This first use of LSCM on fish otoliths demonstrated that the
ridges and valleys of the external surface could be efficiently quantified in 3D; the ridges and
valleys observed here may correspond to fortnight or lunar (28 days) increments, similar
to those documented in other fish species. Compared to SEM and microCT instruments,
LSCM is relatively inexpensive and might prove to be a tool useful to fish biologists working
on age estimation. Daily increments could not be identified beyond the first year, but in
the first year, they were clear in SEM-BSE and optical micrographs of polished sections.
Synchrotron microCT could also demonstrate increments within the volume grown during
the first year, but there was a smaller number visible than observed with SEM-BSE and
optical microscopy. It may be that SEM-BSE and/or synchrotron microCT imaging with
higher resolutions (than was used in this study) may be able to reveal daily increments
beyond the first year.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /min14070705/s1, Figure S1: Composite microCT images of
re-sliced sections of 5 otoliths: otolith #4, #7, #13, #14, and #83. Red dots, when present, denote the
focus. Cyan marks each low density zone. Black line indicates distance measured for incremental
marking frequency (Table 3). Right is posterior, top is lateral, and bottom is medjial.
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