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Abstract: The release of hatchery-reared fish fry for restocking is important for the enrichment
of fishery resources; however, the effective evaluation of the success rate of marking such fish is
challenging. We exposed juvenile crucian carp (Carassius carassius) to a single concentration of
SrCl2·6H2O for 5 d and evaluated the efficiency of Sr marking of the fish otoliths (sagittae, asterisci,
and lapilli) using an electron probe micro-analyzer. Sr marking signatures formed a peak in all otolith
types, with a marking success rate of 100%. The ratio of Sr to Ca in the lapilli and sagittae was higher
than that in the asterisci. It took 2 d from the beginning of immersion to the deposition of Sr on the
lapilli and sagittae, and the time delay for asterisci was 1 d. For the lapilli and sagittae, it took 16 d
to terminate Sr marking and fully recover to the pre-marking Sr level, whereas it was 12 d for the
asterisci. The application of the Sr dose had no effect on the survival or growth of the carp. This
study demonstrated that the lapilli are the most suitable otolith type for Sr marking observations in
crucian carp and provides a theoretical basis and technical support for carp restocking using the Sr
marking approach.

Keywords: crucian carp; otolith; strontium; marking efficiency; restocking; time delay

1. Introduction

The decline in fishery resources is a global problem that has driven a high demand
for restocking using hatchery-reared larvae and juveniles to supplement wild fish popu-
lations [1]. The compensatory recruitment of aquatic organisms is a critical approach to
enriching fishery resources, protecting biodiversity, maintaining aquatic ecosystem bal-
ances, and improving water quality. Hatchery fish (e.g., salmon) have been released in
numbers as high as several million to several billion individuals in some countries around
the Pacific Ocean [2]. In China, approximately 150 billion commercial and endangered
aquatic organisms (e.g., Cypriniformes, Acipenseriformes, and Pleuronectiformes fish)
were released for restocking from 2016 to 2020. To measure the success of restocking efforts
in addressing decreasing populations, hatchery-reared individuals must be distinguishable
from naturally spawned fish, potentially for many years after compensatory recruitment.
Scientifically marking and effectively evaluating the mark–recapture efficiency are still key
technical difficulties in the validation of restocking performance worldwide [1].

Fish otoliths are widely used to reveal biological and ecological patterns related
to movement and habitat use [3–6]. Salinity, temperature, and ambient trace element
concentrations are physicochemical factors that affect otolith chemical composition [7–10].
As the elements in the otolith are not reabsorbed, the otolith forms a permanent record of
the chemical environment to which a fish has been exposed throughout its life, known as
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the otolith chemical signature [7]. Otolith microchemistry can provide detailed life history
information and be used to identify fish from different spawning sites [11,12]. Moreover,
it is a potential tool for stock identification [13]. Marking can occur naturally [14,15] or
via the deliberate manipulation of specific chemicals to create recognizable signatures in
the hard structures of fish, especially the otoliths [16]. Therefore, otolith marking using
chemicals, including tetracycline hydrochloride [17], oxytetracycline [18], calcein [19],
alizarin complexone [20], alizarin red S [21,22], strontium chloride (SrCl2) [17], enriched
stable isotopes of barium (Ba) and strontium (Sr) [23,24], and lanthanide elements [25], is
believed to be one of the most useful methods for evaluating the effects of mark–recapture.
Strontium marking is considered the most suitable method for creating a single mark in the
otolith of fish [1].

To the best of our knowledge, most marking studies have focused on a specific pair of
otoliths. Notably, the different types of otoliths have potential uses for different research
purposes. Specifically, asterisci, the largest of the three pairs of otoliths in cyprinid fish,
have usually been used for age determination [26,27]; the lapilli are reported to be superior
to the other otoliths for the daily aging of cyprinid species owing to their well-defined daily
increment structure [28], and the sagittae are usually used as the experimental materials in
migratory fish studies to assess stock connectivity [29,30] and determine movements and
life-history patterns [31]. Only one study has used all three types of otoliths to investigate
otolith biometry–body length relationships in four fish species [32], and no studies have
examined the exact differences among the three types of otoliths (sagittae, asterisci, and
lapilli) or evaluated the differences in Sr marking efficiencies among them. To fill this gap,
the present study assessed otolith Sr marks in a typical cyprinid fish, crucian carp Carassius
carassius (Linnaeus, 1758). The objectives of this study were to explore the influence of
marking on the growth and survival of the experimental fish, analyze the differences in
marking effects among the lapilli, asterisci, and sagittae in this carp species; determine the
optimal otolith type for Sr marking, and investigate the feasibility and operability of this
technology for teleostean fish.

2. Materials and Methods
2.1. Experimental Materials

The study was carried out at the Southern District Aquaculture Base of the Freshwa-
ter Fisheries Research Center of the Chinese Academy of Fishery Sciences in Wuxi City,
Jiangsu Province, China. The fish used in the experiments were healthy juvenile C. carassius
(Figure 1), artificially bred at the aforementioned aquaculture base. In this experiment, we
randomly selected 20 fish for each of the marking and control groups. The SrCl2·6H2O com-
pound (analytical reagent grade) was purchased from Shanghai Fusheng Industrial Co., Ltd.
(Shanghai, China). An aqueous solution of 60 mg L−1 (i.e., Sr2+ nominal concentration
of 19.85 mg L−1) was prepared, with tap water aeration applied for more than 48 h, as
a backup. The exact Sr2+ content, measured using an inductively coupled plasma mass
spectrometer (Agilent 7500ce, Agilent, Santa Clara, CA, USA), was 19.20 mg L−1, almost
the same as the nominal Sr2+ concentration in the solution.

The study was divided into three experimental phases as follows: the temporary
feeding phase, the Sr immersion marking phase, and the post-marking culture phase. All
experiments were carried out in an immersion exposure system. Experimental fish, which
were approximately 90-days-old, were cultured in one glass aquaria (45 cm width × 100 cm
length × 50 cm height) containing aerated water. These fish were kept unfed 24 h prior
to the Sr immersion marking phase, randomly divided into two groups, and immersed
for 5 d in two special marking glass aquaria (20 cm width × 30 cm length × 30 cm height)
containing 10 L of aerated water (the concentration of SrCl2·6H2O was 0 mg L−1 and
60 mg L−1, respectively). In addition, no food was provided throughout the periods of
the Sr immersion marking phase. After the immersion was completed, the marked and
control fish were randomly placed in two glass aquaria of the same specification (50 cm
width × 50 cm length × 40 cm height) with 100 L of aerated water for post-marking



Fishes 2022, 7, 112 3 of 13

culture, and the fish were fed to satiation with commercial pellets of Fish Formula Feed
126, mainly containing ca. 28% crude protein, 15% ash, 12.5% moisture, 12% crude fiber,
3% crude fat, 1.2% lysine, and 0.6% phosphorus (Wuxi Tongwei Biological Technology
Co., Ltd., Wuxi, China). Fish were fed twice per day at the same time each day, and feed
residues were removed daily from each aquarium. During this period, the water was kept
continuously oxygenated under natural light, and the water temperature ranged from 23 to
32 ◦C. Samples were taken every 5 d, with five fish sampled each time, and the experiment
ended after all fish were sampled.
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Figure 1. The three types of otoliths of juvenile crucian carp.

2.2. Extraction and Detection of Otoliths

After measuring the weight (g) and total length (mm) of the sampled fish, sagittae in
the cytosacular sac, asterisci in the bottle sac, and lapilli in the elliptical sac were removed
under a stereoscopic microscope (NV10, Shanghai Precision Instruments Co., Ltd., Shang-
hai, China; Figure 1). The otolith was first rinsed with ultrapure water that was purified
using an Elga Purelab Water System (CLXXXDIM2, ELGA, High Wycombe, UK) and then
dried with 99.7% ethanol. Samples were embedded in Epofix Resin and Epofix Hard-
ener (Epofix, Struers, Rødovre, Denmark). They were grinded with sandpaper (1200 and
2000 meshes) until the core was exposed, followed by polishing the surface of the otolith
using an automated polishing machine (LaboPol-35, Struers, Rødovre, Denmark) with a
polishing solution (OP-S NonDry, Struers, Rødovre, Denmark). After samples were ultra-
sonically washed, rinsed with Milli-Q water, and completely dried, otoliths were carbon-
coated (36 A and 25 s) with a vacuum coating machine (JEE-420, Electronics Co., Ltd.,
Tokyo, Japan). Elemental line and surface distributions of Sr on the otoliths were detected
using an electron probe micro-analyzer (EPMA, JXA-8100, JEOL Co., Ltd., Tokyo, Japan)
following similar analytical methods to Liu et al. [33]. The accelerating voltage and beam
current were 15 kV and 2 × 10−8 A, respectively. The electron beam was focused on a point
that was 2 µm in diameter, with measurements spaced at intervals of 4 µm. The Sr and Ca
concentrations on the longest axis from the core to the edge of each otolith sample were
measured. X-ray intensity maps of Sr contents were developed for each representative
otolith with the EPMA, using an accelerating voltage of 15 kV, beam current of 5 × 10−7 A,
counting time of 30 mS, and pixel size of 6 × 6 µm. The electron beam was focused on a
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point with a diameter of 5 µm. Measurement quality was validated using calcium carbonate
(CaCO3) and strontium titanate (SrTiO3) standards purchased from the Chinese Academy
of Geological Sciences, Beijing, China. The backscattered electron (BSE) images of otoliths
were taken by a Phenom Pure Desktop Scanning Electron Microscope (Pure-SED, Thermo
Fisher Scientific, Eindhoven, The Netherlands). The accelerating voltage was 5 kV.

2.3. Data Processing

Statistical analysis of data was performed using Microsoft Excel 2016. The Sr/Ca
ratios of different areas on the otoliths are expressed as the mean ± standard deviation. A
Mann–Whitney U-test (SPSS 26.0, IBM SPSS Statistics Inc., Chicago, IL, USA) was used to
compare the Sr/Ca ratios in the different otoliths in the marked and control groups after
post-marking culture, as well as the otoliths in different stages. The significance level of
the difference was set at p < 0.05. As the Sr content in otoliths is much lower than the Ca
content, the Sr/Ca ratio refers to a standardized ratio, which is Sr/Ca × 103. Different
colors in X-ray intensity maps from blue (lowest) to green, yellow, and red (highest) indicate
values corresponding to Sr concentrations.

3. Results
3.1. Effect of Sr Marking on the Survival and Growth of Juvenile Crucian Carp

During the 5-d exposure of juvenile crucian carp to Sr, there were no deaths in the
marked or control group, indicating that Sr marking had no acute toxicity in the exper-
imental fish. After the post-marking culture for 20 d, there were also no deaths in both
groups. There was also no significant difference in the average total length (n = 5) and wet
mass (n = 5) between the control group and the marked group (p > 0.05), indicating that Sr
marking had no chronic effects on the experimental fish (Figure 2). In summary, Sr marking
had no significant effect on the survival and growth of experimental fish within the dose
range used in this experiment.
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Figure 2. Changes in the means and corresponding standard deviations of wet mass and total length
of crucian carp in the marked and control groups at different sampling days (n = 5).

3.2. Otolith Marking
3.2.1. Inter-Otolith Variation in Sr/Ca Ratio

Quantitative line analyses demonstrated that after being soaked in 60 mg/L SrCl2·6H2O
for 5 d, Sr-marked peaks were formed on the sagittae, lapilli, and asterisci otoliths of the
juvenile crucian carp (Figure 3). However, among the three types of otoliths, there were
differences in the results of line distribution. On the fifth day after the resumption of
feeding, the Sr/Ca ratio increased in the sagittae, lapilli, and asterisci. During this time, the
Sr/Ca ratios of the lapilli and sagittae were far greater than those of the asterisci. By the
10th day after post-marking culture, the Sr/Ca ratio marked peak of the asterisci differed
from that of the lapilli and sagittae, with a gradual decline over time. By the 15th day after
post-marking culture, the peak value of Sr marking had decreased significantly, gradually
approaching the value of the Sr/Ca ratio before the immersion. On the 20th day of post-
marking culture, the Sr/Ca ratio of the three types of otoliths returned to values before the
Sr immersion.
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Figure 3. Dynamics of Sr/Ca ratios in the three types of otoliths (lapilli, asterisci, and sagittae) of
juvenile crucian carp during 20 d of post-marking culture. Note: in the label for each line, the first
numbers 5, 10, 15, and 20 represent that the fish was extracted and euthanized for analysis on the 5th,
10th, 15th, and 20th day after the immersion marking was completed; the second numbers of 1, 2, 3,
4, and 5 represent the code of each sampled fish; and the third character, “L” represents lapilli, “S”
represents sagittae, and “A” represents asterisci. The last digit “0” means the control group.

After 20 d of post-marking culture, the otoliths showed complete dynamic changes
from the core to the edge. The change in Sr/Ca was divided into three phases (Figure 3
and Table 1). In each of the three phases, the Sr/Ca ratio of the lapilli and sagittae was
significantly different from that of the asterisci (p < 0.05). For the lapilli and sagittae, there
was no significant difference in the second phases (p > 0.05) but there was a significant
difference in the first and third phases (p < 0.05). In the lapilli and sagittae of every sample,
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the ratios of Sr/Ca in the first and third phases were significantly different from those in the
second phases (p < 0.05), and there was no significant difference between the first and third
phases (p > 0.05). However, on the second and third samples of the asterisci, the Sr/Ca
ratios in the three phases were significantly different from each other (p < 0.05), whereas
the first and third stages, were not significantly different for most samples (p > 0.05). In
addition, the Sr/Ca ratio in the three types of otoliths in the control group remained stable
during the post-marking culture for 20 d (Figure 3 and Table 2). The Sr/Ca ratio of the lapilli
and sagittae differed significantly from each other (p < 0.05), and both differed significantly
from that of the asterisci (p < 0.05).

Table 1. Inter-otolith microchemical phases of the Sr/Ca ratio for marked juvenile crucian carps at
20 d of post-marking culture.

Sample Cord

First Phase Second Phase Third Phase

Distance from
the Core (µm)

Sr/Ca
(Mean ± SD)

Distance from
the Core (µm)

Sr/Ca
(Mean ± SD)

Distance from
the Core (µm)

Sr/Ca
(Mean ± SD)

20-1-L 0–406 3.03 ± 0.59 b 408-426 37.65 ± 16.30 a 428–440 2.92 ± 0.31 b

20-2-L 0–440 3.09 ± 0.56 b 442–458 32.12 ± 22.61 a 460–474 3.18 ± 0.64 b

20-3-L 0–364 3.01 ± 0.67 b 366–384 38.74 ± 21.75 a 386–396 2.71 ± 0.54 b

20-4-L 0–402 3.04 ± 0.67 b 404–422 38.46 ± 21.89 a 424–432 3.23 ± 0.55 b

20-5-L 0–384 3.09 ± 0.62 b 386–408 32.26 ± 21.06 a 410–422 3.01 ± 0.35 b

Average - 3.05 ± 0.04 B - 35.85 ± 3.36 A - 3.01 ± 0.21 B

20-1-S 0–358 3.78 ± 0.57 b 360–378 38.23 ± 21.54 a 380–386 3.66 ± 0.23 b

20-2-S 0–340 3.80 ± 0.52 b 342–356 39.06 ± 27.51 a 358–364 4.01 ± 0.46 b

20-3-S 0–286 3.82 ± 0.57 b 288–302 41.64 ± 23.74 a 304–312 3.89 ± 0.93 b

20-4-S 0–370 3.78 ± 0.54 b 372–386 33.02 ± 23.17 a 388–394 4.01 ± 0.36 b

20-5-S 0–338 3.79 ± 0.62 b 340–350 36.17 ± 25.03 a 352–360 3.40 ± 0.22 b

Average - 3.79 ± 0.02 A - 37.62 ± 3.24 A - 3.79 ± 0.06 A

20-1-A 0–382 1.01 ± 0.41 b 384–392 8.22 ± 2.72 a 394–402 1.00 ± 0.79 b

20-2-A 0–296 1.09 ± 0.59 b 298–326 6.86 ± 2.66 a 328–346 1.61 ± 0.64 c

20-3-A 0–384 1.08 ± 0.43 b 386–392 9.04 ± 3.05 a 394–396 1.79 ± 0.04 c

20-4-A 0–320 1.06 ± 0.58 b 322–326 7.89 ± 2.81 a 328–330 1.67 ± 0.51 b

20-5-A 0–386 1.04 ± 0.28 b 388–394 9.07 ± 1.89 a 396–398 1.94 ± 1.63b

Average - 1.06 ± 0.03 C - 7.95 ± 0.79 B - 1.42 ± 0.38 C

Note: The Sr/Ca ratio refers to a standardized ratio, which is Sr/Ca × 103. In the sample code, the number “20”
represents 20 d of post-marking culture was completed; the second number 1, 2, 3, 4, or 5 represents the order of
the sample fish; and the third character “L” represents lapilli, “S” represents sagittae, and “A” represents asterisci.
In the superscript symbols, lowercase letters “a, b, and c” indicate significant differences among the three phases
of the same sample, and uppercase letters “A, B, and C” indicate a comparison of significant differences between
different samples at the same stage. Values that do not share a common letter are significantly different.

3.2.2. Inter-Otolith Changing of Sr Map Patterns

The surface distribution of the Sr content in the otoliths of juvenile crucian carp
was consistent with the line distribution. The different colors presented in the Sr maps
corresponded to different ranges of Sr/Ca ratios. The otoliths of fish in the marked group
had a low Sr central area surrounded by a high Sr ring; the otoliths of all fish in the control
group were always in blue color with a low Sr content from the core to the edge (Figure 4).
Therefore, it can be directly observed from the otolith surface distribution that a “Sr-marked
area” was produced on the otoliths by the 20th day of post-marking culture, and the blue
color, consistent with the formation of the otolith before immersion, was observed outside
the marked area. However, the color of the lapilli and sagittae differed from that of the
asterisci. Red and yellow-green colors in the marked area can be clearly observed against
the background color in the lapilli and sagittae, whereas the dark blue in the marked area
of the asterisci was relatively inconspicuous.
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Table 2. The otolith Sr/Ca ratio of control juvenile crucian carps measured on the same day as
marked fish on the 20th day of post-marking culture.

Sample Cord Distance from the Core (µm) Sr/Ca (Mean ± SD)

20-1-L-0 0–434 3.18 ± 0.53
20-2-L-0 0–398 3.10 ± 0.50
20-3-L-0 0–386 3.05 ± 0.57
20-4-L-0 0–410 3.12 ± 0.55
20-5-L-0 0–370 3.06 ± 0.50
Average - 3.10 ± 0.05 B

20-1-S-0 0–268 3.61 ± 0.71
20-2-S-0 0–314 3.57 ± 0.69
20-3-S-0 0–304 3.61 ± 0.52
20-4-S-0 0–278 3.53 ± 0.52
20-5-S-0 0–286 3.61 ± 0.57
Average - 3.59 ± 0.04 A

20-1-A-0 0–398 1.09 ± 0.32
20-2-A-0 0–370 1.12 ± 0.45
20-3-A-0 0–380 1.11 ± 0.37
20-4-A-0 0–356 1.10 ± 0.30
20-5-A-0 0–440 1.09 ± 0.33
Average - 1.10 ± 0.01 C

Note: The Sr/Ca ratio refers to a standardized ratio, which is Sr/Ca × 103. In the sample code, the number “20”
represents that 20 d of post-marking culture was completed; the second number “1, 2, 3, 4, or 5” represents the
order of the sample fish; and the third character “L” represents lapilli, “S” represents sagittae, and “A” represents
asterisci. The last digit “0” represents the control group. In the superscript symbols, uppercase letters “A, B, and
C” indicate a comparison of significant differences between different samples. Values that do not share a common
letter are significantly different.
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3.2.3. Inter-Otolith Time Delay for Sr Marking

By comparing the EPMA maps of Sr and BSE images that included daily increments
for the three types of otoliths (Figure 5), where the daily increments were calculated at the
edge of the otolith (Figure 6), there was a specific time delay between the beginning of the
immersion and the generation of the marking ring in the three types of otoliths; this time
delay also existed between the end of immersion and the termination of the marking ring.
On the lapilli and sagittae, the Sr signal appeared on the third day of the marking phase
and was terminated on the 17th day of post-marking culture. On the asterisci, the Sr signal
appeared on the second day of the marking phase and was terminated on the 13th day of
post-marking culture. Therefore, in both the lapilli and sagittae, there was a time delay (i.e.,
time lag) of 2 d between the start of Sr marking and the appearance of the marking signal,
whereas there was a 16-d time delay between the end of marking and the termination of
the signal. For asterisci, there was a time delay of 1 d between the start of Sr marking and
the appearance of the Sr marking signal, whereas there was a 12-d time delay between the
end of immersion and the termination of the signal.
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Figure 5. Typical Sr content maps and backscattered electron image of the three types of otoliths
(lapilli, asterisci, and sagittae) of juvenile crucian carp on the 20th day of post-marking culture. Note:
the color from blue to red indicates a gradual increase in the Sr/Ca ratio of otoliths, the white arrows
indicate the region from the core to the edge of the otolith, and the white box contains the growth
area of the fish otoliths during the post-marking culture phase.
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Figure 6. Time delay between the appearance and termination of Sr marks in three types of otoliths
(lapilli, asterisci, and sagittae) of juvenile crucian carp. Note: the color from blue to red indicates
a gradual increase in the Sr/Ca ratio of otoliths. The length of the yellow line segment indicates
that the Sr/Ca ratio was still in the normal level of the otolith growth range after the start of the
Sr-immersed marking. The length of the black line indicates the growth range of otoliths when the
Sr/Ca ratio was higher than the normal level. The length of the white line in the figure indicates the
growth range of otoliths when the Sr/Ca ratio returned to a normal level after a high value.

4. Discussion
4.1. Selection of Otolith Type for Observation of Sr Marking

When selecting the best otolith type for observation, not only should the marking
effect be adequate, but the otolith sample should also be easy to obtain and process. The
results of the elemental line and surface mapping of the Sr marks (Figures 3 and 4) showed
that a successful marking effect could be achieved in the sagittae, lapilli, and asterisci.
However, owing to the morphological characteristics of the sagittae during the growth
process, both ends of the otoliths grow forward, and one end becomes extremely slender,
similar to those of Opsaridium microcephalum [34]; furthermore, they are fragile when picked,
and it is difficult to obtain the entire “horizontal plane” during the polishing process. This
leads to difficulties in obtaining a complete “marking ring” owing to the damage to the
otolith edge during surface distribution mapping. Compared with the asterisci, the color
shown by the concentration of Sr in the marked area on the sagittae is attractive, as with
the lapilli.

The peak value of the Sr mark for the asterisci was far lower than that for the sagittae
and the lapilli in the line distribution (Figure 3), and the Sr concentration in the marked
area appeared to be a dark-blue color, which is different from the color in the sagittae and
lapilli. The width of the “Sr mark areas” was narrow; thus, the marked area was more
indistinguishable than that of the lapilli and sagittae in EPMA maps. However, the asterisci
of cyprinid fish are large and easy to remove, and the shape of the growth increment of the
otolith is relatively irregular [34].

From both the line and mapping distribution effects of Sr marking (Figures 2 and 3),
the marking effect was more obvious for the lapilli than for the asterisci and sagittae.
Lapilli are moderate in size and are oval, with regular shapes; hence, they are easy to
process [34]. In summary, it would be most suitable and feasible to choose lapilli as the
material to observe the Sr marking of juvenile crucian carp in future experiments. Moreover,
in previous studies on Hemigrammopetersius barnardi and O. microcephalum, lapilli were
concluded to be the most appropriate for the analysis of daily increments [34,35].
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4.2. Variations in Sr-Marked Effects among the Three Types of Otoliths

In freshwater, Sr can replace Ca in a CaCO3 matrix, which is similar to Ba, and shows
stable characteristics over time [7]. According to the data shown in Table 1, the three pairs
of otoliths showed significant increases in Sr, after Sr immersion, even though the level
of increase varied among them. Different pairs of otoliths are formed by different CaCO3
polymorph types, namely aragonite, vaterite, and calcite [36], and different polymorph
types have varied distribution coefficients. Vaterite typically has lower elemental concen-
trations than aragonite [37], which might explain why the asterisci (composed mainly of
vaterite [7,38]) had lower Sr levels than the sagittae and lapilli (aragonite [38,39]). Similar
results were obtained in the determination of strontium element concentrations in the lapilli
and asterisci of goldfish (Carassius auratus) [40,41].

In the samples obtained on the 15th day of post-marking culture, when the Sr mark
peaks were observed, the sagittae and lapilli were still in the Sr uptake phase. The Sr mark
of the asterisci reached its peak and started to gradually decline and return to normal levels.
This is probably because otolith biomineralization has been found to be tightly coupled
to the metabolic rate [42,43], and it is also possible that different types of otoliths grow
at different speeds at certain stages. For example, during the juvenile period, the growth
rate of the lapilli and sagittae is lower than that of the asterisci [41]. To fully explain this
observation, an in-depth exploration of the crystalline structure and mechanism of element
formation of the three types of otoliths in juvenile crucian carp is required.

4.3. Significance of Time Delay to Sr Markings of Otoliths

The deposition of elements into otoliths from the environment is a multi-stage process.
The elements are transported from the plasma into the endolymph of the inner ear through
ion transport and finally settle on the surface of the otoliths [7]. In this process, there will
be a certain time delay from an element entering the fish body to its deposition in the
otoliths. Generally, specific time delays occur between the beginning of the immersion and
the generation of the marking signals of the three types of otoliths, as well as between the
end of immersion and the termination of the marking signals, i.e., the times (e.g., date) are
not equal to each other for the former and latter. Brown and Harris used exogenous Sr to
immerse golden perch and found that the Sr marking could not be detected until the 20th
day of post-marking culture [44]. In the Sr marking of Japanese eels, the changes in the
Sr/Ca ratio in the otoliths were visible after 10 d, whereas the complete deposition in the
otolith required at least 30–60 d [45].

From the findings of previous studies and this study, it can be concluded that there is
a time delay in the deposition of environmental elements into the otoliths, which differs
among fish species, growth stages, and water environments. For a better understanding
of the marking process and to objectively and accurately assess marking effectiveness,
otolith sampling should avoid the beginning and end of immersion, because otolith Sr
marking may not have started or finished during these periods. The mechanism of this
time delay must be studied further in terms of Sr deposition and the otolith structure of
different fish species, [38] and combined with basic characteristics of the water environment,
such as salinity [46] and temperature [40]. Other biological factors, such as fish genetics,
development stage, growth rate, food, and physiological conditions, can also affect the time
lag of Sr deposition in otoliths [47]. Future research on the mechanisms of Sr deposition in
otoliths among different species will be useful to improve Sr marking methods.

5. Conclusions

This is the first time that 60 mg/L SrCl2·6H2O was used for the immersion of juvenile
crucian carp to evaluate the Sr marking among otoliths. Otoliths were collected every
5 d during the 20-d period of post-marking culture for EPMA analysis. Both quantitative
line analysis of otoliths and surface distribution detection obtained ideal marking results
for the three types of otoliths. Considering the influence of otolith element content and
otolith morphology on marker observations, the lapilli provide the best option for detecting
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Sr-marked juvenile crucian carp. There is a time delay (or time lag) between the timing of
the appearance or termination of the Sr marker and the beginning and end of Sr immersion
for the three types of otoliths. The experimental protocol can be optimized to determine the
optimal immersion concentration and time and elucidate the mechanisms of Sr deposition
in a future study.
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