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Fig. 1 Photograph of the fish and the three types of otoliths

used in this experiment
Based on the 5th day of post-immersion culture.
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Fig. 2 Changes in mean body weight and mean total length of larval grass carps during the
days of resuming feeding after immersion
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Fig. 3 Changes in Sr content in otoliths of larval grass carp in marked and control groups
at d 0 and d 60 during post-immersion culture

In the label for each line, the first numbers 0 and 60 indicate that the fish were sampled for otoliths and analyzed on
days 0 and 60 after the immersion; the second numbers 1, 2, and 3 represent the order of each fish used in the experiment;

and the third letters, “L” for lapillus, “S” for sagitta, and “A” for asteriscus. The last digit 0 means the control group.
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Fig. 4 Changes in Sr content in otoliths of larval grass carp in marked and control groups atd 5, 10, 15, 20, 25,
30, 35, 40 and 50 during post-immersion culture
In the label for each line, the first numbers 5, 10, 15, 20, 25, 30, 35, 40 and 50 indicate that the fish were sampled for
otoliths and analyzed on days 5, 10, 15, 20, 25, 30, 35, 40 and 50 after the immersion; the second numbers 1, 2, and 3 represent
the order of each fish used in the experiment; and the third letters, “L” for lapillus, “S” for sagitta, and “A” for asteriscus.
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Fig. 5 Characteristics of Sr/Ca ratio in otoliths of marked and control group of larval grass
carp at d 0 and d 60 during post-immersion culture
In the label for each line, the first numbers 0 and 60 indicate that the fish were sampled for otoliths and analyzed on days 0

and 60 after the immersion; the second numbers 1, 2, and 3 represent the order of each fish used in the experiment; and the third
letters, “L” for lapillus, “S” for sagitta, and “A” for asteriscus. The last digit “0” means the control group.
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Fig. 6 Characteristics of Sr/Ca ratio in otoliths of marked and control group of larval grass carp atd 5,
10, 15, 20, 25, 30, 35, 40 and 50 during post-immersion culture

In the label for each line, the first numbers 5, 10, 15, 20, 25, 30, 35, 40 and 50 indicate that the fish were sampled for otoliths and
analyzed on days 5, 10, 15, 20, 25, 30, 35, 40 and 50 after the immersion; the second numbers 1, 2, and 3 represent the order of

each fish used in the experiment; and the third letters, “L” for lapillus, “S” for sagitta, and “A” for asteriscus.

H-£ lapillus RHf sagitta S H A asteriscus 50 um

K7 PRI A Rl R h bR O 20 e e A i A ) T A R
LUK 1 57 40 d 1.
Fig. 7 Mapping of otoliths in marked group of larval grass carp during post-immersion culture
40 d of post-immersion culture as an example.
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Fig. 8 Photograph of the three types of otoliths of larval grass carp in scanned electron microscopic
a. Lapillus from the 10th d of post-immersion culture, b. Sagitta from the 5th d of post-immersion culture,
c. Asteriscus from the 10th d of post-immersion culture. The numbers on the otoliths indicate the counting of the daily rings.

3 itig

3.0 Ea{Fa=XFAERICHFESN
1K, H8l(Ba)Zefel, Sr rfLITE CaCO;
FH IR Ca, FFREFE B A HERS R R E B
FRAEMY JEIE R N St 45Xt S B AR T, i8S
M Sr/Ca HAE L o3#r, HIREUELANIFE H 80 mg/L
75K AL BT 2 d B aR AR 4T
HifE 3 ZKHA LR B ARG, BRSOk
BRI L RLAAF . A HA R A F CaCOs £
BRI, WSCA . BRSCH M A, AR
ZARPI A0 RECAF . BROCA M TR W
AR TS0 P, SRR HA7 K A e ER SCA #
A, O A R A D)3 2 v SO A B B,

XA LIRS T AT A TE AR PRI i R4 R B
FCEA 19 Sr 4 & & LA Sr/Ca HU(E I & T A
HoAamEK ., FrfEmmsah, Wigd eSS
T AR TC A ST Y B E A A T AR S B PRk B 1Y
TR, T8 B FNGCE A 7R W T [ 5 AR
I 7 R T D) S R B I Sk R, TER
ZRN SRR IC s b, R ER LR — HoA A
RIS SR, bR RO R g iy 5L E A R S
G, Al REPILUCF TR K B BSR4, FEA
S, AT 3 JEH A AR ICAE S R R D
K HURE B M 2 R B AT LU, R E A 2T
TR ARt AR ORI X 42 . 3% 5 Zhu 2507
FESE A SRR IS TP A R — 3G Ik, EEETOR
BT H At S AR OGRS, RO 3 ZEHAY



648 K 7 R

#3148

PbRIC 22 ST EE XA A, DAk Hh i A Ok
WE St AMCACR IR R T A 2
3.2 BE=RERMFEAEZEREST

BUHT AN, B e f R AL ik 2 F 1,
I B — R fa ik iy 3 2RH A7 . FEA IR B A A
ST, TERAR GRS 0 REURERY AT, K
HoA . WOEAERRE TR, (H2 A R ) B E) A
HA ., NRIEFRCH& s e iokE, BHAE
Jo b IR R SRR I 0, B B A SR A R] Y 3
T, Sr 45%f SR Sr/Ca HAEA TP IR BT F
Mo RIFEAEE A g b, BRH A M a8bsid
DX 5 IR A0 Ak, AR X OE B B 5 8 B
AR A AR, X —PI¥UESE T R H A
JE W LY, IS T R 1R 1 o B A7 1E,
R] RE e X R A T IR i R, R H A%
B AL, AR DANIE BARIC o IR A [ AR 20
FHVE R 4G W0t I A A7 g1 T AR 10 i), H
T 12 HS B AG 2 B M AR K, PRt R 7
VRl 0= S0 S a1 ] B/ oy S (i O € o
A 25 DSV R 25 5l Yol x4 2 2 i BB o
TFRFRICET, BT 8 H IR mm i 2LE fa A 4
AR B H A R A, R X R E A T4y
Mo TEXT B AT R AT AR AR IC USRI, R IR TE
JE IR B AT HARHEE H S i, R ok e (i
BEA, BRI RE b xS R e 3 2K H:
A BT B) 9 22 S, HE AR IO A VR S BAT £
FRic LER Y 1 e
33 HE&FaERCREESTESHR

JTCE NV E A e — 2 Byt
B, JURIE A B THE K HE A N H B Pk e,
R UURE HA 2w PO, e A frh, Ao
F A R BN TR B i — 2 i B [ 28
R HE, R R EER kAR TER ATFIR A 3
PRI A bRe (s 5 R 2 ), DR AL,
FIFRICAS 520k 2 1], BRmska] (@ 3 3% T8
H N5 S % AN KIS . Brown 5PV FHAME
Sriziu g, kI EBIbRIC ISR TR IERE 20 KA BE
K2 Sr kric. #£ H AR Sr dricd, AT
Sr/Ca FLMEAIASALAE 10 d JE R UL, 1 B i 58
U EDTE 30~60 dPY, KR40 e R

1 BRRRIC BT 5T K IRPE FF RIS B35 3 K, H
A EA TG B BERARIE, FERE RGN 6 K,
HATEEbRCA & 5E 4 % o [l Zha 22 2 /iy
S 3 EHA AR I TR AT, S
WA KA EE S0 SR AE 2 d
IR 22, REANEEI R 1 d, A AR E
AES AW ENFEE 16 d, EHA N 12 d, 1E
ARy, A AR SRS
HRERMNTF IR S5 R1IATE 1 d e 2,
] B A BB AR 1O AR 5 T 2k 5 R i 4 R A AP e
1 d BRHE 22, FH L2 T B A, X n) g
M2 ERBHKIREEZ S MENN . AT
T4 T bR IO R I LA b IR A BRI RCR,
L HRURE IV 3k 6 Y0 1 T B NS AR, TR Ry 3
I E AT St ARic T A 4 A FF 4R 3k 58 B o X RS [i]
FER ML ARG AR 020 Sr DU A
ZERPOR 45 S K IR BE I EARRAE, £k PO AR
RO — 2B gT . HAb AR N R, nfa il
. OREWE ERKEE . BWAERKME, @
2250 St A6 HA7 A ORI I e T R sk it R
F P FEHA S GBS 0506 A B F et
St AR ik

4 it

A SR X S S L AR T 43 BT AR
(EPMA)X 80 mg/L 4 SrCl,-6H,0 2 Fric 2 d 1Y
R AT H A REAR AT 00, BT ai Rk
W FL BB 65 7F R fa A1 0 B B BUEEAR IC A,
HoA R A B R R AR AR G (H I i R T B HA
B P S ) % B T) B 3800, BEARIC 5 WA BT T e
ZIEHE KT, £ 3 REARPRICHIER £ KB B,
MEAMEEAR Sr/Ca B KTEEA, H
Fric (R BB R AR — 2R S A A £ 3 2K
Homh, B HAWIE RS A T H A fk H
1o MWEIRFETR | 7% BRE, Akl
() Sr 71l 5y FEDE S 40 fh (9 A A7 R AE K TC i 3 5
e o 25 b B AR A I e DL RICR B H A BURE Y ME )
FREE, SCH-A AT AR S I Lt A £ Sr AR id el &
WY HATREA, 2 SR AT Ry 7K™ 5 B S B v 1 B T
UL A T 0 B AL B AR M He R S HE, TRl Ry



%5 6 1]

RIARSE: F AT = H A AbRICRRIE & H 5 i (8] 364k

649

IR BT B 8 3 K84 2 —1E AR50
SAR Mt TR

5% 3k

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

Loewen T N, Carriere B, Reist J D, et al. Linking physiology
and biomineralization processes to ecological inferences on
the life history of fishes[J]. Comparative Biochemistry and
Physiology, Part A: Molecular & Integrative Physiology,
2016, 202: 123-140.

Pracheil B M, Hogan J D, Lyons J, et al. Using hard-part

microchemistry to advance conservation and management of

North American freshwater fishes[J]. Fisheries, 2014, 39(10):

451-465.

Warren-Myers F, Dempster T, Swearer S E. Otolith mass
marking techniques for aquaculture and restocking: Benefits
and limitations[J]. Reviews in Fish Biology and Fisheries,
2018, 28(3): 485-501.

Skalski J R, Buchanan R A, Griswold J. Review of marking
methods and release-recapture designs for estimating the
survival of very small fish: Examples from the assessment of
salmonid fry survival[J]. Reviews in Fisheries Science, 2009,
17(3): 391-401.

Shippentower G E, Schreck C B, Heppell S A. Who's your
momma? Recognizing maternal origin of juvenile steelhead
using injections of strontium chloride to create transgenerational
marks[J]. Transactions of the American Fisheries Society,
2011, 140(5): 1330-1339.

Kullmann B, Hempel M, Thiel R. Chemical marking of
European glass eels Anguilla anguilla with alizarin red S and
in combination with strontium: In situ evaluation of short-term
salinity effects on survival and efficient mass-marking[J].
Journal of Fish Biology, 2018, 92(1): 203-213.

Huntsman B M, Kim H, Phelps Q, et al. Limestone remediation
of an acidic stream creates a microchemical batch mark for
brook trout within an Appalachian watershed[J]. North
American Journal of Fisheries Management. 2020, 40(6):
1523-1531.

Loeppky A R, McDougall C A, Anderson W G. Identification of
hatchery-reared lake sturgeon using natural elemental signatures
and elemental marking of fin rays[J]. North American
Journal of Fisheries Management, 2020, 40(1): 61-74.

Bath G E, Thorrold S R, Jones C M, et al. Strontium and
Barium uptake in aragonitic otoliths of marine fish[J].
Geochimica et Cosmochimica Acta, 2000, 64(10): 1705-1714.
Zimmerman C E. Relationship of otolith strontium-to-
calcium ratios and salinity: Experimental validation for

juvenile salmonids[J]. Canadian Journal of Fisheries and

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

Aquatic Sciences, 2005, 62(1): 88-97.

Arai T, Chino N. Opportunistic migration and habitat use of
the giant mottled eel Anguilla marmorata (Teleostei:
Elopomorpha)[J]. Scientific Reports, 2018, 8: 5666.

Araya M, Niklitschek E J, Secor D H, et al. Partial migration
in introduced wild chinook salmon (Oncorhynchus tshawytscha)
of southern Chile[J]. Estuarine, Coastal and Shelf Science,
2014, 149: 87-95.

Yang J, Arai T, Liu H, et al. Environmental signature in the
otolith elemental fingerprint of the tapertail anchovy, Coilia
mystus, from the Changjiang Estuary, China[J]. Journal of
Applied Ichthyology, 2006, 22(5): 459-462.

Davoren G K, Halden N M. Connectivity of capelin (Mallotus
villosus) between regions and spawning habitats in
Newfoundland inferred from otolith chemistry[J]. Fisheries
Research, 2014, 159: 95-104.

Fowler A M, Smith S M, Booth D J, et al. Partial migration
of grey mullet (Mugil cephalus) on Australia’s east coast
revealed by otolith chemistry[J]. Marine Environmental
Research, 2016, 119: 238-244.

Pan X D, Ye Z J, Xu B D, et al. Population connectivity in a
highly migratory fish, Japanese Spanish mackerel (Scombe-
romorus niphonius), along the Chinese coast, implications
from otolith chemistry[J]. Fisheries Research, 2020, 231:
105690.

Jackson J.R. Earliest references to age determination of
fishes and their early application to the study of fisheries [J].
Fisheries, 2007, 32(7): 321-328.

Panella G. Fish otoliths: Daily growth layers and periodical
patterns[J]. Science, 1971, 173(4002): 1124-1127.

Campana S E. Chemistry and composition of fish otoliths:
Pathways, mechanisms and applications[J]. Marine Ecology
Progress Series, 1999, 188: 263-297.

Brown P, Green C, Sivakumaran K P, et al. Validating otolith
annuli for annual age determination of common carp[J].
Transactions of the American Fisheries Society, 2004,
133(1): 190-196.

Swanson R G, Gagnon J E, Miller L M, et al. Otolith
microchemistry of common carp reflects capture location and
differentiates nurseries in an interconnected lake system of
the North American Midwest[J]. North American Journal of
Fisheries Management, 2020, 40(5): 1100-1118.

Durham B W, Wilde G R. Validation of daily growth
increment formation in the otoliths of juvenile cyprinid
fishes from the Brazos River, Texas[J]. North American
Journal of Fisheries Management, 2008, 28(2): 442-446.
Fischer A J, Chesney E J, Cowan J H. Validation of first



650

o il K 2

#3148

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

annulus formation in red snapper otoliths with the use of an
alizarin complexone fluorescent marker[J]. Environmental
Biology of Fishes, 2010, 89(3-4): 313-317.

Parkinson K L, Booth D J, Lee J E. Validation of otolith
daily increment formation for two temperate syngnathid
fishes: The pipefishes Stigmatopora argus and Stigmatopora
nigra[J]. Journal of Fish Biology, 2012, 80(3): 698-704.
Chang J B, Deng Z L, Sun J Y, et al. Daily increments of
otoliths in larvae and juveniles of grass carp, Ctenoph-
aryngodan idellus[C]//China Zoological Society. Proceedi-
ngs of the 60th Anniversary of the Chinese Zoological Society.
Beijing: Science & Technology of China Press, 1994:
323-329. [# 8N, XS, Fhls, % HfafreitaEon
H %8 K BB [ClY/h E 3h¥f2:. ThE S22 iGar
60 JHAEIE A, Jbat: hEREEOR AL, 1994
232-239.]

Qiu C, Jiang T, Chen X B, et al. Study on simultaneous
marking of juvenile Cyprinus carpio with fluorescent compound
and strontium[J]. Hunan Agricultural Sciences, 2022(6):
57-61. [BR/R, =ik, BRiBIR, 5. Mg HN5OUEY
FERE AARER D] ROl R, 2022(6): 57-61.]
Oliveira A M, Farina M, Ludka I P, et al. Vaterite, calcite,
and aragonite in the otoliths of three species of piranha[J].
Naturwissenschaften, 1996, 83(3): 133-135.

Schulz-Mirbach T, Ladich F, Plath M, et al. Enigmatic ear
stones: What we know about the functional role and evolu-
tion of fish otoliths[J]. Biological Reviews of the Cambridge
Philosophical Society, 2019, 94(2): 457-482.

Ren D N, Meyers M A, Zhou B, et al. Comparative study of
carp otolith hardness: Lapillus and asteriscus[J]. Materials
Science and Engineering: C, 2013, 33(4): 1876-1881.
Thomas O R B, Swearer S E, Kapp E A, et al. The inner ear
proteome of fish[J]. The FEBS Journal, 2019, 286(1): 66-81.
Qiu C, Jiang T, Chen X B, et al. Charactercteristics of otolith
strontium marking and its time lags of larval Cyprinus
carpio[J]. Oceanologia et Limnologia Sinica, 2019, 50(4):
903-912. (L, %3, WRIEH, %. B(Cyprinus carpio)lT
10 H AT HR(So)brRic B H R R AE RO RTS8 (). e S 0,
2019, 50(4): 903-912.]

Si F, Ren J G, Wang Q L, et al. Strontium marking on
otoliths of Paralichthys olivaceus based on immersion

experiments[J]. Journal of Fishery Sciences of China, 2019,

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

26(3): 534-545. [F &, {T&Th, THEMK, % HTFRIEL
i 2 6P H A BEARIC BORAT S (1. h KR4, 2019,
26(3): 534-545.]

Zhu Y H, Jiang T, Chen X B, et al. Inter-otolith differences
in strontium markings: A case study on the juvenile crucian
carp Carassius carassius (Linnaeus, 1758)[J]. Fishes, 2022,
7(3): Article No.112.

Fu Z D, Li J, Yue B S, et al. Otolith marking of larval and
juvenile Chinese sucker with fluorescent substances[J].
Chinese Journal of Zoology, 2005, 40(4): 60-65. [+ H %,
A, R, . YO B IR C A R A L H
A1 ¥R, 2005, 40(4): 60-65.]

LiMH, Li T C, Zeng R K, et al. Immersion marking of
Schizothorax wangchiachii otoliths at early life stages with
fluorochrome dyes[J]. Freshwater Fisheries, 2021, 51(4):
12-20. [ZE%AE, ZRR0F, W, % JOLYURIXT AR
JiE o L AR IS SR [T]. K, 2021, 51(4):
12-20.]

Elsdon T S, Gillanders B M. Reconstructing migratory
patterns of fish based on environmental influences on otolith
chemistry[J]. Reviews in Fish Biology and Fisheries, 2003,
13(3): 217-235.

Brown P, Harris J H. Strontium batch-marking of golden
perch (Macquaria ambigua Richardson) and trout cod
(Maccullochella macquariensis) (Cuvier)[J]. Recent Develo-
pments in Fish Otolith Research, 1995: 693-701.

Yokouchi K, Fukuda N, Shirai K, et al. Time lag of the
response on the otolith strontium/calcium ratios of the Japanese
eel, Anguilla japonica to changes in strontium/calcium ratios
of ambient water[J]. Environmental Biology of Fishes, 2011,
92(4): 469-478.

Panfili J, Darnaude A M, Vigliola L, et al. Experimental
evidence of complex relationships between the ambient
salinity and the strontium signature of fish otoliths[J].
Journal of Experimental Marine Biology and Ecology, 2015,
467: 65-70.

Tzeng W N. Temperature effects on the incorporation of
strontium in otolith of Japanese eel Anguilla japonica[J].
Journal of Fish Biology, 1994, 45(6): 1055-1066.

Sturrock A M, Hunter E, Milton J A, et al. Quantifying
physiological
Methods in Ecology and Evolution, 2015, 6(7): 806-816.

influences on otolith microchemistry[J].



%5 6 1 RIARSE: F AT = H A AbRICRRIE & H 5 i (8] 364k 651

Characterization of strontium markers and validation of daily increment
formation for three otolith types in larval grass carp (Ctenopharyngodon
idellus)
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1. Wuxi Fisheries College, Nanjing Agricultural University, Wuxi 214081, China;
2. Laboratory of Fishery Microchemistry, Freshwater Fisheries Research Center, Chinese Academy of Fishery Sciences,
Wuxi 214081, China

Abstract: To explore whether strontium otolith-marking technology can be applied to evaluate the effect of grass
carp stocking in aquaculture, 9-d-old larval grass carp (Ctenopharyngodon idellus) were used. They were
immersed for 2 d in 80 mg/L strontium chloride hexahydrate (SrCl,*6H,0). After the immersion, the fish were
sampled continuously during the rearing process, and the pre-treated otoliths examined by electron probe
micro-analyzer. We used mapping and line analysis to investigate the elemental fingerprinting effect of strontium
on the otoliths of grass carp larvae and captured the exact time of formation on the first day and the time lag of
strontium marking based on counting of the daily rings of the three otolith types in grass carp. The results of the
quantitative line analysis showed that immersion with 80 mg/L SrCl,*6H,O solution for 2 d caused
strontium-marking peaks to form on the grass carp otoliths. The strontium-marking peaks of lapillus and sagitta
were higher than those of asteriscus and gradually decreased to normal levels with an increase in recovery feeding
time. Both lapillus and sagitta also had greater Sr and Sr/Ca ratios than asteriscus during the phase when the three
otolith types did not show an increase in Sr values or Sr/Ca ratios. The mapping analysis results were consistent
with the line analysis, and the marked areas in the three otolith types showed obvious red patterns, while the
unlabeled low-strontium otolith areas showed blue patterns. In addition, through the comparative analysis of
strontium-marking characteristics and the number of otolith growth days, it was found that among the three otolith
types, the formation time of asteriscus was later than that of lapillus and sagitta, with the first daily increment
formed at the 12th day of hatching, while lapillus and sagitta formed the first daily increment at the 2nd day of
hatching. There was a 1-d time lag between the beginning of strontium-marker formation and the start of immersion and
the disappearance of strontium markers and the end of immersion for lapillus and sagitta, respectively. Strontium
markers were observed to appear in the core of the asteriscus, and the disappearance of the strontium-marker
signals was observed with a time lag of 1 d from the end of immersion. Here, in terms of fish mortality and
behavior, the Sr dose had no significant difference (P>0.05) between the control and experimental groups.
Considering the effects of marking due to the absorption of strontium by different otoliths and the differences in
the morphology and structure of otoliths, as well as the difficulty of sampling, it is recommended that lapillus be
used as the most suitable otolith for the observation of Sr markings of grass carp larvae. This can provide a
theoretical basis and technological support for marking and detection of the stocking of grass carp and other
cyprinids.
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