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Otolith stable-oxygen-isotope composition and microstructure were analysed in order to investigate the
vertical habitat shift of deep-sea cusk eels (Ophidiiformes). Otolith §'80 profiles suggested that both
viviparous blind cusk eels and oviparous cusk eels experienced a pelagic larval stage and then settled
to the deep-sea floor over a vertical distance that ranged among individuals from 200 to >1000 m. This
result shows that the larvae of viviparous Barathronus maculatus undertake an ontogenetic vertical
migration after a period of larval drift that may facilitate their wide distribution on the sea floor.
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Distributions of benthic deep-sea fishes on the sea floor are dependent on their repro-
ductive strategies and ontogenetic vertical migration during their early life stages.
Ophidiiformes (cusk eels) are common in deep-sea environments and have different
reproductive strategies (e.g. oviparous and viviparous) among families. Most ophidiids
are oviparous and the larval fishes are hatched in the pelagic zone (Fahay, 1992), yet
fishes belonging to the Aphyonidae (blind cusk eels) and Bythitidae give birth to
young fishes directly (Nielsen et al., 1999). Larval and juvenile viviparous cusk eels
are believed to inhabit adult living depths and undertake little vertical migration
throughout their life (Nielsen et al., 1999). A juvenile Barathronus pacificus Nielsen
& Eagle 1974 of 41-8 mm total length, L, was collected from waters shallower than
260 m in the Tasman Sea (Okiyama & Kato, 1997). The adults, however, generally
inhabit depths from 3334 to 3860 m. This finding implies a possible pelagic larval
stage for aphyonids, particularly those of the genus Barathronus, but the data were
still insufficient to verify the migratory life history of deep-sea cusk eels.

The otolith stable-oxygen-isotope composition coupled with microstructure analysis
can reconstruct the historical residence depths of fishes. The microstructures of otoliths
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TaBLE 1. Biological and sampling information of the cusk eels (Ophidiiformes) used for the
analysis of otolith oxygen isotope composition

Depth M L;
Family; species Code (m) Date Station Location (g) (cm)
Ophidiidae
(oviparous)
Dicrolene DT1 673 November2012 SWTI1 22°23'N;120°70'E 22 167
Iristis DT2 673 November 2012 SWTI 16 154
Monomito- MP1 850 November2012 SWT2 22°14’N;120° 16/ E 60 21-9
pus MP2 850 November 2012 SWT2 75 22-1
pallidus MP3 673 November 2012 SWT1 22°23'N;120°70'E 39 189
M. kumae MK1 850 November2012 SWT2 22°14'N;120°16/E 62 21-7
MK2 850 November 2012 SWT2 32 192
MK3 850 November 2012 SWT2 6 112
Aphyonidae
(viviparous)

Barathronus BM1 1228 June 2005 NET1 24°24'N;122°13'E 95 213
maculatus BM2 1224 June 2005 NET1 24°23'N;122°14'E 57 20-1
BM3 1440 March 2008 P1 13° 34’ N; 120° 48’ E - -

Ly, total length; M, mass.

can reveal important life-history events, such as hatching, settlement and metamorpho-
sis (Hislop et al., 2001; Plaza et al., 2001; Hirakawa et al., 2007). Moreover, otolith
chemical composition such as otolith 580 (§'%0,,,), which is in equilibrium with
ambient water and affected by salinity, temperature and water §'80 (5'80,,) values
(Kalish, 1991; Campana, 1999) records a time series of environmental signals. Previ-
ous studies demonstrated linearly negative correlations between §'30,,, and ambient
water temperature (Grossman & Ku, 1986; Hgie et al., 2004). Thus, they can be used
to track fish movement along a temperature gradient, e.g. depth (Shephard et al.,
2007). The goal of this study was to uncover the residence depths of both oviparous
and viviparous cusk eels and reconstruct their habitat use throughout their life history.

For investigating residence depths of cusk eels with different reproductive strate-
gies, three species belonging to the oviparous Ophidiidae: Dicrolene tristis Smith &
Radcliffe 1913 (n=2), Monomitopus pallidus Smith & Radcliffe 1913 (n=3) and
Monomitopus kumae Jordan & Hubbs 1925 (n=3), and one species of viviparous
Aphyonidae: Barathronus maculatus Shcherbachev 1976 (n =3) were collected from
deep-sea areas around Taiwan and the Philippines (Table I and Fig. 1). Most fish
samples were collected on the R.V. Ocean Researcher I with a bottom beam trawl but
three alcohol-preserved B. maculatus (BM1, BM2 and BM3) were provided by the
Biodiversity Research Museum, Academia Sinica, Taiwan.

The sagittal otoliths of these fishes were extracted and ground along the sagittal
plane until the primordium was exposed. Sub-samples (c. 40 pg) of otolith pow-
ders were collected sequentially from the edge to the core with intervals of c.
55-160 pm using a micromill (ESI; http://www.esi.com/) [see Lin et al. (2012) for
the sampling details]. The tip of the drill was c. 200 pm in diameter (H23RS, Comet;
www.kometdental.de) and the drilling depth was set at 50 pm. The milled powders
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FiG. 1. The cusk eels (Ophidiiformes) were collected around Taiwan (NET1, SWT1-2) and the Philippines (P1).
Hydrographical data were measured at NET2 and SWT3.

were allowed to react with pure orthophosphoric acid at 70° C in an automated online
system (Kiel Carbonate IV; www.thermoscientific.com) to evolve CO, gas that was
further analysed by a mass spectrometer (Finnigan MAT 253; Thermo Electron Cor-
poration; www.thermoscientific.com) for oxygen isotopic composition. The long-term
reproducibility of the Finnigan MAT 253 is better than +0-08%o for 680 (one s.D.)
based on replicate measurements of NBS19 (c. 40 pg) during the experimental period.
6'80,,, values (%o) were reported in standard notation as the following, compared to
Vienna Pee Dee Belemnite (VPDB) standards through calibration against the NBS19
standard: & = [(Ryympte/Rytandara ™)1 X 1000 (%0), where R is the ratio of '*0:'°0 for the
sample and the standard.

Water temperature [Fig. 2(a)] and 5180W [Fig. 3(a)] values were used to predict
] 18OOto [Fig. 3(b)] based on the modified equation from Kim & O’Neil (1997) which
is enriched by 0-6%o in aragonite relative to calcite at 25° C (Grossman & Ku, 1986):
580, — 6180, =371 — 0-206T, where 6'80,,, and 'O, are the otolith §'80
value (VPDB scale) and water 6'80 value (VSMOW scale; Vienna standard mean
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FiG. 2. Hydrological data (a) temperature and (b) salinity measured in situ [ NET2 (), SWT2 () and SWT3
(......); see Fig. 1] with a SeaBird conductivity —temperature—depth recorder (www.seabird.com). Measure-
ments at NET2 and SWT3 were used to calculate the §'80,, and 6'80,,, at the sites NET1 and SWTI,
respectively.

ocean water), respectively, and 7 is the water temperature (° C). The §'30,, values
(VSMOW) were derived from the measured salinity (S) [Fig. 2(b)] via the following
equation built with data from the Luzon Strait (Lin, 2000): §'%0,, = — 13-2 + 0-39S.
The 6'80,, values of CO, (VSMOW scale) were converted to the VPDB scale.
According to Friedman & O’Neil (1977), the fractionation of this conversion equalled
1-00022 and the §'80 value of CO, produced by acid reaction with VPDB calcite is
innately higher than the CO, equilibrated with VSMOW water by 0-22%.. Thus, the
conversion equation can be shown as: 680,y qyow = 1:000225'80,,yppg + 0-22, i.e.
5130,vppp =0-999785'80,ysmow — 0-22. Accordingly, the residence depth of the
fish can be estimated from the measured §'80,,, value based on the profile of depth
(inferred from temperature) and predicted §'30,,, [Fig. 3(b)]. The precision of the
estimated temperature by §'0,,, was c. +1° C for single otolith analysis.

From the sea surface to 200 m depth, water temperatures decreased by 8-4—16-2° C
[Fig. 2(a)], 6180W values increased from —0-4 to —0-2%o to 0-05 to 0-11%o [Fig. 3(a)]
and the predicted 5'80,,, values increased by 2-13 to 3-62%o [Fig. 3(b)] among
sampling sites. At depths between 200 and 1500 m, §'0,, values changed within
a very narrow range [Fig. 3(a)], but temperature decreased by c. 15° C [Fig. 2(a)],
resulting in a predicted 6'30,,, increase of c. 3-1%o [Fig. 3(b)]. 'O, values mainly
reflected the variations in water temperature. A 1%o raise in 6'80,,, values generally
represents about a 4-8° C decrease in water temperature.

Accessory growth centres (AGC), which are reported to be related to habitat changes
(Morioka et al., 2001) or larval metamorphosis, existed in all examined cusk eels
(Fig. 4). The mean + s.D. distance from the AGC to otolith core was smaller for
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FiG. 3. Vertical profile of (a) sea water oxygen isotope ratios (6'80,) estimated from (b) salinity and otolith
oxygen isotope ratios (6 ]80(,‘0) predicted from water temperature and 5180“, [NET2 (), SWT2 ()
and SWT3 (.....); see Fig. 1]. Both §'30,, and 6'80,,, are in the Vienna Pee Dee Belemnite (VPDB) scale.

oto

B. maculatus (88-1+18-4pm) than for M. pallidus (168-8 £7-9pm), M. kumae
(164-0 +=23-7um) and D. tristis (149-7+12-7 um), yet there was no significant dif-
ference among these three species (P> 0-05, )(2 =6-98; Kruskal—-Wallis test). This
may imply an earlier habitat change for the viviparous B. maculatus. The mean + S.D.
number of increments between core and the AGC was highest for D. tristis (21-0 +2-6)
and lower for B. maculatus (19-3 +1-5) and M. pallidus (17-6 +2-3). The width of
growth increments sharply decreased from the AGCs to the first translucent zone (TZ;
Fig. 4). The distance between first TZ and core varied in the range of 237-986 pm and
it was significantly smaller for D. tristis than for other species (P < 0-01, y*=15-94;
Kruskal-Wallis test). The first TZ commonly occurs in the otolith of fishes with
a pelagic larval stage (Wilson & McCormick, 1999) and may be deposited during
bottom settlement, such as for the greater fork-beard Phycis blennoides (Briinnich
1768) (Casas & Pineiro, 2000), greeneye Chlorophthalmus albatrossis Jordan &
Starks 1904 (Hirakawa et al., 2007) and some grenadiers (Macrouronidae) (Lin et al.,
2012).

The 6'80,,, values rapidly increased from the core to the first TZ and then remained
steady (variation <0-5%0) beyond the first TZ in B. maculatus, M. pallidus and M.
kumae. §'30,, values for B. maculatus generally increased from 2-11 to 2-38%o at the
core region to 2-99 to 3-59%o near the first TZ [Fig. 5(a)], corresponding to a depth shift
from 560 to 690 m to 1050 to 1500 m. Only the individual BM3 exhibited a great drop
in 6'80,,, values to 1-28%o at around 300—400 pm prior to the subsequent increase.
This may reflect a rapid shift in habitat from the adult living depth to shallower water
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FiG. 4. Otolith microstructure of accessory growth centres (A) and the first translucent zone (A). (a, b)
Barathronus maculatus, (c, d) Dicrolene tristis, (e, f) Monomitopus pallidus and (g) Monomitopus kumae.
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FiG. 5. The 51800to Vienna Pee Dee Belemnite (VPDB) profiles of the cusk eels: (a) Barathronus maculatus
[three fish: BM1 (), BM2 (___) and BM3 (__)], (b) Monomitopus pallidus|three fish: MP1 (__), MP2
(——) and MP3 (__)], (c) Monomitopus kumae [three fish: MK1 (), MK2 (__) and MK3 (__)] and
(d) Dicrolene tristis[two fish: DT1 (__) and DT2 (__)]. The positions of accessory growth centres (V)
and the first translucent zone (V) are indicated

column during the early life stage. For M. pallidus, 5'80,,, values increased from 1-30
to 2-48%o at the core to 2-45 to 2-85%o at the first TZ [Fig. 5(b)], representing a depth
shift from c¢. 360 to 550 m in the larval stage to near 1100 m during the benthic stage.
6'80,,, values of M. kumae dramatically increased from 0-14 to 0-58%o to a plateau of
2-21-2-86%o [Fig. 5(c)], indicating a depth shift from 210 to 240 m to 850 to 1030 m.
The 6'80,,, values of D. tristis, however, showed little change between the core and
the adjoining first TZ. Instead, 5'80,,, values of D. tristis gradually increased from
1300 pm to the otolith edge [Fig. 5(d)] and the estimated depths only changed slightly
from c. 260 to 320 m in the larval stage to 480 to 690 m at the benthic stage. The major
peak of 680, values at the first TZ confirmed that the first TZ was deposited at the
settlement of the cusk eels, except for D. tristis.

The otolith is a three-dimensional structure with fast growth along the anterior-
posterior axis and slow accretion along the distal-proximal direction (Shiao et al.,
2005). Each sub-sample collected by the micromill contained CaCOj; across many lay-
ers of the otolith, representing different accreting periods. Thus, the shift in §'30,,, val-
ues (and in depth) might be obscured and the highest and lowest signals might be diluted
by the integrated powders (Hanson ef al., 2010). Compared with the conventional
drilling method, secondary ion mass spectrometry (SIMS) can provide higher temporal
and spatial resolution due to the small ion-beam size. Shiao et al. (2014) analysed the
5180, profile for one B. maculatus by SIMS and found a dramatic increase in 6'80,,
between 642 and 830 pm from the core, indicating a rapid habitat shift from the pelagic
to the benthic environment. This transient change was too brief to be detected by the
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mechanical drilling and IRMS analysis. The 'O, profile of B. maculatus analysed by
the SIMS, however, reached a plateau of ¢. 6-6%0, which was higher than the predicted
values shown in Fig. 3(b). In contrast, the measured §'30,,, peaks (2:99—3-59%o) for
B. maculatus by IRMS in this study were consistent with the predicted values.

In conclusion, these results suggest that both oviparous ophidiids and viviparous B.
maculatus undertook a habitat shift from a shallower habitat to the deep-sea floor with
the migratory distance differing among ontogenetic stages. A pelagic early life stage
might facilitate the wide dispersal of pelagic larvae via current drift and consequently
of adults on the deep-sea floor.
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funded by the Ministry of Science and Technology of Taiwan (MOST 103-2611-M-002-001).
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