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Characteristics of the life history of the coral reef-dwelling cardinalfish Siphamia tubifer,
from Okinawa, Japan, were defined. A paternal mouthbrooder, S. fubifer is unusual in
forming a bioluminescent symbiosis with Photobacterium mandapamensis. The examined S.
tubifer (n = 1273) ranged in size from 9.5 to 43.5 mm standard length (Ls) and the minimum
size at sexual maturity was 22 mm Ls. The number of S. tubifer associated during the day
among-thesspines of host urchins was 22.9 + 16.1 (mean + S.D.; Diadema setosum) and 3.6 +
3.2 (Echinothrix calamaris). Diet consisted primarily of crustacean zooplankton. Batch
fecundity (number of eggs; F) was related to Lg by the equations: males (fertilized eggs) Fs
= 27.5Ls)* 189.46; females (eggs) F = 31.3Ls— 392.63. Individual mass (M; g) as a function
of Ls was-described by the equation: M = 9.74 x 10°Ls**. Growth, determined from otolith
microstructure analysis, was described with the von Bertalanffy growth function with the
following-coefficients: L =40.8 mm Lg, K = 0.026 day' and #, = 23.25 days. Planktonic
larval duration was estimated to be 30 days. The age of the oldest examined individual was
240 days«The light organ of S. tubifer, which harbours the symbiotic population of P.
mandapamensis, increased linearly in diameter as S. tubifer L increased and the bacterial
population increased logarithmically with S. fubifer Ls. These characteristics indicate that
once settled; S. fubifer grows quickly, reproduces early and typically survives much less than
a year in-Okinawa. These characteristics are generally similar to other small reef fishes but

they indicate that S. fubifer experiences higher mortality.
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INTRODUCTION

Cardinalfishes (Perciformes: Apogonidae) are common on coral reefs worldwide and are
often ameng-the most abundant fish family present in a community (Bellwood, 1996).
Cardinalfishes are paternal mouthbrooders (Vagelli, 2011), active foragers at night (Marnane
& Bellwood, 2002), and seek shelter during the day, often in high densities with other reef
structures; including reef-dwelling invertebrates (Gardiner & Jones, 2005, 2010). As highly
abundantysmall-bodied fishes that often exhibit fidelity to a reef site, cardinalfishes probably
play an important role as prey for larger, predatory fishes and as planktivores that help

recycle'nutrients within the reef community (Marnane, 2000; Marnane & Bellwood, 2002).

Despite the diversity and ecological importance of cardinalfishes, comprehensive
knowledge of the life history of individual species remains limited, and key life-history traits
criticalifor population success, such as growth and reproductive rates, are not widely
documented. Nearly 350 species of cardinalfishes have been identified (Eschmeyer & Fong,
2015), yetithe growth rates of only six species have been described in detail (Kume et al.,
1998; Okuda et al., 1998; Kume et al., 2003; Longenecker & Langston, 2006; Raventos,
2007; Wu,2009; Ndobe et al., 2013; Kingsford ef al., 2014). Many studies to date have
emphasizedithe reproductive biology of cardinalfishes (Kuwamura, 1985; Vagelli, 1999;
Kume ef al,2000b; Okuda, 2001; Fishelson & Gon, 2008), whereas a few studies have

described larval growth and the pelagic larval duration (PLD) of some cardinalfish species
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(Brothers et al., 1983; Ishihara & Tachihara, 2011; Kingsford et al., 2014; Leis et al., 2015)
as well as the diets and feeding ecologies of others (Chave, 1978; Marnane & Bellwood,
2002; Barnett et al., 2006). Additionally, certain aspects of the behavioural ecology, e.g.
sociality, site fidelity and homing behaviour, of a few species have been recently described
(Marnane, 2000; Gardiner & Jones, 2005; Kolm et al., 2005; Daving et al., 2006; Gardiner &

Jones, 2010;-Gould et al., 2014; Rueger et al., 2014).

Life-history information is particularly sparse for bioluminescent cardinalfishes.
There are/three genera with autogenously luminous species, Archamia, Jaydia and
Rhabdamiagand one bacterially luminous genus, Siphamia (Thacker & Roje, 2009). The sea
urchin cardinalfish Siphamia tubifer Weber 1909 (Gon & Allen, 2012), formerly classified as
Siphamiaversicolor (Smith & Radcliffe, in Radcliffe, 1911; Tominaga, 1964), is possibly the
most widespread species of luminous cardinalfishes. Some characteristics of the ecology and
behaviour.of S. tubifer have been documented recently (Gould et al., 2014, 2015), and
symbiosis of S. tubifer with the luminous bacterium Photobacterium mandapamensis has
been the subject of several studies (Leis & Bullock, 1986; Wada et al., 2006; Kaeding et al.,
2007; Dunlap et al., 2009, 2012; Dunlap & Nakamura, 2011). Key aspects of the life history
of S. tubifery including diet, reproduction and growth, however, remain largely undescribed.
There is a general lack of detailed life-history knowledge for the > 450 species of bacterially
luminousfishes found worldwide (Nelson, 2006; Froese & Pauly, 2015). Therefore, the
general goalof this study was to describe in detail, aspects of the life history of S. fubifer in
order to provide a foundation for understanding the biology of S. tubifer for future research

and to provide an additional perspective on the biology of both reef-dwelling cardinalfishes
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and bacterially luminous fishes. The specific aims were to define the body size, length to
mass ratio, size distribution, aggregation size, diversity of diet, reproduction, growth and

symbiont population growth in host light organs of S. tubifer.

MATERIALS AND METHODS

FIELD,COLLECTION

Juvenile and adult S. fubifer were collected from reefs at various locations in
Okinawa, Japan (26.5° N; 128° E), during the summer months (June-August) of 2011
through 2014. Siphamia tubifer were collected with their host sea urchin with scuba using a
gaff hook.and a 20 1 bucket; the resident group of S. tubifer remained with their host urchin as
it was gently guided into a bucket using the hook. After collection, urchins were returned to
their site of capture. The protocols used here for capture, care and handling of S. tubifer were
approved-by the University of Michigan’s University Committee on Use and Care of
Animals, and they conform to the University of the Ryukyus’ Guide for Care and Use of

Laboratery-Animals (Dobutsu Jikken Kisoku, version 19.6.26).

The standard length (Ls) of each S. fubifer was measured to the nearest 0.5 mm using
calipers.and.the total wet mass (M; g) of several individual S. fubifer was measured to the
nearest 0.001 g. The Ls to M relationship was estimated using the function: M = aLs”, where
a is a constant and b is the growth exponent (LeCren, 1951). In 2013, the numbers of S.

tubifer associated with an individual host sea urchin, either Diadema setosum or Echinothrix
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calamaris, were recorded for analysis of aggregation size of S. fubifer in association with
each urchin species at two reefs with a high abundance of both urchins near Sesoko Station,

the University of the Ryukyu’s Tropical Biosphere Research Centre (26°38'N; 127°52'E).

DIET

The nocturnal diet of S. tubifer was characterized for 27 individuals captured together
at dawn immediately upon their return to their host urchin (Diadema setosum) after nocturnal
foraging (Gould et al., 2014). Siphamia tubifer stomachs were removed and preserved in 10%
buffered=formalin in sea water for gut content analysis. The prey items present in each

stomach were examined using a steromicroscope (Leica MZ 12.5; www.leica-

microsystems.com) and identified to the best possible taxonomic classification level. The
percentage of empty stomachs examined, or vacuity index (Iy), was calculated as well as the
percentage composition of each prey category for each S. tubifer with stomach contents. The
mean percentage composition of each prey type was compared between small, reproductively
immature S. tubifer and large, reproductively mature S. tubifer. The percentage occurrence
(presence ot absence) of each prey type among all individuals in each size class was also

determined:

REPRODUCTION

Tordescribe the reproductive potential of S. tubifer, the sex of mature S. tubifer was

determined by gonad examination, and the total number of fertilized eggs in the mouths of
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brooding males and mature eggs within the body of gravid females were counted using a
steromicroscope (Leica MZ 12.5). Only the eggs from females with highly developed oocytes
were counted, as they were easily separated from one another and individually sorted. The
relationship between S. tubifer Ls and batch fecundity (Fg), the number of eggs and fertilized
eggs per clutch for gravid females and brooding males, respectively, was fitted with a linear
regression=Tortest for a difference between batch fecundity of females and males, an
ANCOVA was performed in R version 3.1.1 (R Core Team; wwwr-project.org) with sex as
the factor and S. tubifer Ls as the covariate. Five fertilized eggs per brood were also selected
at random from 35 male S. tubifer and the egg diameters along two perpendicular axes (one
slightly-lenger than the other) were measured to the nearest 0.05 mm using a stage
micrometer and steromicroscope (Leica MZ 12.5); the mean diameter of each perpendicular

axis wascalculated for each of the 35 broods examined.

GROWTH

Pairs of sagittal otoliths from individual S. fubifer were removed, cleaned and stored
dry forymicrostructure analysis. The diameters of the right sagittae from several specimens
were measured using a dissecting microscope (Zeiss SteREO Discovery.V8; www.zeiss.com)
equipped with a digital camera (Zeiss AxioCam MRc). Images were taken of whole otoliths
[Fig. 1(2)];"and the longest axis through the primordium from one margin edge to the other
was measuted to the nearest 0.01 mm using Axio Vision 4 software (Zeiss). The percentage

of S. tubifer.Ls was also calculated for each otolith diameter.
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To estimate S. tubifer age, individual otoliths were mounted and attached to glass
slides with KrazyGlue (Elmer's Products, Inc.; www.elmers.com) and ground to their
transverse mid-plane using 2000 grit wet/dry polishing paper until daily growth bands
became visible. Both sides of larger otoliths were ground to clearly expose bands; however,
smaller otoliths were ground only on one side if growth bands became clearly visible. Images
of each eross=section were taken with transmitted light under a compound microscope (Nikon
Eclipse E600; www.nikon.com) equipped with a SPOT 2 Slider (1.4.0) digital camera, and
the total number of daily growth bands along a continuous radial transect, if possible, was
counted'twice, each time by a different observer for each image, using Adobe Photoshop
(CS6 Extended; www.adobe.com). First daily increment formation typically occurs at or
close to hatching in reef fishes (Thorrold & Hare, 2002); therefore growth bands were
counted from the first visible band after the hatch mark, a distinct, dark circle surrounding the
primordium, to the outer margin of each otolith. The increments between growth bands were
also measured for several individuals (n = 10) to look for a change in increment width as an
indication of the timing of settlement out of the plankton (Victor, 1986; Kingsford et al.,

2011).

The.average number of bands counted for each otolith by both observers was used as
the final value for the age of the S. tubifer. If the two counts differed by > 10%, a third count
was made and the average of the closest two counts was used as the S. fubifer’s age. If the

third count.was not within 10% of the first two counts, the otolith was not included in the

analysis. Growth was described by the von Bertalanffy growth function: L, =L _|1 —e K)
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where L, is the Lg at time ¢ (days), L is the Lg at which mean asymptotic growth is reached,
K is the growth coefficient (days™), and 1, is the theoretical age (days) at which fish length is
zero. The function was fitted to individual length-at-age data for S. fubifer using the package
‘fishmethods’ version 1.7-0 (Nelson, 2014) in R version 3.1.1 (R Core Team). Akaike
information criterion (AIC) scores were determined and used for selection of the von

Bertalanffy growth model over a linear growth model.

Daily growth bands were verified for sagittal otoliths of S. tubifer using a tetracycline
immersion method (Kingsford ef al., 2014) at Sesoko Station in June 2013. Adult S. tubifer (n
= 50, ranging in Ls from 23 to 41.5 mm) were immersed in a 0.25 g 1" tetracycline solution in
buffered sea water with aeration for 18 h and maintained in aquaria under natural light
conditions(26°N) with flowing sea water for an additional 5, 10 or 15 days after immersion.
While in aquaria, S. fubifer were fed nightly with an excess of wild-caught live zooplankton,
collected-with a 53 um zooplankton net using a spotlight at dusk from the pier adjacent to
their home reef, to simulate the natural diet and timing of foraging. Following each post-
immersion period, the sagittae of the randomly selected and sacrificed individuals were
immediately removed and stored dry in the dark until processing. Otolith cross-sections were
examinedunder a compound microscope (Nikon Eclipse E600) with fluorescent light for
tetracyeline jmarks (Odense & Logan, 1974); if a fluorescent band was visible, the otolith was
photographed in the same position under both transmitted and fluorescent light [Fig. 1(b)].
The number‘of bands present between the fluorescent mark and the otolith margin for each
otolith withsa visible tetracycline mark was counted without knowledge of the number of

days post-immersion that the S. tubifer was sacrificed. The band counts were then compared
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to the number of days post-treatment for each S. fubifer and averaged within each treatment

group.

LIGHT ORGAN AND SYMBIONT POPULATION GROWTH

Lightorgans of S. fubifer were dissected out and measured on the longer, anterior to
posterior axis to the nearest 0.1 mm using a steromicroscope (Leica MZ 12.5) fitted with an
ocular micrometer. To quantify bacterial population sizes, light organs from S. tubifer of
different Lg'were aseptically dissected and individually homogenized in 0.5 ml of filter-
sterilised«(0:2 mm) 70% sea water 25 mM HEPES buffer (pH 7.25) in ethanol-sterilised,
hand-held tissue grinders (Kaeding et al., 2007). The homogenates were then serially diluted
1:100 and"again 1:100 in filter-sterilised, buffered 70% artificial sea water, and 25 ul aliquots
of the second dilution were spread onto plates of a sea water-based nutrient agar medium
(Kaedinget al., 2007), which contained per litre: 10 g tryptone, 5 g yeast extract, 700 ml sea
water, 300 ml de-ionized water and 15 g of agar. The plates were then incubated at room
temperature (25 — 29° C) for 12 to 18 h to allow the formation of bacterial colonies. The
bacterial colonies were counted in the light to quantify the number of colonies, and in the
dark insa'photographic darkroom to confirm that all colonies were luminous and had the
characteristic appearance of the symbiont, P. mandapamensis. Light organ population sizes
were calculated from colony counts times the dilution factor used. Population sizes were

log;o-transformed, and the relationship with S. tubifer Ls was fitted linearly.

RESULTS
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SIZE

The Ls of S. tubifer collected from reefs in Okinawa over the 4 year study period (n =
1273) ranged from 9.5 to 43.5 mm; 12% of the S. tubifer observed were > 32 mm Ls (Fig. 2).
Brooding males (n = 95) ranged in Lg from 22 to 43.5 mm (Fig. 2). The M of S. tubifer
increased as a curvilinear function with S. tubifer Ls (Fig. 3). The mean = S.D. M of all S.
tubiferweighed was 0.780 £ 0.540 g, with minimum and maximum masses of 0.043 and

2.300 g, corresponding to S. fubifer that were 11.0 and 42.5 mm Lsg, respectively.

The'numbers of S. tubifer associated in groups with individual host urchins varied
between-the-two urchin species; the mean + S.D. number of S. tubifer associated with D.
setosum was 22.9 = 16.1, whereas the mean + S.D. number associated with E. calamaris was
3.6 £ 3:2%(Fig. 4). Approximately 35% of the E. calamaris examined (n = 69) were occupied
by one'S. tubifer, whereas only 6% of D. setosum (n = 36) were occupied by a single S.
tubifer (Fig. 4). Moreover, the largest group of S. fubifer observed with an E. calamaris
urchin contained 15 individuals, less than the mean group size associated with D. setosum.
The largest group of S. tubifer associated with a D. sefosum urchin consisted of 75

individuals.

DIET

The.general nocturnal diet of S. tubifer was diverse, consisting primarily of a variety

of crustaceans and other zooplankton, and gut contents varied between individuals collected

together from the same urchin (Table I). The only empty stomachs observed (/v = 7.4%) were
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from the two brooding males collected, confirming that S. tubifer does not forage while
brooding (Gould et al., 2014). Brooding males were excluded from the diet analysis. On one
occasion, 31 eggs (0.5 mm in diameter) of an unknown fish species were present in the
stomach of a large, non-brooding S. tubifer (26 mm Lg) in addition to other prey items. The
diets of small and large S. tubifer differed somewhat, although both amphipods and small
decapodshrimp were common prey items for both size classes; amphipods made up c. 18 and
10% of the diets of small and large S. tubifer, whereas decapod shrimps composed a mean of
over 30% of the diet of all S. fubifer examined (Table I). Several prey items were present in
over half ofithe small individuals examined, including amphipods, decapod crab zooea and
decapodsshrimps. Over half of the large S. tubifer also consumed decapod shrimps, however,
nearly half of this size class also consumed mysid shrimps and small teleost larvae, which
were unidentifiable due to digestive state. Copepods were observed in the stomachs of both

size classes but made up a larger percentage of the diets of smaller S. tubifer (Table I).

REPRODUCTION

Total numbers of fertilized eggs in the buccal cavity of brooding S. tubifer males
ranged frem:415 to 838 with a mean + S.D. of 650 + 146, and the numbers increased linearly
with Lg (Fig. 5). Similarly, the total number of eggs in ovaries of gravid females increased
linearly"with Ls, ranging from 440 to 838 total eggs, and the mean + S.D. was very similar to
that for males, 678 + 164. The relationship between Fg and Ls was not significantly different
between males and females (ANCOVA, F, 65 = 2.7, P> 0.05; Fig. 5). Fertilized eggs in the

mouths of male S. fubifer were nearly round, with one axis slightly longer than its
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perpendicular axis; the mean + S.D. long axis diameter was 0.87 £ 0.07 mm, whereas the
shorter axis was 0.80 + 0.07 mm. The ranges in diameter were 0.65 - 1.00 mm and 0.70 -1.20

mm for the short and long axes, respectively.

GROWTH

Sagittal otolith diameter (Oy) increased linearly with S. fubifer Ls (Ls = 15.00; - 1.16,
#* =0.97) and ranged from 0.83 mm to 3.07 mm (Fig. 6). The mean £ S.D. O s as a
percentage of S. tubifer Ls was 7.05 + 0.44%. From counts of otolith daily increments, the
growthwef:Si-tubifer was described by the von Bertalanffy growth model (VBGM) (Fig. 6),
which indicated that asymptotic growth is reached at 40.8 mm Lgs. The relationship between
In(L —~'Ejyand apparent age of S. tubifer was linear (+* = 0.82) and validated the use of the
VBGM (Everhart & Youngs, 1981), as did a comparison of AIC scores between a linear
model and.the VBGM; the AIC score for the VBGM was considerably lower (” AIC = 145).
Based on this growth curve, the age at first reproduction of S. fubifer is c. 57.5 days at 22 mm
Lg, theismallest size observed of reproductively mature S. tubifer. Furthermore, the age of the
oldest individual examined was estimated to be 240 days at 43 mm Ls. Settlement marks
were not-evident in S. fubifer otoliths and there was no observable pattern in increment width
between growth bands that would indicate the timing of settlement; increment widths varied
overall'from 4.8 — 19.5 um (mean + S.D. 13.8 + 3.2 um). The youngest S. fubifer analysed,
however, was 31 days old (11.5 mm Lg), which was close to the smallest size of S. tubifer
collected with an urchin (Fig. 2); therefore the PLD for S. fubifer in Okinawa is estimated to

be c. 30 days.
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The tetracycline immersion method confirmed that the growth bands used for ageing
represented daily growth increments of S. fubifer. Sagittal otoliths of 22% of the chemically
treated S. tubifer showed clear incorporation of tetracycline into their otolith microstructure,
visible as a fluorescent band under UV light [Fig. 1(b)]. The number of bands between the
fluorescent'mark and the otolith margin of these otoliths corresponded with the number of

days post-immersion for these individuals (Table II).

LIGHT'ORGAN AND SYMBIONT POPULATION GROWTH

Light organs of S. tubifer increased linearly in diameter as S. tubifer Lg increased with
no signt of asymptotic growth [ = 0.82, Fig. 7(a)]. The smallest light organ measured was
0.8 mmyin diameter (11.0 mm Ls), and the two largest light organs were both 2.9 mm in
diameter«36.0 and 37.0 mm Lg). The population sizes of P. mandapamensis in light organs
also increased with S. tubifer Ls [ =0.62, Fig. 7(b)], increasing from 7.0 x 10° (13.8 mm Lg)

to 8.7 x 107 (38.2 mm Lg) cells.

DISCUSSION

Among cardinalfishes, S. tubifer is unusual for its symbiosis with the luminous
bacterium Photobacterium mandapamensis. This study provides additional evidence of the
distinct btelogy of S. tubifer and also highlights some biological similarities to other

apogonids, including a diverse, carnivorous diet and large group aggregation sizes. In
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particular, the results presented here indicate that S. tubifer is the shortest-lived cardinalfish
studied to date, which in addition to a high natural mortality rate, might result from high
predation pressure, as direct predation on S. fubifer by other reef fishes has been observed at
the study site (Gould et al., 2014). As a consequence, predation might have played a role in
shaping the cryptic behaviour of S. tubifer as a small, bioluminescent coral reef fish that
seeks refuge-among urchin spines during the day and uses ventral luminescence, potentially

for counter-shading, while foraging at night (Dunlap & Nakamura, 2011).

Within the cardinalfish family, there is an overall positive, linear relationship between
maximumsspecies size and longevity (Marnane, 2001). This relationship holds true for small
species such as Doederlein's cardinalfish Ostorhinchus doederleini (Jordan & Snyder 1901)
and the'rabyspot cardinalfish Ostorhinchus rubrimacula (Randall & Kulbicki 1998), the life
histories of which have both been recently described (Table III). Results of this study are
similarte.that of O. rubrimacula, suggesting that S. tubifer is also short-lived in Okinawa (<2
to 3 year), and support the positive relationship between maximum body size and longevity
of apogonids. In addition, the size distributions reported for other Siphamia species are
similar/to that of S. tubifer; the coral siphonfish Siphamia corallicola Allen 1993 and Jebb’s
siphonfishsSiphamia jebbi Allen 1993 range in Lg from 10.7 to 30.5 mm (n = 55) and 11.7 to
24.8 (n.=39), respectively (Allen, 1993). It should be noted, however, that a larger
maximum body size (7.0 cm total length, L7) of S. tubifer was reported from Tahiti on
FishBase (Froese & Pauly, 2015), which indicates that S. tubifer has the potential to live

longer thanwobserved in this study.
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Aggregation sizes vary between different species of cardinalfishes and can range from
solitary or paired individuals to hundreds of individuals. Gardiner & Jones (2010) determined
that the mean group size of the five-lined cardinalfish Cheilodipterus quinquelineatus Cuvier
1828 was 13 with over half of observed groups consisting of only one to six individuals,
whereas longspine cardinalfish Zoramia leptacantha (Bleeker 1856) groups were much
larger, averaging 98 individuals and containing as many as 700 individuals. The number of
individuals per aggregation reported for S. jebbi was between 20 and 40 individuals in
association with pocilloporid coral heads (Allen, 1993). This aggregation size is similar to the
numberof S, tubifer reported here in association with D. setosum, but the group size
associatedwith E. calamaris was much lower, probably due to the shorter spines of E.
calamaris, which cannot physically accommodate or protect a large number of individuals.
The group-size of S. tubifer associated with E. calamaris was similar to the aggregation size
reported for Siphamia spp. among the spines of the crown-of-thorns sea star Acanthaster
planci (two_to 18 individuals per group, mean = 6.2) (Stier ef al., 2009), which also have
shorter spines than D. setosum. Conversely, the numbers of silver siphonfish Siphamia
argentea Lachner 1953 associated with the sea urchin Astropyga radiate in Madagascar were
reported to be so large that the sea urchin could not accommodate all of the individuals; S.
argenteastherefore formed a dense aggregation in the form of an urchin directly above the

urchin itself (Fricke, 1970).

Despite the use of ventral luminescence while foraging, the diet of S. tubifer was
similar to that reported for non-luminous cardinalfishes. Most apogonids are nocturnal

predators and feed primarily on benthic invertebrates and zooplankton; their diet is diverse,
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yet often dominated by crustaceans (Hiatt & Strasburg, 1960; Allen, 1993; Marnane &
Bellwood, 2002; Longenecker & Langston, 2006). Similar to the findings reported here, the
diet of S. tubifer (S. permutata) from the Red Sea was reported to consist of copepods,
gastropod veligers, worm chaeta, stomatopod larvae, benthic amphipods and juvenile shrimps
(Fishelson et al., 2005). All brooding males examined in this study had empty stomachs, and
therefore;-apparently do not forage during the incubation period. One non-brooding
individual had several eggs in its stomach, but the eggs were smaller in diameter than S.
tubifereggs; filial cannibalism, as reported for other cardinalfishes (Okuda & Yanagisawa,
1996; Okuda, 1999; Kume et al., 2000a) was not observed in this study. Although daytime
feedingswas-not examined, S. fubifer may consume small zooplankton prey throughout the
day while sheltered among its host urchin’s spines (Magnus, 1967, Tamura, 1982). Overall,
Siphamiaspp., like most cardinalfishes, have a generalist carnivore diet and forage

nocturnally on a diverse array of benthic zooplankton prey, especially decapod shrimps.

Mouth-brooding is one of the most effective ways of protecting offspring under high
predation pressure (Oppenheimer, 1970), and is therefore a successful reproductive strategy
for the relatively small-bodied family of cardinalfishes. Within the family, however, brood
sizes carried:by males vary widely, from as low as 40 to tens of thousands of eggs, as do egg
diameters (Vagelli, 2011), and there is no indication that brood or egg size vary in relation to
fish body size. Smaller cardinalfish species, including Siphamia spp., however, generally
have ovaries that are relatively large compared to their body size and spawn fewer, larger
eggs than'de larger species (Fishelson & Gon, 2008). Within Siphamia, a physically small

cardinalfish genus, brood sizes have been reported as low as 162 eggs for S. corallicola (25.0
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mm Lg) (Allen, 1993) and up to 600 for the crown-of thorns cardinalfish Siphamia
fuscolineata Lachner 1953 (27.7 mm Lg) (Vagelli, 2011); both instances were reported for a
single brooding male. The mean number of eggs per brood for S. tubifer was similar to that
reported for S. fuscolineata, however, the largest brood in this study contained over 800 eggs.
The number of eggs previously reported in the ovaries of S. tubifer (26 mm Ls) (Fishelson &
Gon, 2008) corresponds with the lower range of total eggs counted in gravid S. tubifer
females in this study. There was little to no difference between the total number of fertilized
eggs in broods carried by male S. tubifer and eggs in female gonads, indicating that few, if

any, eggs are lost in the process of fertilization and transfer to the male.

Egg diameters reported for other Siphamia spp. are similar to those reported here and
elsewhere(Tominaga, 1964); fertilized eggs of S. corallicola and S. fuscolineata were
between 0.95 and 1.0 mm and 0.7 and 0.8 mm in diameter (Allen, 1993; Vagelli, 2011),
respectively. Egg diameters in female ovaries of S. tubifer (S. permutata) and the pink-
breasted siphonfish Siphamia roseigaster (Ramsay & Ogilby 1887), however, were 1.2 and
1.3 mm in diameter (Fishelson & Gon, 2008), both larger than the maximum diameter of
fertilized eggs observed in the mouths of S. fubifer males in this study. Overall, Siphamia
spp. eggs-are average in size compared to the eggs of other apogonids and correspond with

the general trend that fishes with larger broods have smaller eggs (Vagelli, 2011).

In a.survey of sagittal otolith diameter as a percentage of fish Ls across 247 species in
147 marine-fish families, Paxton (2000) determined that nearly half of the species with the

largest otoliths (> 7% Ls) surveyed were luminous, including one species of apogonid
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[Archamia fucata (Cantor 1849)], which had a larger otolith than its non-luminous
counterpart examined [Apogon aureus (Lacépede 1802)]. This trend was true for most
families with both luminous and non-luminous members (Paxton, 2000). The otolith diameter
of S. tubifer, however, appears to be similar (c. 7% Ls) to that of the non-luminous apogonid

species examined by Paxton (2000).

The von Bertalanffy growth coefficientss for S. fubifer are similar to those reported
for another relatively small cardinalfish, O. rubrimacula (Longenecker & Langston, 2006,

Table 1) Both fishes have similar asymptotic lengths (L.,) and longevities < 1 year, but S.

tubifer had an initial growth rate (K) twice that of both O. rubrimacula and O. doederleini
(Longenecker & Langston, 2006; Kingsford et al., 2014). Additionally, the maximum age
observed for S. fubifer in Okinawa was even shorter than those reported for two Ostorhinchus
spp; theoldest observed O. rubrimacula in Fiji was 274 days (Longenecker & Langston,
2006), and-the oldest O. doederleini reported in the southern Great Barrier Reef, Australia,
was 368 days. Yet, much like this study, few fishes examined were older than 200 days

(Kingsford et al., 2014).

Noindication of the timing of settlement was evident in the otolith microstructure of
S. tubifer; however, the youngest individual observed was 31 days old and was similar in Lg
(11.5 mm) to the settlement sizes of other apogonid species (Leis ef al., 2015). Assuming that
S. tubifer.settle directly onto the reef and immediately take up residence among the spines of
a host urchin, the PLD of S. tubifer could be c¢. 30 days. This result is similar to that reported

for the weed cardinalfish Foa brachygramma (Jenkins 1903) in Okinawa with a mean PLD of
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30.6 days at 11 mm Lg (Ishihara & Tachihara, 2011), and it is relatively long in comparison to
the PLDs reported for other species (Leis et al., 2015). Some apogonids, however, undergo a
two-phase recruitment process, settling first on to sand rubble habitat before eventually
taking up residence on a continuous reef with adults (Finn & Kingsford, 1996). Thus far,
there 1s no evidence to suggest that S. tubifer settles out of the plankton on to non-urchin
habitatprierto taking up residence with adults at an urchin. There is also an undefined period
of time(estimated as a few days) after S. fubifer embryos have hatched in the male’s mouth,
but prior to their release into the plankton as larvae (Dunlap et al., 2009, 2012), which could

have an"influence on the PLD and should be considered in future studies.

There are few studies of the life histories and ecology of other bacterially luminous
fishes. Previous studies either described aspects of the life history with no examination of the
fish’s symbiosis with luminous bacteria (Murty, 1986; Okuda et al., 2005), or they focused
primarily-on the bioluminescent symbiosis (Hastings & Mitchell, 1971; Haygood, 1993); few
studies have examined the growth of the light organ and the symbiont population relative to
the growth of the host fish (Dunlap 1984; McFall-Ngai & Dunlap, 1984). This study shows
that light organs of S. fubifer continue to increase linearly in diameter with S. tubifer Lg, and
that the.aumber of luminous symbionts housed within a light organ also increases throughout
the life span of S. tubifer (Fig. 7). The maximum estimated symbiont population size in S.
tubifer,however, was lower than that reported for leiognathids, monocentrids and
anomalopids, and may be consistent with the generally smaller light organ of adult S. tubifer

compared to, light organs of adults of these other fishes (Haygood, 1993).
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The symbiosis with P. mandapamensis does not begin immediately upon hatching in
S. tubifer (Dunlap et al., 2012); the light organ of S. tubifer becomes receptive to colonization
by the symbiotic bacteria after 1 week or more of development post-release from the male’s
mouth (Dunlap et al., 2012), and larvae that were 2.8 mm in Lg had no luminous symbionts in
light organs, whereas larvae that were 3.5 and 10.4 mm Ls had symbionts (Leis & Bullock,
1986). Itremains unknown how many bacterial cells initially colonize a light organ and for
how long initial colonization is possible, but evidence from this study suggests that, once
established, the population size of P. mandapamensis within a light organ increases

throughouta host S. fubifer’s lifespan.

Before the current analysis of S. tubifer in Okinawa, O. rubrimacula in Fiji
(Longenecker & Langston, 2006) was the smallest and most short-lived cardinalfish reported.
Results.of this study, however, suggest that S. tubifer, despite its similar size, is even more
short-lived than O. rubrimacula, and once settled on a reef, grows at a rate twice that of both
O. doederleini and O. rubrimacula (Longenecker & Langston, 2006; Kingsford ef al., 2014;
Table III). Despite having similar lengths of asymptotic growth, S. fubifer reaches sexual
maturity sooner than O. rubrimacula and reproduces over more of its lifespan, as reflected by
the lowerseproductive load in S. tubifer (Table III); however, the mean brood size of S.
tubifer is much lower than that of O. rubrimacula (Longenecker & Langston, 2006). The
rapid growth to maturity and short lifespan of S. fubifer correspond with its cryptic behaviour
and supportithe hypothesis that high mortality, possibly due to predation, has influenced the

ecology of'this small, bioluminescent coral reef fish.

21
This article is protected by copyright. All rights reserved.



We thank S. Harii for logistic support, M. Grundler and M. Brisbin for technical assistance,

and G. Sobocinski for guidance with microscopy and imaging.

References
Allen, G=R(1993). Cardinalfishes (Apogonidae) of Madang Province, Papua New Guinea,

with déscriptions of three new species. Revue Frangaise d'Aquariologie 20, 9-20.

Barnett; A”'Bellwood, D. R. & Hoey, A. S. (2006). Trophic ecomorphology of cardinalfish.

MarinesEeology Progress Series 322, 249-257. doi:10.3354/meps322249

Bellwood;D. R. (1996). The Eocene fishes of Monte Bolca: the earliest coral reef fish

assemblage. Coral Reefs 15, 11-19. doi:10.1007/BF01626074

Brothers, E. B., Williams, D. M. & Sale, P. F. (1983). Length of larval life in twelve families
of fishes at “One Tree Lagoon”, Great Barrier Reef, Australia. Marine Biology 76, 319-324.

doi: 10:1007/BF00393035

Chave, E. H. (1978). General ecology of six species of Hawaiian cardinalfishes. Pacific

Science'32,245-270.

22
This article is protected by copyright. All rights reserved.



Doving, K.B., Stabell, O.B., Ostlund-Nilsson, S. & Fisher, R. (2006). Site fidelity and
homing in tropical coral reef cardinalfish: are they using olfactory cues? Chemical Senses 31,

265-272. doi:10.1093/ chemse/bjj028

Dunlap, P. V. (1984). Physiological and morphological state of the symbiotic bacteria from

light organs of ponyfish. The Biological Bulletin 167, 410-425.

Dunlap, P. V. & Nakamura, M. (2011). Functional morphology of the luminescence system
of Siphamia versicolor (Perciformes: Apogonidae), a bacterially luminous coral reef fish.

Journal-ef-Morphology 272, 897-909. doi:10.1002/jmor.10956

Dunlap, PV, Kojima, Y., Nakamura, S. & Nakamura, M. (2009). Inception of formation
and early morphogenesis of the bacterial light organ of the sea urchin cardinalfish, Siphamia

versicolor. Marine Biology 156, 2011-2020. doi:10.1007/s00227-009-1232-z

Dunlap, P. V., Gould, A. L., Wittenrich, M. L. & Nakamura, M. (2012). Symbiosis initiation
in the bacterially luminous sea urchin cardinalfish Siphamia versicolor. Journal of Fish

Biology815:1340-1356. doi:10.1111/5.1095-8649.2012.03415.x

Everhait, W. H. & Youngs, W. D. (1981). Principles of Fishery Science, 2nd edn. New

YorkgNY: Cornell University Press.

23
This article is protected by copyright. All rights reserved.



Finn, M. D. & Kingsford, M. J. (1996). Two-phase recruitment of apogonids (Pisces) on the
Great Barrier Reef. Marine and Freshwater Research 47, 423-432.

doi:10.1071/MF9960423#sthash.qTm97rg3.dpuf

Fishelson, L. & Gon, O. (2008). Comparative oogenesis in cardinal fishes (Apogonidae,
Perciformes);with special focus on the adaptive structures of the egg envelopes.

Environmental Biology of Fishes 81, 397-414. doi:10.1007/s10641-007-9211-z

Fishelson; Ii., Gon, O., Goren, M. & Ben-David-Zaslow, R. (2005). The oral cavity and
biolumineseent organs of the cardinal fish species Siphamia permutata and S. cephalotes

(Perciformes, Apogonidae). Marine Biology 147, 603-609. doi:10.1007/s00227-005-1613-x

Fricke, H'W. (1970). Ein mimetisches Kollektiv—Beobachtungen an Fischschwirmen, die

Seeigel'nachahmen. Marine Biology 5:307-314. doi:10.1007/BF00346896

Gardiner, N. M. & Jones, G. P. (2005). Habitat specialisation and overlap in a guild of coral
reef cardinalfishes (Apogonidae). Marine Ecology Progress Series 305, 163-175.

doi:10.3354/meps305163

Gardiner; N. M. & Jones, G. P. (2010). Synergistic effects of habitat preference and
gregarious,behaviour on habitat use in coral reef cardinalfish. Coral Reefs 29, 845-856.

doi:10.1007/s00338-010-0642-1

24
This article is protected by copyright. All rights reserved.



Gon, O. & Allen, G. R. (2012). Revision of the Indo-Pacific cardinalfish genus Siphamia

(Perciformes: Apogonidae). Zootaxa 3294, 1-84.

Gould, A. L., Harii, S. & Dunlap, P. V. (2014). Host preference, site fidelity, and homing
behavior of the symbiotically luminous cardinalfish, Siphamia tubifer (Perciformes:

Apogonidae)=Marine Biology 161, 2897-2907. doi:10.1007/s00227-014-2554-z

Gould, A. L., Harii, S. & Dunlap, P. V. (2015). Cues from the reef: olfactory preferences of a
symbiotically luminous cardinalfish. Coral Reefs 34, 673-677. doi:10.1007/s00338-015-

1278~y

Hastings; J"W. & Mitchell, G. (1971). Endosymbiotic bioluminescent bacteria from the light

organ of pony fish. Biological Bulletin 141, 261-268. d0i:10.2307/1540116

Haygood, M. G. (1993). Light organ symbioses in fishes. Critical Reviews in Microbiology

19, 191-216. d0i:10.3109/10408419309113529

Hiatt, ReWuw& Strasburg, D. W. (1960). Ecological relationships of the fish fauna on coral

reefs of the Marshall Islands. Ecological Monographs 30, 65-127. doi:10.2307/1942181

Ishihara, T..& Tachihara, K. (2011) Pelagic larval duration and settlement size of
Apogonidae, Labridae, Scaridae, and Tripterygiidae species in a coral lagoon of Okinawa

Island, Southern Japan. Pacific Science 65, 87-93. doi:10.2984/65.1.087

25
This article is protected by copyright. All rights reserved.



Kaeding, A. J., Ast, J. C., Pearce, M.M., Urbanczyk, H., Kimura, S., Endo, H., Nakamura, M.
& Dunlap, P. V. (2007). Phylogenetic diversity and co-symbiosis in the bioluminescent

symbioses of Photobacterium mandapamensis. Applied and Environmental Microbiology 73,

3173-3182. doi:10.1128/AEM.02212-06

Kingsford, M. J., Smith, F. J. A. & Flood, M. J. (2011). Growth and pelagic larval duration of
presettlement and newly settled neon damselfish, Pomacentrus coelestis, at multiple spatial

scales. Coral reefs, 30, 203-214. do1:10.1007/s00338-010-0692-4

Kingsford, M. J., Finn, M. D., O’Callaghan, M. D., Atema, J. & Gerlach, G. (2014).
Planktoniclarval duration, age and growth of Ostorhinchus doederleini (Pisces: Apogonidae)
on the southern Great Barrier Reef, Australia. Marine Biology 161, 245-259.

doi:10.1007/s00227-013-2331-4

Kolm, N., Hoffman, E.A., Olsson, J., Berglund, A. & Jones, A.G. (2005). Group stability and
homing behavior but no kin group structures in a coral reef fish. Behavioral Ecology 16, 521-

527.

Kume, 'G:;"Yamaguchi, A. & Taniuchi, T. (1998). Age and growth of the cardinalfish 4pogon

lineatus in,Tokyo Bay, Japan. Fisheries Science 64, 921-923. doi:10.2331/fishsci1.64.921

26
This article is protected by copyright. All rights reserved.



Kume, G., Yamaguchi, A. & Taniuchi, T. (2000a). Filial cannibalism in the paternal
mouthbrooding cardinalfish Apogon lineatus: egg production by the female as the nutrition
source for the mouthbrooding male. Environmental Biology of Fishes 58, 233-236.

doi:10.1023/A:1007670410804

Kume, Gy Yamaguchi, A., Aoki, I. & Taniuchi, T. (20005). Reproductive biology of the
cardinalfish Apogon lineatus in Tokyo Bay, Japan. Fisheries Science 66, 947-954.

doi:10.1046/.1444-2906.2000.00151.x

Kume, GueYamaguchi, A. & Aoki, I. (2003). Variation in life history parameters of the
cardinalfish Apogon lineatus. Fisheries Science 69, 249-259. doi:10.1046/j.1444-

2906.2003:00615.x

Kuwamusa, T. (1985). Social and reproductive behavior of three mouthbrooding

cardinalfishes, Apogon doederleini, A. niger and A. notatus. Environmental Biology of Fishes

13, 17+24. doi:10.1007/BF00004852

Le CrengE«D. (1951). The length-weight relationship and seasonal cycle in gonad weight

and condition in the perch (Perca fluviatilis). Journal of Animal Ecology 20, 201-219.

Leis, J. M..& Bullock, S. (1986). The luminous cardinalfish Siphamia (Pisces, Apogonidae):

development of larvae and the luminous organ. In /ndo-Pacific Fish Biology: Proceedings of

27
This article is protected by copyright. All rights reserved.



the Second International Conference on Indo-Pacific Fishes (Uyeno, T., Arai, R., Taniuchi,

T. & Matsuura, K., eds), pp. 703-714. Tokyo: Ichthyological Society of Japan.

Leis, J. M., Meyer, O., Hay, A. C. & Gaither, M. R. (2015). A coral-reef fish with large, fast,
conspicuous larvae and small, cryptic adults (Teleostei: Apogonidae). Copeia 2015, 78-86.

doi:10.1643/€G-14-119

Longenecker, K. & Langston, R. (2006). Life history characteristics of a small cardinalfish,
Ostorhinchus rubrimacula (Percoidei: Apogonidae), from Koro, Fiji. Pacific Science 60, 225-

233. doi:l0:1353/psc.2006.0009

Magnus, D7B. E. (1967). The ecological and ethological studies and experiments on the

echinoderms of the Red Sea. Studies of Tropical Oceanography 5, 635-664.

Marnane, M. J. (2000). Site fidelity and homing behaviour in coral reef cardinalfishes.

Journal of Fish Biology 57, 1590-1600. doi:10.1006/jb1.2000.1422

MarnanesM. J. (2001). The trophic role of cardinalfishes (Family Apogonidae) on coral
reefs. Ph.D. Thesis, James Cook University, Townsville, Australia.

http://researchonline.jcu.edu.au/33781/

28
This article is protected by copyright. All rights reserved.



Marnane, M. J. & Bellwood, D. R. (2002). Diet and nocturnal foraging in cardinalfishes
(Apogonidae) at One Tree Reef, Great Barrier Reef, Australia. Marine Ecology Progress

Series 231, 261-268. doi:10.3354/meps231261

McFall-Ngai, M. J. & Dunlap, P. V. (1984). External and internal sexual dimorphism in
leiognathid fishes: Morphological evidence for sex- specific bioluminescent signaling.

Journal of Morphology 182, 71-83. doi:10.1002/jmor.1051820105

Murty,V #S: (1986). Studies on the growth and population dynamics of silverbelly
Leiognathus -bindus (Valenciennes) in the trawling grounds off Kakinada. Indian Journal of

Fisheries 33, 277-284.

Ndobe, .S, Herawati, E. Y., Setyohadi, D., Moore, A., Palomares, M. L. & Pauly, D. (2013).
Life histery of Banggai cardinalfish, Pterapogon Kauderni (Actinopterygii: Perciformes:
Apogonidae), from Banggai Islands and Palu Bay, Sulawesi, Indonesia. Acta Ichthyologica et

Piscatoria 43, 237-250. doi:10.3750/A1P2013.43.3.08

Nelsongd«S: (20006). Fishes of the World. Hoboken, NJ: John Wiley & Sons, Inc.

Odense, P-H. & Logan, V. H. (1974). Marking Atlantic salmon (Sa/mo salar) with

oxytetracycline. Journal of the Fisheries Board of Canada 31, 348-350. doi:10.1139/£74-057

29
This article is protected by copyright. All rights reserved.



Okuda, N. (1999). Female mating strategy and male brood cannibalism in a sand-dwelling

cardinalfish. Animal Behaviour 58, 273-279. do1:10.1006/anbe.1999.1148

Okuda, N. & Yanagisawa, Y. (1996). Filial cannibalism by mouthbrooding males of the
cardinal fish, Apogon doederleini, in relation to their physical condition. Environmental

Biology of Fishes 45, 397-404. doi:10.1007/BF00002532

Okuda; N., Tayasu, I. & Yanagisawa, Y. (1998). Determinate growth in a paternal
mouthbrooding fish whose reproductive success is limited by buccal capacity. Evolutionary

Ecology12,681-699. doi:10.1023/A:1006533531952

Okuda; N7(2001). The costs of reproduction to males and females of a paternal
mouthbrooeding cardinalfish Apogon notatus. Journal of Fish Biology 58, 776-787.

doi:10.1006/jfb1.2000.1487

Okudaj N., Hamaoka, H. & Omori, K. (2005). Life history and ecology of the glowbelly
Acropoma japonicum in the Uwa Sea, Japan. Fisheries Science 71, 1042-1048.

doi:10. 11414.1444-2906.2005.01062.x

Oppenheimer, J. R. (1970). Mouthbreeding in fishes. Animal Behaviour 18, 493-503.

doi:10.1016/0003-3472(70)90045-X

30
This article is protected by copyright. All rights reserved.



Paxton, J. R. (2000). Fish otoliths: do sizes correlate with taxonomic group, habitat and/or

luminescence? Philosophical Transactions of the Royal Society B: Biological Sciences 355,

1299-1303. doi:10.1098/rstb.2000.0688

Radclifte, L. (1911). Notes on some fishes of the genus Amia, family of Cheilodipteridae,
with deseriptions of four new species from the Philippine Islands. [Scientific results of the
Philippine cruise of the Fisheries steamer “Albatross,” 1907-1910. No. 12]. Proceedings of

the United States National Museum 41, 245-261.

Raventésy:N: (2007). Age, growth and reproductive parameters of the Mediterranean cardinal
fish, Apogon imberbis. Journal of Applied Ichthyology 23, 675-678. doi:10.1111/j.1439-

0426.2007:00847.x

Rueger, T., Gardiner, N. M. & Jones, G. P. (2014). Relationships between pair formation, site
fidelity and sex in a coral reef cardinalfish. Behavioural Processes 107, 119-126.

doi:10.1016/j.beproc.2014.07.015

Stier, A«CuSteele, M. A. & Brooks, A. J. (2009). Coral reef fishes use crown-of-thorns

seastar as habitat. Coral Reefs 28, 227-227. doi:10.1007/s00338-008-0445-9

Tamura, R..(1982). Experimental observations on the association between the cardinalfish

(Siphamiawersicolor) and the sea urchin (Diadema setosum). Galaxea 1, 1-10.

31
This article is protected by copyright. All rights reserved.



Thacker, C. E. & Roje, D. M. (2009). Phylogeny of cardinalfishes (Teleostei: Gobiiformes:
Apogonidae) and the evolution of visceral bioluminescence. Molecular Phylogenetics and

Evolution 52, 735-745. doi:10.1016/j.ympev.2009.05.017

Thorrold, S. R. & Hare, J. A. (2002). Otolith applications in reef fish ecology. In: Coral Reef
Fishes:Dynamics and Diversity in a Complex Ecosystem (Sale, P.F. ed.), pp. 243-264. San

Diego,!CA: Academic Press.

Tominaga, Y. (1964). Notes on the fishes of the genus Siphamia (Apogonidae), with a record
of S. versieolor from the Ryukyu Islands. Japanese Journal of Ichthyology 12, 10-17.

doi:10.11369/1311950.12.10

Vagelli, A. (1999). The reproductive biology and early ontogeny of the mouthbrooding
Banggai-cardinalfish, Pterapogon kauderni (Perciformes, Apogonidae). Environmental

Biology of Fishes 56, 79-92. doi:10.1007/978-94-017-3678-7_6

Vagelli; A. (2011). The Banggai Cardinalfish: Natural History, Conservation, and Culture of

Pterapogen-kauderni. Hoboken, NJ: John Wiley & Sons, Inc.

Victor, B:"C: (1986). Duration of the planktonic larval stage of one hundred species of Pacific
and Atlantie-wrasses (family Labridae). Marine Biology 90, 317-326.

doi:10.1007/BF00428555

32
This article is protected by copyright. All rights reserved.



Wada, M., Kamiya, A., Uchiyama, N., Yoshizawa, S., Kita-Tsukamoto, K., Ikejima, K., Yu,

R., Imada, C., Karatani, H., Mizuno, N., Suzuki, Y., Nishida, M. & Kogure, K. (2006). LuxA
gene of light organ symbionts of the bioluminescent fish Acropoma japonicum
(Acropomatidae) and Siphamia versicolor (Apogonidae) forms a lineage closely related to

that of Photebacterium leiognathi ssp. mandapamensis. FEMS Microbiology Letters 260,

186-192.doi:10.1111/5.1574-6968.2006.00322.x

Electronic References

Eschmeyer, W. N. & Fong, J. D. (2015). Catalog of Fishes. California Academy of Sciences.
Available at

http://researcharchive.calacademy.org/research/ichthyology/catalog/SpeciesByFamily.asp.

(last accessed June 29, 2015).

FroesejR. & Pauly, D.(Eds) (2015). FishBase. World Wide Web electronic publication.

Available at http://www.fishbase.org. (last accessed June 29, 2015).

Nelson, G.A. (2014). fishmethods: Fishery Science Methods and Models in R. R package

version 1.7-0. Available at: http://CRAN.R-project.org/package=fishmethods

Wu, H. J.(2009). Spatiotemporal distribution of apogonids and the biology of Apogon

fasciatus in southwestern coastal waters off Taiwan. Master’s thesis (abstract). National Sun

33
This article is protected by copyright. All rights reserved.



Yat-sen University, Kaohsiung, Taiwan. Available at: http://etd.lib.nsysu.edu.tw/ETD-

db/ETD-search/view_etd?URN=etd-0427109-124940

34
This article is protected by copyright. All rights reserved.



This article is protected by copyright. All rights reserved.



Number of fish

30 75 " 100 125 M50

25

[
0 10 20 30 40

Standard length (mm)
fig2

This article is protected by copyright. All rights reserved.

50




Author Manuscript

@ 7
/
oo
%
o )
~ //.
EH ek
a 25
8. N
go.
5"
3
o M=974x107(L)""
H
——————

0 25 30 3
Standard length (mm)

fig3

This article is protected by copyright. All rights reserved.



Frequency

Frequency

20

(a) Diadema

15

40

(b) Echinothrix

1 2-5 6-10 11-24 25-50 50+

Number of fish
figd

This article is protected by copyright. All rights reserved.



Author Manuscript

1000

800

400

vy =2748(L,)-189.46
¥y =313(L,) - 39263

Batch fecundity (number of eggs)
600

200

20 25 30 35 40
Standard length (mm)

fig5

This article is protected by copyright. All rights reserved.



Author Manuscript

This article is protected by copyright. All rights reserved.



Author Manuscript

15 20 25

10

Light organ diameter (mm)

¥ =005(L,)+0.58

10 15 20 25 30 35 40 45

log(number of cells)
68 70 72 74 76 78 80

log(y) =0.03(L,) +6.72

10 15 20 25 30 35 40 45
Standard length (mm)

fig7

This article is protected by copyright. All rights reserved.



Figure captions

FIG. 1.(a) Photograph of a right sagittal otolith of Siphamia tubifer (27 mm standard length, L)
and (b).everlay of two images of the outer edge of a sagittal otolith cross-section from an
individual taken 15 days post-immersion in a tetracycline-seawater solution. For (b), the image at
the leftwas'captured under transmitted light and the image at the right was captured under

ultravigletdight. The black tick marks indicate daily growth bands.

FIG. 2 Frequency histogram of standard length (Ls) of Siphamia tubifer from various locations
in Okinawa, Japan, from 2011 to 2014. open , Ls frequencies of brooding males. [type-setter:

please'ehange ‘fish’ in Y axis label to ‘S. tubifer’]. X-axis to Ls (mm)

FIG. 3./ Total wet mass (M) of Siphamia tubifer as a function of standard length (Lgs; n = 121)

5268 . .
x~"%. Open diamonds, males; crossed diamonds,

fitted with the curvilinear function »=9.74 x 10"
brooders; closed diamonds, females; open circles, unsexed. [type-setter: please remove key and

equationsfs@m the figure as I have added these to the legend.] X-axis to Ls (mm)
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FIG. 4. The number of Siphamia tubifer aggregated together among the spines of a host sea
urchin: (a) Diadema setosum and (b) Echinothrix calamaris. [type-setter: please remove
‘Diadema’ and ‘Echinothrix’ from a and b labels on figure. Please change ‘fish’ to °S. tubifer’ on

X axisTabel. Centre frequency between (a) and (b)

FIG. 5/Batch fecundity of Siphamia tubifer represented as the number of fertilized eggs in the
mouths,ofbrooding males (open diamond dashed line; n = 46, = 0.46, F144=39.47, P<0.001;
y=27.48x-189.46) and eggs in the ovaries of females (closed diamond solid line; n = 49, 7* =
0.63, F1 47 = 82.59, P <0.001; y=31.3x-392.63) as a function of S. tubifer standard length (Lg).
[type settemsplease remove key and equations from the figure as I have added these to the figure

legend] X-axis to Ls (mm)

FIG. 64Standard length (Ls) of Siphamia tubifer by age as determined from counts of daily
growth.bands in sagittal otoliths fitted to the von Bertalanffy growth function y=40.8[ 1-¢ "2

2320, [typessetter: please remove equation from the figure as I have added it to the figure

legend] y-axis to Ls (mm)

FIG. 7.(a).The diameter of a Siphamia tubifer light organ (n =299, *=0.82, Fi297=1345,P<
0.001; y=0.05x+0.58) and (b) log;o number of luminous bacteria present in a light organ [n = 58,

#*=0.62, F1 56 =95.25, P < 0.001; y=0.03x+6.72 as a function of S. tubifer standard length (Ls).
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[type-setter: please remove equations from the figures as I have added them to the figure legend.]

X-axis to Ls (mm)log to logo
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Tables

TABLE 1. Summary of the diet of Siphamia tubifer (n = 25) in Okinawa, Japan. Percentage gut content (mean + S.E.) is the mean
percentage composition of each prey item of the total diet across all individuals of the standard length (Ls) class indicated. Percentage
occurrences(mean + S.E.) is the percentage of individuals in each size class in which that prey category was present in the diet. Rank
indicates the relative importance of each prey item to the diet of each size class as a reflection of percentage occurrence combined

with percentage content

S. tubifer <22 mm Lg (n = 14) S. tubifer >22 mm Lg (n=11)
Prey type Per cent Per cent gut content (£ Ran
Per cent gut content Rank Per cent occurrence
occurrence S.E.) k

Amphipoda 18.1 £ 4.4 64.3 2 10.1 (£9.1) 18.2 6 _—{ Comment [J1: Change all to this format |
Decapod crab

2.8 (£2.1) 14.3 8 6.0 (£2.7) 36.4 4
megalops
Decapod crab zooea 89(%£29) 50.0 3 5.1(£3.6) 18.2 8
Decapod shrimp 34.4 (+8.0) 78.6 1 31.7 (£9.0) 63.6 1
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Chaetognatha
Copepoda
Isopoda
Mollusca
Mysidacea
Ostracoda
Polychaeta
Stomatopoda
Tanaidacea
Teleost larvae

Fish eggs

0.7 (£0.7)

11.3 (£5.6)

6.5 (£5.3)
0.5 (+£0.5)
22(+£1.2)
12.5 (£7.2)

2.3 (£1.6)

7.1

35.7

21.4

7.1

21.4

35.7

14.3

10

1.5 (+ 1.0)
0.6 (£ 0.6)
0.7 (£0.7)
9.4 (+3.6)
0.7 (£0.7)
10.6 (& 5.6)
3.9(£3.1)
0.7 (£0.7)
19.2 (+9.5)

0.6 (+0.6)

18.2

9.1

9.1

45.5

9.1

27.3

18.2

9.1

45.5

9.1

13

10

10

10

13
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TABLE II.,Otolith growth band validation of Siphamia tubifer. Treatment refers to the number of days after tetracycline immersion

that otoliths'were:sampled,

Treatment (days) n; Lsrange (mm) n, Mean + S.E. count
5 12 27.5-41.0 1 5

10 15 27.5-41.5 5 10.8+1.7

15 15 29.0-37.5 5 14.6 £2.7

Ls, standardlength; n; and ny, the numbers of S. tubifer treated and the number of otoliths recovered with visible UV bands.

This article is protected by copyright. All rights reserved.



TABLE IIl. The von Bertalanffy growth coefficients, L , K and fy, available for apogonids. Minimum size and time at maturity, L,,

and z,,, and-maximum size and longevity, Lmax and #nax are also listed. Reproductive load, Ly:L , was calculated when possible.

Lengths inbold are reported as total lengths, Lt, and times or rates in bold are in years; all other lengths are reported as standard

lengths, Lsyandtimes or rates are in days. Where two values are present, data are males (females)

Species L (mm) K (time'l) 1o Ly (mm) £, Liyax (mm) tnax Ly:L Location Reference
Apogon fasciatus 105.5 1.88 -0.04 46.4 - - - - South-west Taiwan Wu (2009)
Apogon imberbis 120.5 0.41 -0.57 55 1 121 5 0.46 ?A‘;‘;ﬁeﬁfﬁean Sea Raventés (2007)
Apogon lineatus 86.6 (118.5) 1.12(0.37) -0.01(-1.03) 53 (65) 1 103 (112) 3 0.61 (0.55)  Tokyo Bay, Japan Kume et al. (1998)
94:7:(85.0) 0.50 (1.23) -0.88(-0.07) 51.3(65) 1 110 45 0.54 (0.77)  Niigata Prefecture, Japan Kume et al. (2003)
Ostorhinchus doederleini 65.04 0.01 ; ; ; 74 368 ; Great Barrier Reef, Kingsford et al. (2014)
Australia
86.5(88.6) 1.56(1.62) -0.02(-0.02) 69(73) 1 92.5* 6(7) 0.80(0.82) Shikoku Island, Japan Okuda et al. (1998)
Ostorhinchus rubrimaculd 40.8 0.014 22454 35 126 43 ** 274 0.86 Koro, Fiji (LZ%‘}%““I‘“ &Lagesen
Pterapogon kauderni 71 0.74 -0.11 40 1 66 3-5 0.56 ]I?;ladl;l)%lgezlliislands, Ndobe et al. (2013)
Siphamia tubifer 40.8 0.026 23.25 22 53 43.5 240 0.54 Okinawa, Japan this study
*largest size + S.D. reported
**approximate size estimated from growth data
4
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