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Abstract The sea urchin cardinalfish, Siphamia tubifer
(Perciformes: Apogonidae), is unusual among coral reef
fishes for its use of bioluminescence, produced by sym-
biotic bacteria, while foraging at night. As a foundation
for understanding the relationship between the symbiosis
and the ecology of the fish, this study examined the diel
behavior, host urchin preference, site fidelity, and hom-
ing of S. tubifer in June and July of 2012 and 2013 at reefs
near Sesoko Island, Okinawa, Japan (26°38'N, 127°52'E).
After foraging, S. tubifer aggregated in groups among the
spines of the longspine sea urchin, Diadema setosum, and
the banded sea urchin, Echinothrix calamaris. A prefer-
ence for D. setosum was evident (P < 0.001), especially by
larger individuals (>25 mm standard length, P < 0.01), and
choice experiments demonstrated the ability of S. tubifer
to recognize and orient to a host urchin and to conspecif-
ics. Tagging studies revealed that S. tubifer exhibits daily
fidelity to a host urchin; 43-50 and 26-37 % of tagged
individuals were associated with the same urchin after 3
and 7 days. Tagged fish also returned to their site of ori-
gin after displacement; by day two, 23-43 and 27-33 % of
tagged individuals returned from displacement distances of
1 and 2 km. These results suggest that S. tubifer uses vari-
ous environmental cues for homing and site fidelity; similar
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behaviors and cues might be used by larvae for recruitment
to settlement sites and for the acquisition of luminous sym-
biotic bacteria.

Introduction

Many coral reef fishes have restricted home ranges and
return to home sites daily after foraging and displacement
(Sale 1978a). Having a home site can enhance an individual
fish’s fitness through benefits associated with familiarity of
local resources and the location of competitors, predators,
and mates (Shapiro 1986; Noda et al. 1994; Brown and
Dreier 2002). Furthermore, the diel homing behavior of
fishes can directly affect nutrient transfer within a reef envi-
ronment (e.g., Meyer et al. 1983; Bellwood 1995) as well
as processes that influence population dynamics, such as
mortality and recruitment (Sale 1978b). Among reef fishes,
the cardinalfishes (Perciformes: Apogonidae) are one of the
most abundant and species-rich groups in the Indo-Pacific
(Allen 1993; Bellwood 1996). Cardinalfishes typically for-
age at night and form aggregations during the day around
reef structures, such as branching corals (Greenfield and
Johnson 1990; Gardiner and Jones 2005, 2010). Some car-
dinalfishes exhibit fidelity to their daytime home sites over
the course of months (Kuwamura 1985; Okuda and Yanagi-
sawa 1996; Marnane 2000), and few species are known to
return to home sites when displaced substantial distances
(Marnane 2000; Kolm et al. 2005). However, despite their
abundance in reef communities, cardinalfishes remain one
of the least studied families of reef fishes (Bellwood 1996).
In particular, little is known of the behavioral ecology of
members of the symbiotically luminous genus of cardi-
nalfish, Siphamia.
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Siphamia tubifer may be the most widespread Siphamia
species; a recent taxonomic revision reclassified Siphamia
versicolor (Smith and Radcliffe, in Radcliffe 1911; Tomi-
naga 1964), reported from many locations throughout the
Indo-West Pacific region, as a junior synonym of S. fubi-
fer Weber 1909 (Gon and Allen 2012). Like other cardi-
nalfishes, S. tubifer is a paternal mouth brooder; the adult
male orally broods his fertilized clutch of eggs (Breder
and Rosen 1966; Thresher 1984; Dunlap et al. 2012) and
releases pre-flexion larvae into the plankton (Dunlap et
al. 2009). Unusual for most cardinalfishes and other coral
reef fishes, however, bioluminescence apparently plays a
major role in the biology of S. tubifer. The abdominal light
organ of S. tubifer, which is connected to the intestine by a
duct, begins to develop in larvae after their release into the
plankton and remains free of bacteria for at least 7 days of
post-release development (Leis and Bullock 1986; Dunlap
et al. 2009). The luminous bacteria, identified as members
of clade II of Photobacterium mandapamensis (Kaeding et
al. 2007; Urbanczyk et al. 2011), are then taken up from
the environment and colonize the fish’s light organ (Dun-
lap and Nakamura 2011; Dunlap et al. 2012). The fish car-
ries a large population of the symbiotic bacteria in the light
organ and emits the bacterial light as an even glow over its
ventrum while it forages at night (Dunlap and Nakamura
2011). After returning to an urchin from foraging, the fish
release fecal material containing large numbers of the sym-
biotic bacteria (Dunlap and Nakamura 2011).

Despite progress in understanding the symbiosis of S.
tubifer and P. mandapamensis, the behavioral ecology of

the fish and the functional role of the symbiosis in its daily
life remain largely unknown. During the day, S. tubifer
associates in small to large groups with the longspine sea
urchin, Diadema setosum, or the banded sea urchin, Echi-
nothrix calamaris, remaining quiescent among the urchin’s
spines (Lachner 1955; Eibl-Eibesfeldt 1961; Tamura 1982).
A preference for a host urchin species would indicate which
reef sites are suitable for incoming recruits, and predictable
home sites could influence the distribution of competitors
and predators at that reef. However, whether the fish exhib-
its the homing behavior and site fidelity seen in other car-
dinalfishes and whether the symbiosis is influenced by or
contributes to these activities are not known. Therefore, to
begin building a foundation for understanding the ecology
of this group of apogonids with respect to the biolumines-
cent symbiosis, we examined the diel behavior, host urchin
preference, site fidelity, and homing of S. tubifer at reefs in
Okinawa, Japan.

Materials and methods
Study sites

This study was carried out at shallow coral reefs at Sesoko
Island, Okinawa, Japan (26°38'N, 127°52’E) and at nearby
reefs on Motobu Peninsula (Fig. 1) during June and July
of 2012 and 2013. Observations of diel behavior of Sipha-
mia tubifer were made at reefs fronting Sesoko Station
(Tropical Biosphere Research Center, University of the

Fig. 1 Map of the study area in
Okinawa, Japan. Study sites are
indicated with black circles and
labeled as follows: a Sesoko
Station (site fidelity study);

b study site near Motobu, the
point of origin for the hom-

ing study and site of all field
transects; ¢ 1 km release site
for the homing study; and d
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Ryukyus) on Sesoko Island, as were site fidelity experi-
ments. Transects and homing experiments were carried out
at a site in the vicinity of Motobu town, across the channel
from Sesoko Island (Fig. 1). The protocols used here for
the capture, care, and handling of S. rubifer were approved
by the University of Michigan’s Institutional Animal Care
and Use Committee, and they accord with animal handling
guidelines of the University of the Ryukyus Guide for Care
and Use of Laboratory Animals.

Diel behavior

Observations of groups of S. tubifer associated with Dia-
dema setosum were made using SCUBA to determine the
timing of departure from and return to a host urchin. On
July 1, 2012, the group of fish at an urchin was monitored
from approximately 15 min before sunset until no other
fish left the urchin. An additional observation of the urchin
was made at midnight to determine whether any fish had
returned from foraging by this time. On July 4, 2012, the
same urchin was monitored beginning at 1 h before sunrise
until the time after which no additional fish returned to the
urchin. One group of fish (n = 26) was collected immedi-
ately after their return to an urchin and examined for stom-
ach fullness and contents.

Host preference

To determine the natural preference for S. rubifer to asso-
ciate with D. setosum or Echinothrix calamaris (Fig. 2),
surveys along randomly placed transects were carried out
at a site approximately 40 m offshore where both species
of urchin were abundant (Fig. 1). A total of six independ-
ent 50 m transects were surveyed using SCUBA for the
number of urchins and associated S. tubifer along the back-
side of the reef and the adjacent sand flat. Transects were
randomly placed, regardless of substrate (reef or sand),
at least 20 m apart, and each urchin within two meters of
either side of the transect tape was examined by divers. The
urchin species and number of S. rfubifer associated with
each urchin were recorded along with the substrate type.
The size of each S. tubifer observed was also estimated and
recorded as either “small” (<25 mm standard length, SL) or
“large” (>25 mm SL) for three of the transects, as a differ-
ence in size of fish associated with each host urchin species
became evident during the first three transects.

For choice experiments, six groups of S. tubifer, which
varied in standard lengths and number of fish, were col-
lected with their urchins from reefs fronting Sesoko Sta-
tion (Fig. 1) and maintained in aerated aquaria with flowing
natural seawater. Individual fish were placed in the middle
area of a large aquarium (2 m x 1 m x 1 m) that contained
approximately 1,200 L of natural seawater. The tank was

Fig. 2 Groups of Siphamia tubifer associated with a longspine sea
urchin, Diadema setosum, (top) and a banded sea urchin Echinothrix
calamaris (bottom) on the reef fronting Sesoko Station in Okinawa,
Japan

partitioned into three equal sections with square plastic
mesh (20 x 20 mm?) through which the fish could swim.
Different combinations of choices were presented to each
fish in the two opposing sections of the aquarium, and the
sides in which the stimuli were presented were randomly
and periodically switched between fishes to ensure no side
bias existed in the tank. For each trial, the side that an indi-
vidual fish swam to and remained settled at for at least 30 s
was recorded. Fish were allowed up to 2 min to choose a
side, and any individual that did not choose a side within
the 2 min was not included in the analysis. The aquarium
was flushed with flowing seawater after each trial, and each
fish was tested only once. The combination of choices pre-
sented and the number of fish tested for each combination
were: a D. sefosum urchin from a different patch of reef
>20 m away from the collected fish (unfamiliar urchin) or
no urchin (only seawater), n = 38; the D. setosum urchin
collected with the fish (familiar urchin) or an unfamiliar
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Table 1 Numbers and standard lengths of individuals from groups of Siphamia tubifer tagged for the homing and site fidelity studies

Study (treatment) N Mean fish length Minimum fish Maximum fish Proportion of fish
(£SD, mm) length (mm) length (mm) <25 mm

Homing (0 km) 11 31.5 (£4.9) 21.0 375 0.09

13 27.1 (£3.4) 19.0 34.0 0.15

22 29.2 (£4.1) 22.0 36.0 0.14
Homing (1 km) 18 28.6 (£3.6) 21.5 37.0 0.05

23 27.9 (£4.7) 19.5 37.0 0.22

22 21.8 (£5.8) 13.0 30.0 0.55
Homing (2 km) 34 28.0 (+4.1) 21.0 38.0 0.56

22 22.3 (£7.6) 12.5 36.5 0.24

25 23.7 (£5.6) 23.5 37.0 0.59
Site fidelity 58 27.8 (£3.6) 20.0 37.0 0.25

30 25.7 (£4.5) 15.5 385 0.33

35 28.6 (£3.1) 21.0 35.5 0.09

D. setosum (unfamiliar urchin), n = 87; a group of ten S.
tubifer collected from an urchin >20 m away (unfamiliar
fish) or no fish (only seawater), n = 28; a group of ten S.
tubifer collected from the same urchin (familiar fish) or an
unfamiliar group of ten S. fubifer collected from a differ-
ent urchin >20 m away, n = 57; a familiar D. setosum or
a familiar group of ten S. tubifer, n = 19; and an unfamil-
iar D. setosum or an unfamiliar E. setosum (both collected
>20 m away), n = 35. All groups of S. tubifer presented
as a conspecific choice were kept in place in the aquarium
with the same mesh structure used to partition the tank.
On no occasion did any of these fish swim away from the
group of fish or the mesh structure.

Tagging

Groups of S. tubifer, which varied in numbers and in stand-
ard lengths of individuals (Table 1), were collected from the
reef with their associated host urchin, taken to the laboratory,
and tagged. Individual fish were lightly anesthetized with
2-phenoxyethanol (Acros Organics) (0.2 mL per L of sea-
water) and measured to the nearest 0.5 mm SL prior to tag-
ging. The standard length of all tagged fish (n = 313) ranged
from 12.5 to 38.5 mm, with a mean length of 26.8 £ 5.1
(SD) mm. Brooding male fish were not included in these
experiments, as they do not leave an urchin while brooding
(Dunlap and Nakamura 2011; this study). Fluorescent visual
implant elastomer (VIE) tags (Northwest Fisheries Sup-
plies, Inc.) of different colors were injected subcutaneously
at varying body locations to uniquely identify each group of
S. tubifer collected with an individual urchin. After tagging,
fish were given a 4-h recovery period in aquaria with aerated
flowing seawater and were then released back into the field
as a group with a D. setosum urchin. No fatalities occurred
during this 4-h period in the experimental groups. To test for
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mortality associated with tagging, an additional group of S.
tubifer (n = 41) was tagged and maintained in an aquarium
for one week and fed daily with wild-caught zooplankton.
Of this group of fish, one individual did not survive han-
dling, and another fish was found dead in the aquarium one
day after tagging. The remaining individuals (>95 %) were
seemingly healthy by the end of one week after tagging, and
all tags were clearly visible, indicating that mortality due to
handling and tagging is less than 5 % and likely occurs dur-
ing handling or by day one and that the tags remain in place
and visible for this period of time.

Site fidelity

Analysis of site fidelity was carried out using groups of S.
tubifer associated with individual D. setosum. Observations
during this study indicated that divers could recognize indi-
vidual urchins by their appearance and specific locations at
reef sites, to which the urchins returned daily from short
nocturnal foraging distances (generally <5 m) (Magnus
1967; this study). Three groups of S. tubifer (Table 1) were
collected with their urchins from reefs fronting Sesoko Sta-
tion in June 2013 and uniquely marked with VIE tags. After
a 4-h recovery period, each group of fish was released with
their urchin at its site of origin at least 2 h before sunset.
The number of tagged fish from each group that were asso-
ciated with their original urchin was determined on days
one, two, three, and seven after release. In addition, the sur-
rounding 10-m-radius area was surveyed for the presence
of tagged fish on other urchins.

Homing behavior

To determine the homing ability of S. tubifer, three repli-
cate groups of uniquely tagged S. tubifer (Table 1) were
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released with an unfamiliar D. setosum urchin (collected
from a different reef) at sites 1 or 2 km from their reef
of origin (Fig. 1) and monitored for their return over one
week. The original urchin with which a group of fish was
collected was returned back to its capture site at its reef
of origin. Three control groups of fish were released with
their urchin of origin at their capture site after tagging and
recovery. Additional groups (three groups per displace-
ment distance) were released 1 and 2 km from their reef of
origin; the 2-km release site was located northeast of the
site of origin, and the 1-km site was located southwest of
the site of origin (Fig. 1). An additional 1-km release site
northeast of the site of origin was also tested to determine
whether the direction of the release site relative to the cap-
ture site influenced the homing ability of the fish. The per-
centage of fish that returned from this experimental group
after one week (19 %) was within the range of those return-
ing from the other 1-km site (19-24 %). Original urchins
and the surrounding 10-m-radius area at the reef of origin
were monitored for the presence of tagged individuals on
days one, two, three, and seven after displacement.

Statistical analysis

Each transect at the study site was treated independently
for the analysis of the distribution of S. tubifer on D. seto-
sum and E. calamaris as host urchins. Because the data
were not normally distributed, a Wilcoxon rank-sum test
was performed, with correction for continuity, to test the
preference of S. fubifer to associate with D. sefosum or E.
calamaris. To test whether small (<25 mm SL) and large
(>25 mm SL) fish associate more frequently with an urchin
species, chi-square tests of independence were preformed
on the proportion of fish of each size category in associa-
tion with D. setosum or E. calamaris. In addition, Manly’s
alpha scores (Manly et al. 1972; Chesson 1978) were cal-
culated for all fish surveyed and converted into electivity
indices (Chesson 1983; Shima 2001) to analyze the use of
each urchin species as a host relative to their abundance on
both reef and sand substrate at the study site. To analyze
the choice experiments, chi-square tests of independence
were performed on the proportion of fish that chose either
stimulus for each pair of choices presented.

To analyze site fidelity data, a repeated-measures
ANOVA followed by pairwise ¢ tests between days was
used to test for the effect of time on the proportion of indi-
viduals that returned to the same urchin daily. Homing data
were analyzed using a generalized linear mixed model with
a binomial distribution and a logit link function, with time
in days, distance, and mean body length (mm, SL) of each
group of fish (Table 1) as fixed effects and each replicate
group as a random effect. The final model was chosen by
stepwise selection based on lowest Akaike information

criterion (AIC) scores. Individual body size was measured
only during the initial tagging process; therefore, the cor-
relation between homing success and fish body size was
examined using metrics of size describing an entire group
of tagged fish, such as the proportion of small individuals
(<25 mm) and mean body length. All statistical analyses
were performed in R, version 2.15.1 (R Development Core
Team 2012).

Results
Diel behavior

Field observations of Siphamia tubifer associated with
Diadema setosum revealed that the fish alternates between
a non-feeding, protective association with an urchin dur-
ing the day and foraging for zooplankton away from the
urchin at night (Table 2); ambient light levels at dusk and
dawn apparently cue this behavior. As dusk approached
after sunset, the fish changed from a uniform nearly black,
dark-brown color to a pattern of silver with three length-
wise dark stripes. At this time, the fish moved away from
the urchin test toward the outer ends of the spines. The fish
hovered at this position for several minutes, facing outward
from the urchin. They then turned entirely silver in color
and individually darted away from the urchin; approxi-
mately ten fish would leave the urchin within a few sec-
onds of each other. All fish except brooding males had left
the urchin, presumably to forage, within a few minutes
(Table 2). Brooding males, identified by their swollen,
distended jaws, remained dark-brown in color among the
urchin spines throughout the night. As dawn approached,
the foraging fish returned to the urchin, arriving singly or
in pairs, and were silver in color. All fish arrived within
several minutes of each other and had assembled among
the urchin’s spines by approximately half an hour before
sunrise. In one instance, a returning fish was chased by a
larger, presumably predatory, fish (unknown species); the
chased fish darted into a crevice of a Porites coral close to
an urchin, remained still in this crevice for several minutes,
and then darted among the spines of a nearby D. setosum
urchin. Examination of the stomachs of the fish collected
from an urchin immediately after their return at dawn
revealed the stomachs to be full and to contain mostly ben-
thic zooplankton. In contrast, the stomachs of brooding
males were empty.

Host preference
The natural and apparently exclusive daytime hosts of

S. tubifer are D. setosum and Echinothrix calamaris in
the Motobu Peninsula area. During the day, we found S.
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Table 2 Timetable of

. . . . Time Observation
observations of Siphamia tubifer
leaving the protection of the 19:26 Sunset
spines of a Diadema setosum 19:50
urchin to forage at dusk, and :
returning to the same urchin at 19:59
dawn on a reef fronting Sesoko 20:01
Station, Okinawa, Japan 20:03
20:07
00:00
04:45
05:00
05:04
05:07
. 05:11
All observations from sunset )
through midnight were made 05:12
on July 1, 2012. Observations 05:13
in the morning hours through 05:14
sunrise were made on July 4, 05:42 Sunrise

2012

Color change from black to striped

Fish moved to the end of the urchin’s spines and hovered, changing to silver in color
First group of approximately 10 fish left the urchin

Another group of approximately 10 fish left the urchin

Last two fish left the urchin (two brooders remained with the urchin)

Two brooders still remained with the urchin (no other fish with the urchin)

Only the two brooders with the urchin

One fish returned to the urchin

Three fish returned to the urchin

One fish returned to the urchin

One fish returned to the urchin

Two fish returned to the urchin

One fish returned to the urchin

The last fish returned to the urchin, pausing first near a coral head to avoid a predator fish

tubifer primarily in association with the longspine urchin,
D. setosum, but also frequently with the banded urchin E.
calamaris, which has shorter spines (Fig. 2). Despite exten-
sive observations, we did not find the fish during the day in
association with any other urchin species, with corals, with
the crown-of-thorns seastar Acanthaster (Stier et al. 2009),
or in other areas of the reef. The transect site (Fig. 1) con-
tained more E. calamaris than D. setosum, and both urchin
species occurred on the backside of the reef as well as on
adjacent sand flats; however, 85 % of all urchins surveyed
were located on the sand flat (Fig. 3). Of the D. setosum
surveyed, 65 % were found on the reef, whereas only 3 %
of E. calamaris were on reef substrate (Fig. 3). The distri-
bution of S. tubifer at this site was therefore influenced by
the distribution of host urchins.

Of all urchins surveyed, 41 % had S. tubifer associated
with them, but fish were found more frequently in asso-
ciation with D. setosum; 56 % of all fish surveyed were
associated with D. setosum despite its low relative abun-
dance at the study site (Fig. 3, Wilcoxon ranked-sum test,
T = 7911.5, P < 0.001). When comparing host urchins
occupied by small (<25 mm SL) and large (>25 mm SL) S.
tubifer, more small fish were associated with E. calamaris
than large fish ()(2 =78.7,df =1, P <0.0001); 82 % of
fish associated with E. calamaris were small (Fig. 3). Con-
versely, there was little difference in the numbers of small
and large fish associated with D. setosum ( X2 = 0.30,
df =1, P < 0.58); 53 and 47 % of the fish surveyed with
D. setosum were small and large, respectively (Fig. 3). An
electivity score (¢) of 0.68 for all fish surveyed over both
substrates indicate that S. fubifer selectively associate with
D. setosum, although this preference is stronger for large
fish (¢ = 0.37) than for small fish (¢ = 0.15) (Table 3). In
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Fig.3 The proportion of host urchin species surveyed along tran-
sects that were associated with sand or reef as substrate (top). The
proportion of large (>25 mm SL) and small (<25 mm SL) Siphamia
tubifer surveyed that were associated with each host urchin species
(bottom). Total numbers of individuals surveyed are indicated at the
top of each bar

contrast, all electivity scores calculated for fish associated
with E. calamaris were negative, which indicates a lack of
preference for E. calamaris as a host urchin. On the reef,
all S. tubifer surveyed appeared to avoid E. calamaris as a
host; no fish were seen in association with E. calamaris on
the reef, and consequently the electivity scores were —1.00
for all fish, regardless of size (Table 3).
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Table 3 Electivity (¢) indices for Siphamia tubifer calculated
from Manly’s alpha indices based on the numbers of fish observed
on either host urchin species (Diadema setosum or Echinothrix

calamaris) on each substrate (reef or sand) relative to the abundance
of each urchin on that substrate

Reef Sand Both substrates

D. setosum E. calamaris D. setosum E. calamaris D. setosum E. calamaris
Small fish 1.00 —1.00 0.48 —0.48 0.15 —0.15
Large fish 1.00 —1.00 0.87 -0.87 0.37 —0.37
All fish 1.00 —1.00 0.83 —-0.83 0.68 —0.68

Small fish are <25 mm SL and large fish are >25 mm SL. A positive index score indicates more frequent habitat use and a negative score indi-

cates a lack of preference for that habitat

Urchin® No Urchin
Familiar Unfamiliar
Urchin Urchin
Fish™ No Fish
Familiar Unfamiliar
Fish Fish
Familiar Familiar
Fish Urchin
Diadema Echinothrix
setosum calamaris
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Proportion of Fish

Fig. 4 Choices made by Siphamia tubifer when provided two
choices on opposing sides of an aquarium. Numbers of fish tested
that made a choice (and the number that did not make a choice) for
each experiment, from top to bottom were: 34(4), 80(7), 25(3), 52(5),
16(3), 31(4). All urchins were Diadema setosum with the exception
of the choice between host urchin species (bottom). Significant differ-
ences in choices made by fish (P < 0.05) are indicated by *

The results of choice experiments in the aquarium con-
firmed the observed preference of S. tubifer for D. seto-
sum. Compared to an empty area with no urchin, S. tubifer
associated more frequently with D. setosum (x> = 13.88,
P < 0.0001) as well as with conspecifics (x> = 4.95,
P < 0.05) (Fig. 4). The fish also exhibited a preference
for D. setosum over E. calamaris; 71 % of S. tubifer
tested associated with D. sefosum (x> = 2.85, P = 0.09).
Although not statistically significant, the preference for
D. setosum (Fig. 4) is consistent with the higher num-
bers of S. tubifer associated with D. setosum compared
to E. calamaris in the wild. With respect to choosing
between familiar and unfamiliar urchins and conspecif-
ics, S. tubifer showed no obvious preference; 49 and 54 %
of fish tested associated with familiar urchins ( X2 = 0.03,
P = 0.86) and conspecifics (x> =0.15, P = 0.70), respec-
tively (Fig. 4).

0.8
°
o
o 0.6
3
2 |
o
= 04 4
3 T
S I
IS
Q 0.2 +
o
o
0.0 T T T T
1 2 3 7

Time (days)

Fig. 5 The mean proportion of tagged Siphamia tubifer per group
that were observed with their original urchin on days one, two, and
three, and seven. Error bars indicate standard error

Site fidelity

Consistent with field observations, S. tubifer exhibits daily
fidelity to an individual urchin at a site. Tagged fish were
re-sighted on their original urchin 7 days after tagging,
with an average of 55, 51, 46, and 33 % of tagged indi-
viduals re-sighted on the same urchin on days one, two,
three, and seven, respectively (Fig. 5). Time after release
had a significant effect on proportion of fish found with the
same urchin (P < 0.01); a lower proportion of fish were re-
sighted at the same urchin after one week than on days one
and two (P < 0.05). In some instances, up to 5 % of tagged
fish were sighted with other D. sefosum within five meters
from their original urchin.

Homing behavior
In addition to host urchin preference and site fidelity, S.
tubifer is able to return to its home reef site from substan-

tial distances, regardless of the direction of displacement.
When fish were displaced 1 km and 2 km (Fig. 1), an
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Fig. 6 Results from homing experiments in which Siphamia tubifer
were tagged and released distances of 0, 1, or 2 km. a The mean pro-
portion of tagged fish per group that were observed at their site of
origin over 7 days. Error bars indicate standard error. b The mean

average of 35 and 29 %, respectively, were re-sighted on
an urchin within a ten meter radius of their original urchin
at their capture site by day two, with up to 24 % of indi-
viduals returning to their original urchin. On day seven,
an average of 34 and 24 % of fish from the 1- and 2-km
groups, respectively, were re-sighted within a ten meter
radius of their original urchin (Fig. 6a). Averages of con-
trol group fish, tagged and released at their capture site
with their original urchin, re-sighted on days 1, 2, 3, and
7 after release, were 48, 35, 42, and 17 %, respectively
(Fig. 6a). Thus, displacement distance had a significant
effect on the proportion of fish that returned to their site of
origin (P < 0.01). There was also a strong effect of mean
group standard length (Table 2) on homing (P < 0.0001); a
smaller proportion of fish homed from groups with a lower
mean standard length than from groups with a higher mean
standard length, irrespective of release distance (Fig. 6b).
The proportion of small fish in a group, however, did not
have a significant effect on the proportion of fish that
homed (P = 0.38), and its relationship with homing was
weaker (R2 =0.17, F = 6.85, P = 0.01) than that of mean
body length (R* = 0.45, F = 29.9, P < 0.001) (Fig. 6b).

Discussion

Together with the ability to emit ventral luminescence, the
behaviors and preferences described here for Siphamia
tubifer appear to function to minimize predation. The day-
time association with an urchin allows the fish, which typi-
cally is dark in coloration at that time, to be cryptic. Con-
sistent with our field observations, Tamura (1982) observed
S. tubifer at dusk and documented the fish’s body color
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proportion of fish from a group that were recovered at their site of
origin by mean body size (standard length) of the group (F = 29.9,
P < 0.001). Bars indicate the range of the mean proportion of fish
recovered across all time points sampled for each group

change, from dark brownish black to silver striped to all
silver, as the fish left an urchin. The fish remained silver
all night, which presumably helps S. fubifer avoid detection
while foraging. Ventral luminescence, which begins to be
emitted at dusk (Dunlap and Nakamura 2011), might com-
plement the silver coloration, helping the fish remain cryp-
tic while foraging. Nonetheless, predation rates on S. fubi-
fer are probably high; direct predation by lionfish has been
observed (Michael 2013), and during this study, predatory
fish, including larger apogonid species, were often sighted
near urchins occupied by S. fubifer and observed preying
on fish leaving and returning to an urchin.

The preference of S. tubifer for Diadema setosum as its
daytime host over Echinothrix calamaris, a shorter-spined
urchin (Fig. 2), is consistent with the observation that
the fish prefer urchins with longer spines (Tamura 1982).
Longer spines presumably provide better protection from
predators, especially for larger S. tubifer When both E.
calamaris and D. setosum are present at a reef, small fish
may be able to find adequate protection from predators
among the shorter spines of E. calamaris. It is also pos-
sible that learning occurs with age; larger fish might have
learned that the longer spines of D. setosum provide better
protection than those of E. calamaris. Intraspecific inter-
ference competition (e.g., Holbrook and Schmitt 2002)
could also influence the distribution of small and large S.
tubifer associated with both urchin species; larger fish may
outcompete smaller fish for space among the more protec-
tive D. setosum spines, and consequently displace smaller
individuals to take residence among the shorter spines of
E. calamaris. Additional studies, e.g., testing different size
classes of the fish, “small” and “large”, with D. setosum
versus E. calamaris in choice experiments, would provide
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further insight on host characteristics important for the fish
throughout development.

This study establishes that S. tubifer exhibits daily site
fidelity and returns to a home site after being displaced
one and two km. Like host preference, site fidelity and
homing by S. rubifer are likely to be shaped by the need to
avoid predators. Knowledge of the local reef structure and
the location of urchins and resident predators presumably
enhances survival of fish departing from and returning to
a home reef site and urchin. In this study, the percentage
of tagged fish re-sighted at home reef sites for the control
group of the homing study was similar to the proportion of
fish re-sighted in the site fidelity experiment, which sug-
gests that the lower numbers of fish returning over time
to a home site and urchin reflect losses due to predation.
The natural mortality rate of S. tubifer might also be rela-
tively high, as the life spans of other apogonids are short
(<1-2 years) (Chrystal et al. 1985; Marnane 2000; Kings-
ford et al. 2014). Another factor that could have influenced
the proportion of fish recovered during the homing study
was the study site itself; the collection (control) site was
selected due to the high abundance of S. tubifer, which
correlated with a high density of host urchins. Conse-
quently, more tagged fish may have returned to the gen-
eral area but were not re-sighted in the surveyed home site
radius.

Consistent with our results, previous studies have shown
that various apogonids can return to a home reef site when
displaced substantial distances (Marnane 2000; Kolm et al.
2005). Marnane (2000) showed that between 33 and 63 %
of three apogonid species returned to their site of origin
within three days when translocated two km. Additional
studies have shown that other apogonids, including mem-
bers of Siphamia, exhibit site fidelity and remain at the
same reef site for weeks to months (Strasburg 1966; Allen
1972; Kuwamura 1985; Okuda and Yanagisawa 1996; Mar-
nane 2000), the consequences of which may directly affect
nutrient distribution within a reef as well as the assembly of
predator and prey species at that reef (Marnane 2000; Mar-
nane and Bellwood 2002). The daily site fidelity and hom-
ing by S. tubifer might also lead to a local enrichment of
their luminous symbiont in the water at a home site because
excess symbiont cells are released daily with the fish’s
feces (Dunlap and Nakamura 2011).

Previous studies have also shown that site fidelity and
homing behavior of fishes can vary with ontogeny (Yoshiy-
ama et al. 1992; Shima et al. 2012; White and Brown 2013);
older fish are more likely to risk the return to a home site
across unfamiliar waters, although this is not always the
case for all fishes (White and Brown 2013). Our homing
results appear to be consistent with this view, but additional
studies are needed to empirically test whether larger S.
tubifer are actually more successful at homing than smaller

fish. The lower proportion of fish that homed from groups
with smaller mean body size, however, may reflect a greater
loss of smaller fish to predation. High predation risk could,
therefore, play a critical role in shaping the highly cryptic
life history of S. tubifer and provide incentive for the hom-
ing behavior observed in this study; prior knowledge of the
predator and urchin communities in an area could outweigh
the risks of making the return trip home.

The mechanisms used by fishes to navigate daily to
home sites and those used by recruitment-stage larvae to
find suitable settlement sites may involve visual, olfactory,
and auditory cues. From short distances, S. fubifer likely
uses visual cues to recognize and navigate within a familiar
area to its daytime urchin host and probably has some spa-
tial memory of a home site (e.g., White and Brown 2013),
including the location of the host urchins in the area. How-
ever, to navigate back to a home site after displacement or
to find a settlement site as a larva, S. fubifer presumably
uses additional cues. Other cardinalfishes use olfaction to
discriminate between familiar and unfamiliar reef waters,
and settlement-stage apogonids might use chemical cues
to recruit to their natal reefs (Atema et al. 2002; Dgving et
al. 2006; Gerlach et al. 2007). Previous studies have also
shown that apogonids are attracted to reef sounds, which
could also serve as cues for larval fish to navigate to a set-
tlement site (Leis et al. 2003; Simpson et al. 2004, 2005).
Sound can propagate relatively long distances through
water, regardless of the direction of current flow (Rogers
and Cox 1988), and urchins produce distinct sounds at fre-
quencies detectable by fish against the background noises
of coral reef communities (Radford et al. 2008, 2010).
Therefore, S. tubifer could use a combination of olfactory
and auditory cues for homing, which could also convey
habitat quality to incoming S. fubifer recruits searching for
a suitable settlement site.

The homing and site fidelity behavior of S. tubifer
described here, together with other studies that suggest set-
tling fishes might use environmental cues to navigate to
natal reefs (Atema et al. 2002; Leis et al. 2003; Simpson et
al. 2004, 2005; Gerlach et al. 2007), leads us to speculate
that S. rubifer larvae could use similar environmental cues
to recognize and recruit to reefs inhabited by adult conspe-
cifics. If so, the larvae might encounter higher numbers of
symbiotic bacteria near the reef compared to in the plank-
ton, due to the daily release of the bacteria by adults at their
daytime home sites (Dunlap and Nakamura 2011). Depend-
ing on the developmental timing of recruitment, light organ
development, and the timing of symbiont acquisition by S.
tubifer larvae (Leis and Bullock 1986; Dunlap et al. 2012),
this interaction might function to ensure the successful ini-
tiation of the symbiosis, by establishing a quasi-vertical,
adult to larvae, form of symbiont transfer. However, the
environmental cues used by S. fubifer larvae for settlement
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and the relationship between settlement and initiation of
the symbiosis remain to be determined.
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