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Abstract

A number of tropical coral reef fish hold station and display restricted home ranges. If artificially displaced, they will return to their
home site. We questioned if marine fish are using the same mechanisms for home site detection as many freshwater fish, that is,
by olfactory sensing of chemical signals deposited on the substrate by conspecific fish. Behavioral experiments were conducted
on Lizard Island Research Station, Queensland, Australia, in 2001 and 2002. Five-lined cardinalfish (Cheilodipterus quinqueli-
neatus) were tested in groups with split-branded cardinalfish (Apogon compressus) as a reference species and individually
against Apogon leptacanthus as well as conspecifics of another reef site. The group tests showed that both species preferred
artificial reef sites that had previously been occupied by conspecifics. Individual C. quinquelineatus preferred scent of conspecifics
from their own reef site to that from another site. They also preferred the scent released by artificial reefs previously occupied by
conspecifics of their reef site to that of similar reefs previously occupied by conspecifics of another reef site. No discrimination
between species from the same reef site was obtained in experiments with individual fish. Our data suggest that cardinalfish are
keeping station and are homing by use of conspecific olfactory signals.
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Introduction

On tropical coral reefs a number of fish species hold territo-

ries, display restricted home ranges, and return to home sites
after displacements (Sale, 1978). Adult cardinalfish (apogo-

nids) have been shown to exhibit strong home fidelity by

sharing restricted resting habitats by day and to move into

a range of feeding habitats at night. In two studies on apo-

gonids, each carried out on three fish species, individuals

were found to move on average less than 5 m from their ini-

tial resting positions during daytime in one study and less

than 80 cm in the other. These restricted movements were
found over a timescale of up to 90 days and 16 months in

the two studies, respectively (Kuwamura, 1985; Marnane,

2000). At night, however, cardinalfish have been found spa-

tially segregated, both horizontally and vertically in the

water column, with a horizontal distribution of up to 30 m

(Marnane and Bellwood, 2002). Furthermore, displacement

experiments carried out with cardinalfish demonstrated

that between 56% and 81% of the fish returned within 3 days

after being displaced 1 km from their original resting site,

and 33%–63% of the fish returned when displaced 2 km
(Marnane, 2000). These returns occurred despite the presence

of numerous suitable habitats between resting and displace-

ment sites and demonstrated a quite remarkable homing be-

havior in this group of fish.

The sensory basis for homing behavior in cardinalfish is

not known, but chemical signatures and sound have been

suggested as being important orientation cues for reef fish

in general (Stobutzki and Bellwood, 1997; Marnane,
2000). Sweatman (1983, 1985) demonstrated an enhanced

settlement of pomacentrid larvae on coral heads where con-

specific adult fish predominated. Later, he also found that

damselfish settlers preferred experimental corals supplied

with water from resident conspecifics and suggested that dis-

solved chemical cues from fish are used to select settlement

sites (Sweatman, 1988). Further support to this view comes

from the work by Lecchini (2004), who found that coral reef
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fish larvae detect their settlement location due to the presence

of conspecifics. If fish larvae in the marine environment are

using chemical cues from conspecifics to detect suitable living

sites, it seems reasonable to assume that adult fish can make

use of similar detection mechanisms to locate their home
areas. In comparison, substrate marking by conspecific

odors has been demonstrated in salmonid fish andmight also

play a key role in homing behavior of these species of fish

(Døving et al., 1980; Foster, 1985; Stabell, 1987; Døving

and Stabell, 2003).

From an evolutionarily point of view, it should be expected

that the same set of functional tools are used by fish in gen-

eral with regard to site fidelity and homing. Accordingly, we
speculated that cardinalfish may keep station, return at dusk

from feeding dispersal during night, and display homing be-

havior after enforced displacement, by essentially the same

set of behavioral mechanisms that has previously been dem-

onstrated in other species of fish. That is, by chemical mark-

ing of their living environment (i.e., bottom substrate) by

conspecific odors secreted within fecal material, followed

by appropriate behavioral responses for orientation and
keeping station. We aimed at answering some of the follow-

ing basic questions related to participation of the chemical

senses in the behavioral occurrences described in reef fish.

1) Can cardinalfish discriminate between chemical signals

of conspecific fish from its own site and conspecifics of an-

other site? 2) Can cardinalfish recognize a substrate they

have previously occupied from an identical substrate occu-

pied by another fish species? 3) Do the fish rely on the olfac-
tory sense in the discrimination tasks? To our knowledge,

this is the first study aimed at exploring the sensory basis

for stationary behavior and homing of a marine fish species.

Material and methods

Experimental fish and sites of capture

The experiments were carried out at the Lizard Island Re-

search Station (14�40# S, 145�28# E) on the northern Great

Barrier Reef, Australia in November 2001 and 2002. Fish

were collected from different sites in the Lizard Island Blue

Lagoon, at depths between 4 and 6 m. The fish were anes-

thetized with clove oil by scuba divers (Munday andWilson,

1997), captured, and transported to the Research Station.
In the laboratory, the fish of each species and site were kept

in separate tanks with running seawater during both years.

In 2001, a pilot experiment was carried out with split-

banded cardinalfish (Apogon compressus) and five-lined

cardinalfish (Cheilodipterus quinquelineatus), both species

collected at the same two sites. Site 1 was largely composed

of Porites cylindrical habitat, and site 2 was composed

largely of Acropora nobilis, the sites being situated approx-
imately 2 km apart (Figure 1). In the experiments carried out

in 2002, five-lined cardinalfish and threadfin cardinalfish

(Apogon leptacanthus) were used, with individuals of both

species being captured at two new sites (denoted 3 and 4,

Figure 1) approximately 1 km apart. Site 3 consisted of a

large Acropora coral (diameter > 3 m), and site 4 was mainly

represented by P. cylindrical. In both years, following term-

ination of the experiments, surviving fish were brought back

to their respective lagoon sites and released.

Preferences of fish in groups

For the experiments in 2001, adult A. compressus (total

length, TL: 7–11 cm) and adult C. quinquelineatus (TL:

6–8 cm) were tested in conspecific groups of fish from their re-

spective sites. The groups consisted of five fish from site 1 and

six fish from site 2 of each species, and each of the groups
were tested once a day during 4 days. Before, and in between

tests, each group was kept in their respective holding tank

with a set of identical artefacts. The artefacts consisted of

a bottom lined with a 1-mmmesh size plastic net, upon which

was placed two longitudinal halves of polyvinyl chloride

(PVC) tube (diameter: 15 cm, length: 25 cm) together with

a concrete building block (9 · 19 · 39 cm) with two oval holes

(3.5 · 16.5 · 19 cm). These structures appeared to provide
adequate shelter for the fish. The fish were fed ad lib every

evening with small shrimps collected by light traps, and

all fish were observed feeding within 1 day of capture.

Figure 1 Fish were taken from sites 1 and 2 in 2001 (rectangles) and from
sites 3 and 4 in 2002 (dots) in the Blue Lagoon just south of Lizard Island.
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The behavioral experiments were performed between 0800

and 1400 during four consecutive days, with all four groups

of fish tested each day. At the start of each day, the set of

artefacts from each holding tank were placed into a circular

observation tank supplied with seawater. The observation
tank was 2.8 m in diameter with a 40-cm water depth.

The four sets of artefacts were placed in the periphery of

the tank (North, East, South, West), with each building

block on the mesh and the two half PVC tubes placed stand-

ing in front of the block. For the human eye, the four sets of

artefact arrangements appeared indistinguishable. All four

groups of fish were tested separately on the same day, each

day in a randomized sequence, with all individuals of a group
released simultaneously from the same position in the obser-

vation tank. Each group of fish was then left undisturbed in

the observation tank for 1 h while being monitored. After

each test series, the fish were returned to their holding tanks,

followed by their respective artefacts at the end of the day.

The relative positions of the four sets of artefacts in the ob-

servation tank were changed daily, thereby testing each

group of fish with four different positions of their shelters.
The first test series were carried out after the fish had been

in their respective holding tanks for 2 days.

Distribution of fish during light and dark hours

In 2002, C. quinquelineatus from site 3 were tested with

regard to dispersal from an occupational site during light

and dark hours. This approach was included to control

for normal diurnal rhythm in captivity. Four fish were re-

leased into a 2-m circular observation tank with a water

depth of 50 cm at noon. The tank contained two beds of live

corals placed opposite to one another in the periphery of the
tank. Within a few minutes, the fish had selected permanent

cover among the corals in one of the beds. The position of

individual fish in relation to neighbors was subsequently

monitored for 4 h the following evening. Photographs were

taken from above every 30 min for 2 h before and 2 h after

sunset, using flashlight during dark hours. Individual distan-

ces were measured from a scale on the tank bottom.

Preferences of individual fish

Test system and experimental procedures

For the experiments in 2002, adult C. quinquelineatus from

site 3 (TL: 8.2 ± 0.7 cm) were individually observed in a two-

choice test system during daytime (0900 and 1600) for 7 days

over a period of 2 weeks.Cheilodipterus quinquelineatus from

site 4 (TL: 7.2 ± 0.4 cm) and A. leptacanthus (TL: 4–6 cm)

from site 3 were used as odor donors in competitive tests. The

tests were carried out in a randomized sequence. Four arenas

were made from green polypropylene trays (Epoque 1,000
mm, art. no. 2802, Hammar, Sarvis, Sweden), each measur-

ing 93 · 12.5 cm in bottom area. A wall made from perfo-

rated PVC plates were placed vertically 4 cm from both ends

of the trays to produce inlet chambers for test solutions, giv-

ing test arenas of 85 · 12.5 cm in the center. Each tray was

filled with 8 liters of seawater to a level of 6.6 cm. Tests were

performed in still water, and test solutions (i.e., water con-

ditioned with chemical cues) were introduced by gravity to
both ends of the arenas from separate tanks or beakers into

the inlet chambers via polyethylene catheters, each providing

a flow rate of 14.5 ml/min. The spread of test solutions in the

test system was verified using a diluted solution of milk in

seawater. This solution dispersed evenly in the trays and

reached the middle of each arena within 15 min. Test periods

of 10 min was accordingly chosen to ensure side specificity of

stimulants, giving a total volume of approximately 290 ml of
stimulus waters added to each arena during tests.

The four trays, each containing one fish, were placed side

by side on the floor in a separate part of the laboratory fa-

cilities and left undisturbed during the observation period.

Movements of fish were monitored with a video camera sit-

uated above the test chambers, and a black thread stretched

across the top of each tray visually divided the trays into two

halves from above. A set of four fish was replicated four
times to constitute a series (n = 16), and each time the inlet

sides of test and control waters were switched to level out any

unbalanced disturbances that could influence the behavior.

No fish was usedmore than once in each series. Between each

run, aquaria and tubing were washed twice with a methanol/

ethanol mixture and then thoroughly rinsed with freshwater

followed by seawater.

A run was initiated by introducing the flow of test waters to
the end chambers, followed by transfer of experimental fish

to the middle of each test arena and starting of the video re-

cording within 1 min. The fish immediately started to move

in the arenas. Following their behavioral performances, the

fish were returned to a duplicate holding tank for the group.

Experimental protocol

To test for discrimination ability of C. quinquelineatus, alto-

gether six types of experiments were carried out. In all test

series, C. quinquelineatus from site 3 was used as the focal
fish. Choices between chemical cues of different origins were

tested as follows: 1) waters conditioned by conspecific fish

from the two reef sites, 2) scent deposited on shelters by

conspecifics from the two reef sites (i.e., substrate marking),

3) anosmic fish given the choice between waters conditioned

by conspecifics fromdifferent reef sites, 4) waters conditioned

by conspecifics and heterospecifics from the same reef site,

5) scent released from fecal material of conspecifics and het-
erospecifics of the same reef site, and 6) water conditioned by

conspecific fish from their own reef site versus seawater.

Water conditioned by fish. To test for possible discrimination

between scents of conspecifics from different reef sites (series

1) or between conspecifics and heterospecifics of the same site
(series 4), water was collected in beakers from the holding

tanks containing the species and reef group in question.
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In test series 6, with water conditioned by conspecifics versus

seawater, water was taken from the holding tank with con-

specifics of the same reef site.

Substrate marking. Each holding tank was equipped with
four artefacts made of plastic tubes, 11 cm in outer diameter

and 14.5 cm long. The inside of the tubes was lined with poly-

ethylene brush mats (Astroturf, Southwest Recreational

Industries, Inc., Leander, TX) to increase surface area. These

artefacts provided shelter for the fish, as shown by the posi-

tioning of C. quinquelineatus inside the artefacts (Figure 2).

The artefacts were used as reservoirs of scents for testing pos-

sible substrate marking by fish (series 2). For that purpose,
two artefacts from each tank containing C. quinquelineatus

were lightly rinsed in running seawater and placed in sepa-

rate tanks with seawater for 2 h before the test waters were

applied to the choice chambers.

Scent of fecal material. Fecal material of C. quinquelineatus

and A. leptacanthus was sampled by siphoning the bottom of

the two holding tanks containing fish from reef site 3. The
material was allowed to precipitate in small beakers, and

surplus water was poured out. Equal volumes of precipitate

from the two samples were transferred to funnels with filter

paper, washed with approximately 100 ml of seawater, and

the filtrates diluted to 1 liter in beakers. The fresh extract was

subsequently used in preference tests with C. quinquelineatus

(series 5).

Experiments with anosmic fish.Cheilodipterus quinquelineatus

were made temporary anosmic by filling the olfactory cavity

withVaseline (Chesebourgh-Pond’s Inc.,NewYork,London,

Paris). Fish were anesthetized with clove oil before handling

and were allowed to recover for at least 2 h before being used

in the experiments (series 3). Vaseline was injected into the

posterior naris of the fish by using a modified 1-ml plastic sy-
ringe which had been melted and extended in the tip to a fine

tube. Visual inspection showed that the Vaseline remained in

the olfactory cavity for at least 2 days. Test waters for this

series were taken from the holding tanks containing con-

specifics from the two reef sites, that is, similar to series 1.

Data analysis

The data on group performance of fish were treated by the

binomial test, assuming equal probability for final selection

of artefacts belonging to conspecifics and heterospecifics as
the null hypothesis (Siegel and Castellan, 1988). For the in-

dividual choices, the position of each fish in relation to the

two halves of the choice chamber was noted after start for

every 10 s during a period of 10 min, giving a summated side

ratio from 60 observations of each fish. The side ratio for

all fish (n = 16) was treated by the one-sample t-test, applied

two-tailed, assuming no side preferences as the null hypoth-

esis (i.e., 30/30 distribution). Calculations were carried out
by the use of the computer programme Statistics7 (Analyt-

ical Software, Tallahassee FL).

Results

Group experiments in 2001

Following the initial release of fish groups in the round ob-

servation tank, the fish generally stayed in a dense school and

moved slowly along the periphery of the tank. In some cases,

the fish would encircle an artefact and move on to the next.

The final choices were made within 30 min, and in all cases

the fish remained at the shelter, mostly inside the concrete
blocks, for the rest of the observation time. Altogether, 10

groups selected a site with artefacts from a tank previously

occupied by conspecifics. Only one group of fish (C. quinque-

lineatus) selected an artefact from a tank of the other species

(A. compressus), while five groups made no choice. Of the

10 groups that selected artefacts belonging to conspecifics,

five selected their own site and five selected the other site.

No significant difference in choice pattern between the two
fish species appeared from the results.

Assuming equal probability for each of the three possible

choices, that is, shelters belonging to conspecific, shelters

Figure 2 Five-lined cardinalfish (Cheilodipterus quinquelineatus): (A) side-
view (photo G. Nilsson) and (B) common position in shelters. Shelters were
made from pieces of plastic tubes linedwith Astroturf brushmats. Several fish
could occupy a shelter simultaneously.
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belonging to heterospecifics, and no choice, the probability

of the total distribution observed is 0.022. If only the 11 trials

where choices of site were made are considered, the proba-

bility of the total observed choices is 0.0054.

Distribution patterns during light and dark hours (2002)

During the day, the fourC. cinquelineatus stayed close to one
another and did not move far from one of the corals. The

behavior after dark was dramatically different as the inter-

individual distances increased from amean of about 10 cm to

more than 100 cm (Figure 3). This result demonstrates that

C. quinquelineatus in captivity follows a normal diurnal

rhythm.

Individual preferences (2002)

In the preference experiments with single individuals of
C. quinquelineatus, the fish made slow explorations to both

ends of the choice chambers during the observation periods.

Accordingly, recording the position of fish in relation to

the midline of the arena every 10 s appeared to be a useful

illustration of the actual behavior.

Conspecific discrimination

In the test with water conditioned by conspecifics of their

own site versus water conditioned by conspecifics from the
other reef site, individual C. quinquelineatus from site 3 dem-

onstrated a preference for the scent of conspecific from their

own site. The percent of choices toward conspecific scent

from reef site 3 was 68.1 (SD = 28.9, P = 0.024, Figure 4a).

Substrate marking

In order to investigate if the fish had marked the substrate

of the living environment with their chemical signatures,

the artefacts from the holding tanks were used alone for con-
ditioning the waters used for testing. The results from the

choice tests revealed that C. quinquelineatus preferred the

scent released by artefacts previously held with fish from

their own site to that released by artefacts of the tank with

conspecifics from theother site.Thepercent of choices toward

conspecific scent from reef site 3 was 65.5 (SD = 27.2,
P = 0.037, Figure 4b).

Experiments with anosmic fish

When the olfactory cavities of the test fish had been occluded

with Vaseline, no preference was displayed for any of the

tank waters conditioned with C. quinquelineatus from the

two reef sites. The percent of choices toward conspecific

scent was 53.8 (SD = 39.6, P = 0.7104, Figure 5a). This result

indicates that the olfactory sense is responsible for the pref-

erence shown by C. quinquelineatus.

Interspecific discrimination

When C. quinquelineatus was tested for preferences of water

conditioned by conspecifics from their own site versus water

conditioned by another species (A. leptacanthus) of the same

site, the results revealed no preferences for either water. The

percent choices toward conspecific scent was 68.12, with an

SD of 53.8 (SD = 39.6, P = 0.7104, Figure 5a).
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Figure 3 Interindividual distances between four Cheilodipterus quinqueli-
neatus around dusk. Observations were carried out with camera at 30-min
intervals from 2 h before until 2 h after sunset.

Figure 4 Preference experiments with Cheilodipterus quinquelineatus
from site 3 (n = 16), given the choice between chemical cues of two differ-
ent sources (±SD). Filled bars denote preferences toward cues released by
conspecific fish from reef site 3 (home site), whereas hatched bars denote
preferences toward cues released by conspecific fish from site 4. (a) Water
conditioned by conspecifics from site 3 versus water conditioned by conspe-
cifics from site 4. (b) Chemical cues released from artificial shelters previously
kept with conspecific fish from site 3 versus shelters kept with conspecifics
from site 4. (c) Water conditioned by conspecifics from site 3 versus water
conditioned by conspecifics from site 4—with performing fish rendered
anosmic. NS: not significant, *P < 0.05.
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Fecal material

When C. quinquelineatus was tested for preferences of water

scented by fecal material of conspecifics versus water scented

by fecal material of another species (A. leptacanthus), the
results revealed no preferences for either water. The percent

of choices toward conspecific scent was 39.7 (SD = 25.8,

P = 0.131, Figure 5b). All material used in the tests was sam-

pled from tanks containing fish from site 3, that is, from the

same site as the performing fish.

Conspecific scent versus seawater

When C. quinquelineatus was tested for preferences of water

scented by conspecifics from their own site versus seawater

(i.e., blank), the results revealed no preferences for either
water. The percent of choices toward conspecific scent was

46.2 (SD = 40.9, P = 0.7117, Figure 5c).

Discussion

Cardinalfish display a remarkable ability to home after being

displaced from their home site. Authors have proposed differ-
ent sensorycuesas thebasis for thisbehavior.Thepresent study

suggests that chemical cuesmight be akey factor in the homing

behavior, supporting the conclusions by Atema et al. (2002)

that larval reef fish (primarily apogonids) uses chemical cues

to orient toward lagoon water after dispersal. Our work, how-

ever,doesnot support theirproposal thatfishmaybe imprinted

to some general reef odors. We present data indicating that

individuals of C. quinquelineatus can differentiate between
chemical cues of conspecifics from two different sites on the

coral reef, suggesting that an ability of intraspecific discrimina-

tionmay be present in apogonids. The results obtained further

suggest that cardinalfish are using their olfactory sense for this

performance.Our studyalso suggests that thefishodorants are

deposited on the substrate of their dwelling because water

scented by artefacts previously occupied by fish released the

same preferences as water from tanks containing fish.
In the choice experiments, C. quinquelineatus did not show

any preference for odors of their own species to that of an-

other species (A. leptacanthus) from the same site. Neither

did they show any preference for fecal material of conspe-

cifics compared to similar material from A. leptacanthus.

According to kin recognition theory, conspecific preferences

should presumably have been obtained in the two tests where

chemical cues from heterospecifics where involved (i.e.,
Figure 4a,b). Because, however, no discrimination between

conspecific odor and seawater (blank—Figure 5c) was either

revealed, alternative explanations ought to be sought.

A factor that hampers plausible interpretations of data

comes from the fact that the heterospecific choice in the indi-

vidual tests (A. leptacanthus)wasanother thanused in theprior

group test. The split-banded cardinalfish (A. compressus) used

in 2001 is of similar size, display colorful appearance, and dis-
perse evenly on the reef in close contact with the corals in a

similar manner to the focal fish, the five-lined cardinalfish

(C. quinquelineatus). Threadfin cardinalfish (A. leptacanthus),

on the other hand, are smaller, display transparent appear-

ance, congregate in shoals, and are commonly observed in a

short distance (20–100 cm) away from the corals. However,

A. compressus were not found in sufficient numbers in 2002,

and A. leptacanthus was therefore chosen as the alternative
species.

A possible explanation for the seemingly contradictory

resultsmaybe that the test fishassociated theodorof theother

species with odors of their own site. Associative learning

(Clark and Sutterlin, 1985;Wisenden, 2001) of coexisting het-

erospecific fish from the native reef site may possibly explain

the results presented in Figure 4a,b. This is based on the as-

sumption that fish odors are to be found also in fecal material
(Selset, 1980; Selset and Døving, 1980; Foster, 1985; Stabell,

1987; Olsén, 1987; Courtenay et al., 1997). Still, an explana-

tion for the lack of discrimination between conspecific cues

and seawater is missing.We feel, however, that future ecolog-

ical studies may eventually clarify these seemingly contradic-

tory results. Support to our trust in the data comes from the

fact that even in captivity C. quinquelineatus seems to follow

a normal diurnal activity pattern. In summary, our data seem
to display the problems facing researchers in environments

where animals are scarce or protected.

Figure 5 Preference experiments with Cheilodipterus quinquelineatus
from site 3 (n = 16), given the choice between chemical cues of two differ-
ent sources (±SD). Filled bars denote preferences toward cues released by
conspecific fish from reef site 3 (home site), whereas hatched bars denote
preferences towards cues released by heterospecific fish from the same site
or water. (a) Water conditioned by conspecifics versus water conditioned
by Apogon leptacanthus, with all fish from site 3. (b) Aqueous extracts of
fecal material from conspecifics versus similar extract from A. leptacanthus,
sampled from the rearing tanks with fish from site 3. (c) Water conditioned
by C. quinquelineatus from site 3 versus seawater. NS: not significant.
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We have no evidence on the nature of the odorants used

in the process of intraspecific discrimination. In salmonids,

however, bile salts derivatives are potent olfactory cues

(Døving et al., 1980). Those substances may be deposited

on the substrate with the fecal material where they adhere,
to be subsequently released from such deposits over time to

serve as signposts in the aquatic environment. Bile salts have

been shown to function as homing and sex pheromones

also in sea lamprey (Li et al., 1995, 2002; Bjerselius et al.,

2000; Fine and Sorensen, 2005; Sorensen et al., 2005).

Although no such compounds have hitherto been identified

in the marine environment, bile salt derivatives appear to be

potential candidates also among fish inhabiting tropical
coral reefs.

It should be realized that an odorant as a sensory cue,

whether in air or water, does not have a vector and will

not give information about the origin or the direction from

where the odorants are coming. Salmon are known to rely

on the olfactory sense for homing behavior, both in fresh-

water (Stabell, 1984) and in the sea (Westerberg, 1982;Døving

et al., 1985). However, the detailed observations of the salmon
moving in the sea demonstrate that the layering of the water is

of importance (Westerberg, 1982). The ability of the fish to

detect infrasound or linear acceleration (Sand and Karlsen,

1986) can provide the sensory cue necessary for detecting

the difference in currents of the layers. Thus, the auditory

system may give the fish information about the relative direc-

tion of flow in neighboring layers. The combined information

gained via the olfactory and the auditory systems has been
suggested to be the basis for the homing ability of salmon

(Døving andStabell, 2003). It seems plausible that such a com-

bination can also provide the sensory cues for fish homing in

tropical reefs.
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