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ABSTRACT: Cardinalfishes (family Apogonidae) form a major component of nocturnal planktivore
assemblages on coral reefs. In order to assess their trophic role on reefs, we examined diet, diel feed-
ing behaviour and nocturnal foraging in 7 species in the lagoon at One Tree Reef, Great Barrier Reef,
Australia. Between 64 and 93 % of fish collected at dawn had identifiable material in the stomach
compared with 5 to 36 % of fish collected at dusk, suggesting that all 7 species were predominantly
nocturnal feeders. The movement of apogonids between resting sites and feeding grounds was
examined using day and night visual surveys. Apogonids shared restricted resting habitats by day
but moved into a range of habitats at night. Species were spatially segregated at night, both horizon-
tally and vertically in the water column. Most species had generalised diets containing primarily
demersal plankton and benthic invertebrates, suggesting a role in recycling rather than importation
of nutrients and energy on reefs. Dietary differences among species appeared to be driven largely by
their feeding positions in the water column at night. Since apogonids feed in a range of habitats, then
return to restricted resting sites during the day, they are likely to play an important role in con-
centrating nutrients and energy on reefs, providing localised and predictable resources for both

predators and detritivore communities.
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INTRODUCTION

Nocturnal planktivores are functionally distinct from
their diurnal counterparts on coral reefs (Hobson
1991). Diurnal planktivores generally feed on small
prey of oceanic origin (Hobson & Chess 1978) whereas
nocturnal planktivores usually feed on much larger
prey (Hobson & Chess 1978) of reef origin (Hobson &
Chess 1979). Nocturnal planktivores often migrate
away from their shelter sites to forage in a range of reef
and non-reef habitats (e.g. Hobson 1974, Ogden &
Erlich 1977, Nagelkerken et al. 2000) while their diur-
nal counterparts typically feed in the water column in
close proximity to the reef (Hobson 1991). Although
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the role of diurnal planktivores in reef tropho-
dynamics has received much attention, the role of
nocturnal planktivores has been largely overlooked.
Most nocturnal planktivores are cryptic by day and are
therefore often underestimated or missed in standard
daytime visual censuses of reef fish communities
(Ackerman & Bellwood 2000). In addition, there have
been few studies of nocturnal planktivores during their
active, feeding phase, probably due to the logistical
constraints of working underwater at night.

The family Apogonidae (cardinalfishes) forms the
dominant component of nocturnal planktivore assem-
blages on Indo-Pacific reefs (Allen 1993), commonly
ranking second to third highest of all reef fish families
in terms of both abundance and species diversity (Bell-
wood 1996). Apogonids are small (generally <10 cm),
mostly nocturnal predators of plankton, fish and ben-



262 Mar Ecol Prog Ser 231: 261-268, 2002

thic invertebrates (Vivien 1975). By day, apogonids
rest in caves or amongst branching coral, often forming
dense, multi-specific aggregations (Greenfield & John-
son 1990). Apogonids consume prey from both reef
and non-reef sources, including open water, sand and
seagrass habitats (Vivien 1975). They are also signifi-
cant predators of demersal plankton (Vivien 1975,
Chave 1978), a trophic pathway that has received little
attention on coral reefs (Parrish 1989). Apogonids may
return to the same resting sites daily over extended
periods of time (Kuwamura 1985, Okuda & Yanagi-
sawa 1996, Marnane 2000), and thus may play a signif-
icant role in the concentration of energy and nutrients
at localised, predictable sites on reefs (cf. Bray et al.
1981).

Despite their prominence on reefs, apogonids
remain one of the least studied of the major families of
reef fishes. A generalist diet, consisting mostly of de-
mersal plankton and benthic invertebrates has been
described for apogonids from the Marshall Islands
(Hiatt & Strasburg 1960, Hobson & Chess 1978),
Hawaii (Chave 1978) and Madagascar (Vivien 1975).
However, comparable data on the feeding ecology of
Indo-West Pacific apogonids are lacking. A number of
studies have examined apogonid distribution patterns
during the day (e.g. Vivien 1975, Dale 1978, Greenfield
& Johnston 1990, Finn & Kingsford 1996); however,
except for qualitative observations (e.g. Hiatt & Stras-
burg 1960, Livingston 1971, Chave 1978, Allen 1993),
there are no published accounts of nocturnal distribu-
tion patterns. In order to evaluate the trophic role of
apogonids on reefs, it is necessary to combine dietary
information with both diurnal and nocturnal distribu-
tion data. The specific objectives of this study, there-
fore, were to describe: (1) foraging patterns, (2) diel
feeding patterns, and (3) diet, in 7 common apogonid
species from the Great Barrier Reef.

i

Fig. 1. One Tree Reef study sites used in day and night censuses

MATERIALS AND METHODS

Study site and species. This study was carried out
within the One Tree Reef lagoon, southern Great
Barrier Reef, Australia (152°03'E, 23°30'S). One Tree
Reef contains a shallow lagoon (average depth = 3 to
5 m) with a well-defined outer reef wall and an inner
matrix of patch reefs and micro-atolls (Fig. 1). The 7
most abundant apogonid species in the lagoon were
studied: Apogon cyanosoma, Apogon doederlini, Apo-
gon exostigma, Apogon guamensis, Archamia leai,
Cheilodipterus artus and Cheilodipterus quinquilinea-
tus. Only large juvenile and adult apogonids (>30 mm
standard length) were examined owing to difficulties
in identifying newly settled individuals of some species
and the possibility of ontogenetic shifts in the diet
(cf. Fishelson & Sharon 1997) and habitat use (Finn &
Kingsford 1996) of early juveniles.

Foraging movements. The nocturnal movements of
apogonids between resting and feeding sites were
examined through a direct comparison of day and
night distributions. Censuses were conducted over 5 d
surrounding the quarter moon phase during Novem-
ber 1998, February 1999 and July 1999. During each of
the 3 sampling periods 5 randomly placed transects
were laid perpendicular to the reef at each of 5 micro-
atolls selected randomly from a range of suitable sites
(Fig. 1). Quadrats of an estimated 8 m? and the water
column immediately above them were surveyed at
points along the transect within all reef habitats,
including the reef flat, crest, slope, base and at dis-
tances of 5, 10, 20 and 30 m from the reef over the sand
areas between micro-atolls (1 quadrat per habitat
type). The observers remained outside the quadrat
during the census. All apogonids present within the
quadrat were recorded including an estimate of their
standard lengths, heights above the substratum, and
the nearest microhabitat type (reef, sand or
water column). Specimens were recorded as
being from the ‘water column’' microhabitat if
further than 30 cm from the substratum.
Quadrats were surveyed between 09:00 and
15:00 h, then resurveyed the same night be-
tween 21:00 and 03:00 h.

In order to reduce diver effects at night, only
available moonlight was used to locate census
points on the transect. Once the census points
were located, quadrats and the water column
immediately above them were briefly illumi-
nated by 2 divers using 2 x 12 V underwater
halogen lights. Apogonids generally ‘froze’ in
position when illuminated. All apogonids pres-
ent within the quadrat immediately upon illumi-
nation were recorded, including estimates of
their standard length, height above the substra-
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tum and nearest microhabitat type. [llumination peri-
ods generally lasted a few minutes. Any specimens
that entered the quadrat after initial illumination were
excluded from the survey. Specimens which could not
be positively identified were collected after the census.
This was achieved by one diver stunning the target fish
with torch-light while the second diver collected the
fish using hand nets. These fish were then placed in
individual, labelled bags and later identified in the
laboratory.

Feeding patterns. The diel feeding patterns of each
species were assessed through examination of stomach
contents of fish collected at dawn and dusk. Fish were
collected around dawn (05:30 to 07:00 h) and dusk
(17:00 to 18:30 h) during November 1998, February
1999 and July 1999 from at least 2 randomly chosen
sites per time of day and sampling period within the
lagoon. Fish were collected on SCUBA using hand nets
and small hand spears. In both dawn and dusk sam-
ples, fish were collected from their resting sites. Fish
were immediately killed underwater, then placed on
ice within 30 min and frozen within 2 h of collection.
Fish were later dissected and the stomach contents
removed, recording the presence of identifiable items.
Identifiable material had presumably been recently
consumed and had not yet undergone significant
digestion.

Diet was assessed through the examination of stom-
ach contents of specimens collected at night (21:00 to
03:00 h) during late February 1999 from 3 randomly
chosen sites within the lagoon. At each site, species
were collected from across the entire range of habitats
in which they occurred at night. Fish were collected by
scuba divers with hand nets after stunning them with
torchlight. Fish were killed immediately then placed
on ice within 30 min and frozen within 2 h. Stomach
contents were later removed, identified and placed in
major taxonomic categories. The mean weight of each
prey taxonomic category for each apogonid species
was calculated by weighing a random sample (>10
where possible) of intact prey specimens. Mean prey
item weights for each prey category were then multi-
plied by mean prey occurrences in the stomachs of
each apogonid species to provide an estimate of the
mass of material in each dietary category for each
apogonid species. Combined error terms were calcu-
lated using Goodman's estimator, following Travis
(1982):

SE (}? X }7)2 = }?2 X SE)72 + }72 X SEgz + S:E)?2 X SEYZ

where X = mean prey item weight in each prey cate-
gory; ¥y = mean number of prey items from each prey
category per individual fish; SE; = standard error of
mean prey item weight; SE; = standard error of mean
prey number.

Statistical analyses. Data on day and night distribu-
tions of apogonids violated assumptions of homo-
scedasticity and normality. Distributions of each spe-
cies were therefore analysed using chi-square tests of
independence among the 3 survey periods. Distribu-
tion data were pooled among sites and habitats where
necessary to meet chi-square assumptions. Data on the
heights of apogonids above the substratum violated
assumptions of homoscedasticity and were analysed
using Kruskal-Wallis tests followed by post-hoc Tukey-
type multiple comparisons, following Zar (1984). The
dietary relationships between species were examined
using principle components analysis (PCA). PCA was
carried out on the correlation matrix of dietary data
(see Table 2) before they were converted to percent-
ages. Pearson's correlation was used to examine the
relationship between height above substratum and
principle component 1 scores from the principle com-
ponent analysis. All analyses were carried out on SPSS
v. 9.0 (SPSS Inc., Chicago, IL).

RESULTS
Foraging movements

Surveys conducted during the day showed a
restricted distribution of apogonids at resting sites, pri-
marily on the reef slope and at the reef base (Fig. 2A).
Although the abundance of apogonids differed at each
time of year, patterns of habitat use by each species
were not significantly different among the 3 sampling
periods (all chi-squared values < critical values; p =
0.09 to 0.69). The 3 sampling periods were therefore
pooled for analyses. All species were predominantly
located within caves or branching coral (indicated by
negative heights above the substratum in Fig. 2A).
Although there was a significant difference in mean
heights above the substratum among species during
the day (Kruskal-Wallis, H = 175, df = 6, p < 0.001),
Tukey-type multiple comparisons revealed overlap-
ping height distributions among Apogon doederlini, A.
exostigma, A. guamensis, and Archamia leai (Q = 0.04
to 291, k = 7, p > 0.05) and between Cheilodipterus
artus and C. quinquilineatus (Q=1.11, k=7, p > 0.5).

Night surveys showed that the majority of species
foraged in different habitats to their diurnal resting
sites (Fig. 2B). For example, Apogon cyanosoma was
recorded primarily in caves in the reef base by day and
occurred almost exclusively on the reef flat at night,
whilst A. doederlini occurred on the reef slope and
base by day and foraged over sand between micro-
atolls at night. Furthermore, in contrast to daytime dis-
tributions, there was a strong degree of spatial separa-
tion between species at night, with little overlap in
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A) Day Mean height either horizontal or vertical distribu-
shove substrabm ;) patterns (Fig. 2B). Mean heights

(cm * SE) )
A loai ] ® o | 363+45] a.boye. the sulgstratum at night wgre
significantly different among species
C.arfus{ . . . . L -11.1+36 (Kruskal-Wallis, H = 2718, df = 6, p <
) 0.001) (Fig. 2B) with a post-hoc multi-
A guamarsis 1 - @ o [-94£15 ple comparison suggesting overlapping
C. quinquilineatus - ® L 11.7+2.0 nocturnal vertical distributions in
only A. cyanosoma and A. exostigma
A. cyanosoma 1 ] --23.3+34 (Tukey-type comparison, Q = 0.41, k =
A. exostigma - Ps | 40.0+9.71 7, p > 0.5). In addition, most species

showed a strong link with specific
L -16.3+15 | microhabitat types at night (Table 1).
A. doederlini, A. cyanosoma and A.
exostigma were located above sand

A. doederlini 4

Flat CrestSlopeBase 5m 10m 20m 30 m

Zone more than 87% of the time, whilst
Archamia leai and Apogon guamensis
B) Night Mean height were located in the water column 82 %
abo\.}i;ufgga}tum and 78% of the time respectively.
. Cheilodipterus artus and C. quinquilin-
A leai{ e e O - . - 789+18

eatus did not show a strong link with
C. artus{ - . . e o ° . .} 534+24 any one microhabitat and were fre-
quently located in the water column

Ageamesisy & & @ F 484112 and above sand and reef microhabitats
C. quinquilineatus{ e e @ e e . « |} 146+10 at night (Table 1).
A. cyanosoma - . i E L 6.4+13

Feeding patterns

A. exostigma - - @ o . - 53+0.5
A dosdedfnf-:i\ e O e . e | 23+01 In all 7 species, a large proportion of
Fllat Cr:ast Slc;pe Ba.se 5‘rn 1{; = 20' = 30' = individuals had identifiable material in
the stomachs when collected at dawn,

Zone whereas fish collected at dusk usually
Fig. 2. Bubble plots of proportional habitat use by 7 apogonid species during had empty stomachs or small fragments
(A) day (09:00-15:00 h) and (B) night (21:00-03:00 h). Circle areas represent of heavily digested material (Fig. 3).
the number of fish recorded from each habitat as a proportion of the total The only major exception was Apogon

number of fish of each species recorded across all habitats (based on 75
quadrat censuses; fish sample sizes in Table 1). Negative heights above .
substratum indicate that fish were in caves or within branching coral. Over- were found in the stomachs of 36 % of
lapping mean heights above substratum among species are indicated by bars specimens collected at dusk.

cyanosoma, where identifiable items

Table 1. Distribution of species with respect to microhabitat type. Data represent the percent occurrence of each species with
respect to the nearest microhabitat type (within 30 cm); n = total number of fish recorded during surveys

Species Sand (%) Reef (%) Water column (%) n

Day Night Day Night Day Night Day Night
Apogon cyanosoma 3 87 92 12 5 1 264 143
Apogon doederlini 5 93 91 5 4 2 650 1108
Apogon exostigma 2 90 98 8 0 2 54 209
Apogon guamensis 0 0 100 22 0 78 60 834
Archamia leai 0 0 98 18 2 82 164 688
Cheilodipterus artus 14 15 66 34 20 51 155 195
Cheilodipterus quinquilineatus 13 29 62 36 25 35 447 276

Total 1794 3453
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Fig. 4. Principle components analysis of dietary relationships:
(A) species eigenvalues on principle components 1 and 2;
(B) prey category eigenvectors

these zones have a high degree of topographic com-
plexity, and are therefore likely to provide the greatest
protection from diurnal predators (Hixon & Beets
1993). Species were distinctly separated during the
night, both horizontally and vertically. Surprisingly,
patterns of spatial segregation appeared to operate
over scales of O(10 cm) vertically and O(1 m) horizon-
tally.

Spatial niche partitioning has been reported in a
number of diurnal reef fishes, across many spatial
scales including microhabitat, reef zone, level of expo-
sure and depth gradients (Williams 1991) but has
rarely been documented in nocturnal reef fishes at
night. Gladfelter (1983) described spatial niche separa-
tion of 8 species of holocentrids into different reef
zones in the West Indies. Burke (1995) described seg-
regated habitat use of seagrass beds and sand habitats
in 2 species of haemulids from Belize. The habitat divi-
sion observed among apogonids was of a finer scale

100

80 1 A. ieai

60 1

40 - A. guamensis

20 A C. qginquilineatus

A. cyanosoma
® A exostigm

A dogderlini

4 3 2 414 0 1 2 3 4
PC1 score

Mean distance above substratum (cm)

Fig. 5. Relationship between PC1 scores (see Fig. 4) and mean
foraging heights of fish above the substratum at night (see
Fig. 2B)

than previously observed in nocturnal fishes and was
finer than that seen in most diurnal fishes. It is not
known if this is due to strong habitat preference or
competitive exclusion. The former might be expected,
but intense aggressive interactions observed between
apogonids in aquaria at night (pers. obs.) suggest that
competition may play an important role.

To our knowledge, this is the first study to quantify
nocturnal distribution patterns in reef fishes using rel-
atively unbiased survey techniques. Previous distribu-
tion studies of nocturnal reef fish have either: exam-
ined diurnal distributions only (e.g. Greenfield &
Johnson 1990), used qualitative observations at night
(Starck & Davis 1966, Hobson 1974, Chave 1978), or
used standard visual methods with a continuous light
source to census fish at night (e.g. Gladfelter 1983,
Burke 1995). Surveying nocturnal fish during the day
is of limited utility because they are generally inactive
and their position may not reflect feeding locations
(Nagelkerken et al. 2000). Surveys conducted at night
with a continuous light source are likely to enhance
diver biases for species which display photo responses.
These biases are difficult to measure and correct. The
‘brief-illumination’ technique used in the present study
provides a quantitative alternative to previous survey
methods. When moving between census points using
only moonlight, fish showed little response to diver
presence. Replacing the 'brief illumination’ with infra-
red visual or video censuses may provide a useful
refinement of this method.

The majority of apogonid species examined in this
study appear to be primarily nocturnal in their feeding
behaviour, as noted in previous studies (Vivien 1975,
Chave 1978, Fishelson et al. 1997). The only possible
exception to nocturnal feeding was in Apogon cyano-
soma, which contained identifiable prey items in the
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stomachs of a relatively large proportion (36%) of
specimens collected at dusk. A. cyanosoma may sup-
plement nocturnal feeding with diurnal or crepuscular
feeding. Vivien (1975) suggests that A. cyanosoma
may ingest some prey during the day based on gut
content analysis. However, the exact time at which
specimens were collected was not specified (only ‘day’
versus ‘night’), which may limit resolution if crepuscu-
lar feeding was involved.

Apogonids are likely to play a role in concentrating
nutrients and energy from a range of foraging habitats
into localised, predictable resting sites on the reef.
After a nocturnal foraging period, the majority of indi-
viduals returned to the same resting sites on the reef
(Marnane 2000). Data suggest that these sites are
maintained on a daily basis for periods of several
months to years (Kuwamura 1985, Okuda & Yanagi-
sawa 1996, Marnane 2000). At dawn most individuals
still have a large quantity of material in their guts
(Fig. 3) and a significant proportion of this material is
likely to be deposited at resting sites. This accrual of
material, in the form of fish biomass and faeces, is
likely to provide a spatially and temporally predictable
resource for predators and detritivore communities
(cf. Bray et al. 1981). The most striking example of this
is Apogon doederlini which feeds almost exclusively
over sand areas between micro-atolls and returns to
shelter sites within the reef slope and base.

Apogon doederlini is highly abundant within the
One Tree Reef lagoon, with adult densities commonly
between 10 and 20 fish per m? at resting sites (M.J.M.
unpubl. data). A. doederlini may therefore be a key
species responsible for gathering nutrients and energy
from sand areas within the lagoon and concentrating
these at resting sites on the reef. A. cyanosoma may
play a similar role, moving material from foraging
grounds on the reef flat to resting sites at the reef base.
Apogonid faeces may be particularly important as it
delivers nutrients to a localised area in a particulate
rather than a suspended form, which would retain ma-
terial within the reef system (i.e. within the boundary
layer) (cf. Baird & Atkinson 1997). Previous studies on
haemulids in the Caribbean (Meyer et al. 1983) identi-
fied fish waste as a potential source of nutrients to en-
hance coral growth. In this respect, apogonids shelter-
ing within corals may exhibit a symbiotic relationship,
with the corals providing shelter whilst apogonids en-
hance local coral growth via nutrient enrichment.

Apogonids are largely generalist feeders. Dietary
analysis (Table 2) indicated that all of the species
examined, with the exception of Cheilodipterus artus,
ate a wide range of organisms. C. artus preyed mostly
upon clupeids, and is likely to be trophically similar to
diurnal piscivores such as serranids, which also feed
largely on clupeids within the lagoon (Kingsford 1992).

The prey consumed by the majority of apogonid
species included a large proportion of benthic taxa
and demersal plankton (e.g. brachyurans, sergestid
shrimps, and polychaetes), whilst holoplanktonic forms
such as chaetognaths and copepods represented only
minor dietary components. It is possible that small,
holoplanktonic prey undergo a more rapid digestion
than larger benthic and demersal prey, and may there-
fore be under-represented in samples of stomach con-
tents. However, even if a 10-fold difference in diges-
tion rates was assumed, benthic taxa and demersal
plankton would still dominate apogonid diets. In a
trophic sense, apogonids play a functional role that is
distinctly different to that of most diurnal planktivores,
which generally consume oceanic plankton (Hobson &
Chess 1978). Apogonids are more likely to play a role
of recycling in reef systems rather than of importing
nutrients and energy to reefs from open water systems
(cf. Hamner et al. 1988).

Some dietary separation was found among apogo-
nids, despite their generalised diets. Dietary separa-
tion was primarily benthic versus planktonic prey and
secondarily small versus large prey. This separation
appears to be strongly linked with the position of spe-
cies within the water column. Species that were high in
the water column (e.g. Archamia leai and Apogon gua-
mensis) consumed mostly small, planktonic prey whilst
species that foraged low in the water column (e.g. A.
doederlini and A. exostigma) consumed mostly large,
benthic prey. Taxon-specific differences in the dis-
tances demersal plankton migrate vertically into the
water column at night have been observed (Alldredge
& King 1985), supporting the conclusion that dietary
separation in apogonids is associated with the species
foraging locations within the water column. However,
the question remains as to whether the feeding prefer-
ence of apogonids determines their position in the
water column or whether position in the water column
dictates the availability of prey taxa.

The present study emphasises the need for data
beyond gut contents and diurnal distributions if we are
to understand the trophic roles of nocturnal fishes. In
the case of apogonids, nocturnal behaviour appeared
to be the main factor determining the functional role of
each species. This study highlights the need to match
methods to questions: both diurnal and nocturnal
distribution data as well as dietary information are
necessary to infer the trophic roles of nocturnal fishes
on reefs. The high abundances and rapid turnover
rates of apogonids on Indo-Pacific reefs suggests that
they are important in reef tropho-dynamics. Given
their strongly segregated feeding and shared resting
locations, apogonids may play a key role in the transfer
of nutrients between habitats and in the concentration
of nutrients at specific sites on reefs.
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