Mar Biol (2015) 162:1779-1786
DOI 10.1007/s00227-015-2710-0

@ CrossMark

ORIGINAL PAPER

Refining the invertivore: diversity and specialisation in fish

predation on coral reef crustaceans

Michael J. Kramer'? - Orpha Bellwood? - Christopher J. Fulton® -

David R. Bellwood!?

Received: 17 April 2015 / Accepted: 20 July 2015 / Published online: 4 August 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Crustaceans are one of the most influential
groups in aquatic trophic networks by providing a major
connection between primary production and higher con-
sumers. Although coral reefs support a high diversity and
abundance of crustaceans and crustacean predators, their
trophic interrelationships remain unclear. Using predator
gut content analyses, we investigated trophic relationships
between Crustacea and adult fishes of the family Labridae,
which are one of the most abundant and diverse families
of marine crustacean predators. Crustaceans were present
within the guts of 93 % of the 30 wrasse genera investi-
gated. We found a distinct division between micro- and
macro-crustacean predators: wrasses <80 mm standard
length (SL) were predominantly micro-crustacean feed-
ers, while wrasses >90 mm SL displayed a predominantly
macro-Crustacea diet. Notably, micro-crustacean predators
tended to specialise on certain crustacean taxa, whereas
macro-crustacean predators consumed mostly brachyurans.
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Our findings highlight complex patterns of feeding diver-
sity within crustacean predators that prompt a more
nuanced approach to defining the role of crustacean-feed-
ing fishes in coral reef trophodynamics.

Introduction

Coral reefs are considered to be one of the most produc-
tive (Reaka-Kudla 1997) and species-rich ecosystems in the
world (Plaisance et al. 2009; Stella et al. 2011). To support
such a diverse ecosystem, the organisms that inhabit coral
reefs utilise a wide variety of nutritional resources such as
algae (Choat and Clements 1998; Bellwood et al. 2004),
detritus (Wilson et al. 2003), coral (Cole et al. 2008) and ben-
thic invertebrates (Glynn and Enochs 2011). Fishes are one
of the most important consumers on a coral reef, incorporat-
ing all major nutritional resources into their respective diets
and, as a result, shaping ecosystem dynamics (Bellwood and
Wainwright 2002; Wilson et al. 2003; Bellwood et al. 2006).
Fishes are widely considered to be major conduits for
the movement of energy from benthic invertebrates to
higher trophic levels in aquatic ecosystems (Marnane and
Bellwood 2002; Pusey et al. 2004; Depczynski et al. 2007,
Kramer et al. 2013). Of the 1460 species of fish on the
Great Barrier Reef (GBR), approximately 70 % feed pre-
dominantly on invertebrates (Williams and Hatcher 1983;
Randall et al. 1997; Froese and Pauly 2014). Of these
invertivores, 60 % incorporate benthic Crustacea in their
diet as a primary component (Randall et al. 1997; Fro-
ese and Pauly 2014). Furthermore, broad-scale studies on
the diet of reef fish assemblages have found that the most
important category is crustaceans, which are consumed by
over 50 % of the investigated species (Hiatt and Strasburg
1960; Randall 1967; Hobson 1974). Although the number
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of fish species that feed on Crustacea appears to outnum-
ber all other groups on coral reefs (e.g. Randall 1967;
Ferry-Graham et al. 2002; Depczynski and Bellwood 2003;
Cowman et al. 2009), information on this trophic group is
scarce, even within well-studied families such as the Labri-
dae (but see Bellwood et al. 2006; Ashworth et al. 2014).
Quantitative dietary information is essential in charac-
terising the trophic level of predators, developing tractable
trophodynamic models, and for ecosystem-based fishery
models (Pauly et al. 1998; Stergiou and Karpouzi 2002;
Smith et al. 2011). To explore the potential role of Crus-
tacea in the diet of reef fishes, we concentrate on one of
the most abundant, speciose and widespread marine fish
families: the Labridae (Randall et al. 1997; Bellwood et al.
2006). We focus on adult specimens (i.e. above 50 % of
the maximum adult size; cf. Bellwood and Choat 2011)
to minimise the confounding effects of ontogenetic shifts
in diet and habitat use (Fulton and Bellwood 2002a) and
to focus on the larger individuals within a species that are
likely to contribute most to reef trophodynamics (cf. Bon-
aldo and Bellwood 2008). Our goal was to quantitatively
determine the extent and nature of Crustacea in the diets
of adult labrids and to determine whether specialisation in
crustacean feeding is apparent among labrid genera.

Materials and Methods

Dietary data were collected from 1864 adult specimens of
107 species in 30 labrid genera (average £ SE of 17 + 1
individuals per species, sample sizes are given in ESM
Table 1). This represents 91 % of wrasse species (Labridae,
excluding parrotfishes) and 88 % of wrasse genera found
on the GBR (Randall et al. 1997; Froese and Pauly 2014).
The vast majority of individuals were collected using bar-
rier nets and hand spears from the northern section of the
GBR, between Orpheus and Lizard Islands. Species/gen-
era that were uncommon or unavailable on the GBR were
represented by specimens from other GBR locations (Pseu-
dolabrus guentheri from Heron Island), as well as French
Polynesia (Halichoeres ornatissimus, Pseudojuloides ceras-
inus) and Papua New Guinea (Diproctacanthus, Pseudo-
cheilinops, Paracheilinus). Specimens were placed on ice
shortly after capture, and then, either the whole intestine or
the whole fish (with the lateral abdominal wall removed)
was fixed in 10 % buffered seawater formalin for a mini-
mum of 4 weeks before being transferred to 70 % ethanol
for storage and gut content analysis. The contents of the
anterior section of the intestine (wrasses have no stomach)
were carefully removed under a dissecting microscope,
using irrigation to remove all particles, and evenly spread
into a single layer of prey items, arranged in a square
shape on a petri dish. Contents were then viewed under a
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dissection microscope (10-40x magnification) through an
overlayed grid of 100 squares, of which 40 random squares
were open to view. Dietary items nearest to the upper right
corner of each random square (i.e. point intersect) were
identified to the lowest practical taxonomic level and trans-
lated to proportions for data analysis. We subsequently allo-
cated each of these taxa to functional prey types for graphi-
cal representation: micro-Crustacea, macro-Crustacea and
non-Crustacea (see ESM Table 2 for specific prey items
within each category). Micro- and macro-Crustacea are sep-
arated based on size and habitat associations: micro-crusta-
ceans are small (<3 mm) and highly abundant in almost all
habitats, whereas macro-crustaceans are large (>3 mm) and
only found in particular habitats such as dead coral or coral
rubble (Kramer et al. 2014). The standard length of each
fish was recorded to the nearest mm. Collections and dissec-
tions were conducted under approval from the James Cook
University Animal Ethics committee (A650).

Mean proportions (£SE) of all identified prey items
found within the guts of species were assembled for each
wrasse genus. Principal component analysis (PCA) (based
on covariance with no pre-transformation) in conjunction
with K-means cluster analysis was used to identify major
feeding groups within the investigated wrasses (micro-
Crustacea, macro-Crustacea and non-Crustacea) and
the specific genera associated with each group. Locally
weighted scatterplot smoothing (LOESS) regression mod-
els were conducted on the relationship between the stand-
ard length and the mean proportion of micro- and macro-
Crustacea within the gut of each genus. A step function,
using a tree model, was used to determine threshold values
that separated genera into micro- and macro-crustacean
groups (Crawley 2007). All analyses were conducted with
the software R (version 3.1.0) and the package tree.

Results

Crustacea were found to be a significant dietary item in all
labrid genera examined, except Diproctacanthus, Labrich-
thys, Labropsis, Pseudodax, Pteragogus and Macropharyn-
godon (Fig. 1). Crustaceans comprised more than 50 % of
the diet in most (17 of 30) labrid genera (Fig. 1), with the
diets of a further 7 labrid genera comprising, on average, at
least 20 % Crustacea. While 8 labrid genera fed predomi-
nantly on macro-Crustacea, 14 genera fed predominantly on
micro-Crustacea (Fig. 2). Choerodon and Coris consumed
similar proportions of macro- and micro-Crustacea (Fig. 2).
Limited among-species variation in the proportion of Crus-
tacea within wrasse gut contents was apparent for most
genera. Gomphosus and Novaculichthys were the greatest
consumers of macro-Crustacea (69—85 % of prey items in
the gut), whereas Cirrhilabrus, Labroides, Pseudocoris,
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Stethojulis, Pseudocheilinops and Paracheilinus contained
the highest proportion (over 70 % of prey items in the
gut) of micro-Crustacea (Fig. 2). Molluscs, coral tissue
and fish were the dominant food items in the guts of non-
crustacean-feeding genera. Non-identifiable material was
predominantly amorphous organic matter and comprised
15.6 & 3.5 % (mean = SE) of the diet of all genera.

Groups of micro-, macro- and non-Crustacea predators
were confirmed by K-means clustering (Fig. 3a), against
which the prey vectors provided detail of the characteristic
crustaceans consumed by each group (Fig. 3b). The only
overlap that occurred between groupings was observed in
Bodianus, which consumed a slightly greater proportion
of non-Crustacea (principally molluscs) than Crustacea
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Fig. 3 Principal components analysis (PCA) of prey items within
wrasse genera indicating a three major groups based on cluster anal-
ysis (K-means clustering) and b identifying the major prey items (n
species and n individuals are given in ESM Table 1). Non-Crustacea,
macro-Crustacea and micro-Crustacea feeders are indicated by solid,
dotted and dashed lines, respectively. Macro-Crustacea are under-
lined. 1. Anampses, 2. Bodianus, 3. Cheilinus, 4. Choerodon, 5. Cir-
rhilabrus, 6. Coris, 7. Cymolutes, 8. Diproctacanthus, 9. Epibulus,
10. Gomphosus, 11. Halichoeres, 12. Hemigymnus, 13. Hologymno-
sus, 14. Labrichthys, 15. Labroides, 16. Labropsis, 17. Leptojulis, 18.
Macropharyngodon, 19. Novaculichthys, 20. Oxycheilinus, 21. Par-
acheilinus, 22. Pseudocheilinops, 23. Pseudocheilinus, 24. Pseudoco-
ris, 25. Pseudodax, 26. Pseudojuloides, 27. Pteragogus, 28. Stethoju-
lis, 29. Thalassoma and 30. Wetmorella
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Fig.4 Mean percentage of prey items in the gut contents of 24
wrasse genera, separated into a micro-crustacean and b macro-crusta-
cean prey items. The LOESS regression smoothing model is indicated
by the solid line. The dashed line and associated number indicate the
step threshold at which the data are split between high and low sec-
tions of mean percentage. Numbers indicate standard length (mm) at
which the step occurs

(Fig. 3). Amphipoda and Harpacticoida were characteristic
of micro-Crustacea predators, while Brachyura and Stoma-
topoda were characteristic of macro-Crustacea predators
(Fig. 3b). Fish body size appeared to play a role in these
consumption patterns, with a distinct division between
consumption of micro-Crustacea and macro-Crustacea
below and above a standard length threshold of 78-94 mm,
respectively (Fig. 4).

Crustaceans consumed by micro-crustacean feeders
varied from predominantly Amphipoda (Anampses, Hali-
choeres, Pseudojuloides and Stethojulis), Harpacticoida
(Anampses, Hemigymnus and Stethojulis) and Calanoida
(Cirrhilabrus, Paracheilinus, Leptojulis, Pseudocoris and
Thalassoma) to Isopoda (Labroides) (Fig. 5). Of the iden-
tifiable items for macro-crustacean predators, Brachyura
was the major prey item in almost all genera. Notably,
over 40 % of the prey items consumed by Gomphosus and
Novaculichthys were Brachyura (Fig. 6).
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macro-Crustacea are included. The dietary category ‘unidentified fragments’ was excluded to emphasise identifiable prey items
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Discussion

Crustaceans are abundant, widespread and diverse mem-
bers of marine faunas (Ruppert et al. 2004; Stella et al.
2011; Kramer et al. 2014). They support a diverse group of
predators, including the majority of fish species and gen-
era within the diverse and abundant group of fishes in the
family Labridae. In exploring the crustaceans consumed by
each wrasse genus, we found three different trophic groups,
with consequences for broader trophic pathways within
reef ecosystems. Predator body size appears to be linked to
these patterns: wrasse genera with a mean standard length
above 94 mm or below 78 mm predominantly consum-
ing brachyuran crabs or micro-Crustacea, respectively.
Nuanced differences in micro-crustacean feeding were
also apparent, with different wrasses tending to specialise
towards the Amphipoda, Calanoida, Harpacticoida and/or
Isopoda. This suggests that there are at least two distinct
crustacean-based trophic pathways on reefs and that care
is needed when assessing the role of crustacean-feeding
fishes in coral reef trophodynamics (Depczynski and Bell-
wood 2003; Graham et al. 2003; Ashworth et al. 2014).
Allometric trends in prey consumption are common in
predatory animals, including fishes, where crustaceans
appear to be the foundational diet of small fishes (e.g.
Alheit and Scheibel 1982; Bellwood 1988; Wen et al.
2012). Throughout the ontogeny of predatory fish species,
prey sizes have been found to correlate strongly with body
size. Prey items will often progress from copepods to small
shrimps, then to crabs and finally to fishes (Wainwright
and Richard 1995; Morton et al. 2008; Fukuoka and Yam-
ada 2015). Previous research of fishes from the Haemuli-
dae, Labridae, Lutjanidae, Serranidae and Centrarchidae
has found major shifts in prey type at standard lengths of
approximately 70-100 mm (Wainwright 1988; Wainwright
and Richard 1995; de la Morini¢re et al. 2003). However,
these size thresholds have overwhelmingly been associ-
ated with ontogenetic shifts within species, rather than the
dietary differences we find here in labrid adults of different
mean sizes. Nonetheless, such congruence in predator size
with prey relationships suggests that an overarching mech-
anism is at work, such as limitations in the feeding mor-
phology for consumption of larger prey. This may involve
the gape of the oral and pharyngeal jaws, or the crushing
capability of the levator posterior muscle and the pharyn-
geal apparatus (Wainwright 1988; Wainwright and Richard
1995). Combined with the trade-off between costs of for-
aging and prey consumption, and the value of larger prey
(Osenberg and Mittelbach 1989; Wainwright and Bellwood
2002), there appears to be powerful selection for size-
related divisions in prey consumption. Thus, most preda-
tory species will likely to progress through size-appropriate
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diet shifts until reaching maturity, where the adult body size
will be a good indication of the predominant prey items.

Micro-crustaceans were of particularly high importance
for small wrasses. The consumption of small Crustacea (i.e.
amphipods, copepods and isopods) likely requires minimal
foraging effort, as these prey items are highly abundant
across all reef substrata, except live corals (Kramer et al.
2014). It is important to note, however, that the wrasse
genera that feed on these items differ in their preferred
micro-crustacean prey. For more demersal wrasses such as
Anampses, Hemigymnus, Pseudojuloides and Stethojulis,
benthic amphipods and harpacticoid copepods are the dom-
inant identifiable prey item, while water column users such
as Cirrhilabrus, Leptojulis, Paracheilinus and Pseudocoris
prey on planktonic copepods (Fulton et al. 2001; Fulton and
Bellwood 2002b). Labroides functions as a cleaner, feeding
primarily on parasitic isopods located on other fishes (as
previously noted by Grutter 2000). These specialisations
are likely to be due, at least in part, to the extensive mor-
phological disparity among crustacean-consuming wrasses,
which is broader than corallivorous or piscivorous wrasses
(Wainwright et al. 2004). Moreover, wrasses often display
different patterns of foraging behaviour and micro-habitat
preferences, which are likely to influence the micro-crus-
taceans they encounter (Bellwood and Wainwright 2001;
Fulton et al. 2001; Fulton and Bellwood 2002a).

A relatively narrow group of macro-crustaceans appear
to be targeted by larger wrasse genera. Although fewer
wrasse genera utilise macro-crustaceans as a resource, the
major predators (Gomphosus, Novaculichthys and Epi-
bulus) all appear to feed predominantly on brachyurans.
These genera have particular morphological or behavioural
adaptations that enable them to target elusive Crustacea in
crevices, coral heads or under coral rubble (Wainwright
1988; Ferry-Graham et al. 2002; Fulton and Bellwood
2002b; Wainwright et al. 2004). For example, Gomphosus
has a prominent snout that enables it to extract prey from
crevices (Fulton and Bellwood 2002b; Wainwright et al.
2004), while Novaculichthys is renowned for its ability to
move pieces of coral rubble to uncover large, cryptic ani-
mals hiding underneath (Randall et al. 1997). Although
macro-crustaceans are relatively scarce in comparison with
micro-crustaceans (Kramer et al. 2014), it is likely that the
effort exerted in order to capture macro-crustaceans is justi-
fied by the relatively high nutritional and energetic return.
Additionally, wrasses that prey on larger crustaceans have
the mechanical ability to obtain and process a wide range
of hard-shelled prey items, including molluscs. Indeed, the
crushing strength of the pharyngeal jaw has been suggested
to be an excellent predictor for feeding abilities on hard-
shelled prey; fishes with a crushing strength >3-5 N con-
sume a higher proportion of gastropods and hard decapods
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(Wainwright 1988). Although the relationship between
standard length and pharyngeal jaw crushing strength var-
ies between species of Halichoeres, it is important to note
that the change in diet occurs between 65 and 120 mm
(Wainwright 1988). This range is consistent with the size-
related step threshold between micro- and macro-Crustacea
predators observed in the present study.

Coral reef fishes are often grouped into distinct trophic
categories, such as herbivores, planktivores and carnivores.
The present study suggests that fishes previously classed as
invertivores may contain representatives from at least two
separate functional pathways: micro- and macro-crustacean
predators. Macro-crustacean predators have the ability to
feed on a variety of resources as a result of the mechani-
cal advantage obtained with size (e.g. raptorial dentition
and large levator posterior muscles for crushing). Although
some species predominantly consume micro-crustaceans
as a juvenile, upon reaching adult size (>80 mm) they are
likely to feed on other large, shelled invertebrates such as
gastropods (Wainwright 1987) and echinoderms (Young
and Bellwood 2012) in addition to macro-Crustacea. The
present study provides a differentiation within the inver-
tivore group, not unlike the separation of grazers, brows-
ers and excavators within coral reef herbivores (Green
and Bellwood 2009). Some finer division of trophic cat-
egories is also apparent within micro-crustacean feeders
where major prey items reflect feeding modes, for exam-
ple, harpacticoids and amphipods in Stethojulis spp., iso-
pods in Labroides spp. and calanoids in Cirrhilabrus spp.
The predominant type of Crustacea consumed reflects the
morphological or behavioural modifications in each genus.
Stethojulis spp., for example, feed by taking bites from
dead substrata and filtering material in the branchial bas-
ket, while Cirrhilabrus spp. swim above the reef, captur-
ing pelagic copepods using well-developed eyes and a
fast, low-strength jaw, and Labroides spp. are characteris-
tic cleaners that remove parasitic isopods from fish hosts
(Grutter 2000; Wainwright and Bellwood 2002; Wain-
wright et al. 2004).

Although crustaceans have been generally recognised
as a major dietary category for fishes on coral reefs, the
present study provides a new perspective with regard to
the importance and diversity in consumption of Crusta-
cea by fishes. Notably, there appears to be a substantial
division between crustacean predators within the Labri-
dae, with two separate trophic pathways based on micro-
Crustacea and macro-Crustacea. Given an underlying
connection to predator size (threshold around approxi-
mately 85 mm SL), there is potential for this division
to be broadly relevant among and within a range of reef
fish species. Accordingly, our understanding of inverti-
vore trophic pathways requires a more detailed apprecia-
tion of the distinct contributions of invertivores, whereby

crustacean-feeding fishes can provide very different con-
tributions to flow of trophic biomass and energy on coral
reefs.

Acknowledgments We wish to thank J. H. Choat, M. Marnane, L.
Stobutzki and F. Walsh for assistance in obtaining specimens, and S.
J. Brandl and two anonymous reviewers for helpful comments. This
work was supported by the Australian Research Council (DRB).

References

Alheit J, Scheibel W (1982) Benthic harpacticoids as a food source
for fish. Mar Biol 70:141-147

Ashworth EC, Depczynski M, Holmes TH, Wilson SK (2014) Quan-
titative diet analysis of four mesopredators from a coral reef. J
Fish Biol 84:1031-1045

Bellwood DR (1988) Ontogenetic changes in the diet of early post-set-
tlement Scarus species (Pices, Scaridae). J Fish Biol 33:213-219

Bellwood DR, Choat JH (2011) Dangerous demographics: the lack of
juvenile humphead parrotfishes Bolbometopon muricatum on the
Great Barrier Reef. Coral Reefs 30:549-554

Bellwood DR, Wainwright P (2001) Locomotion in labrid fishes:
implications for habitat use and cross-shelf biogeography on the
Great Barrier Reef. Coral Reefs 20:139-150

Bellwood DR, Wainwright PC (2002) The history and biogeogra-
phy of fishes on coral reefs. In: Sale PF (ed) Coral reef fishes:
dynamics and diversity in a complex system. Academic Press,
San Diego, pp 5-32

Bellwood DR, Hughes TP, Folke C, Nystrom M (2004) Confronting
the coral reef crisis. Nature 429:827-833

Bellwood DR, Wainwright PC, Fulton CJ, Hoey AS (2006) Func-
tional versatility supports coral reef biodiversity. Proc R Soc Biol
Sci Ser B 273:101-107

Bonaldo RM, Bellwood DR (2008) Size-dependent variation in the
functional role of the parrotfish Scarus rivulatus on the Great
Barrier Reef, Australia. Mar Ecol Prog Ser 360:237-244

Choat JH, Clements KD (1998) Vertebrate herbivores in marine and
terrestrial environments: a nutritional ecology perspective. Annu
Rev Ecol Syst 29:375-403

Cole AJ, Pratchett MS, Jones GP (2008) Diversity and functional
importance of coral-feeding fishes on tropical coral reefs. Fish
Fish 9:286-307

Cowman PF, Bellwood DR, van Herwerden L (2009) Dating the evo-
lutionary origins of the wrasses (Labridae) and the rise of trophic
novelty on coral reefs. Mol Phylogenet Evol 52:621-631

Crawley MJ (2007) The R book. Wiley, Chichester

de la Moriniere EC, Pollux BJA, Nagelkerken I, Hemminga MA,
Huiskes AHL, Van der Velde G (2003) Ontogenetic dietary
changes of coral reef fishes in the mangrove-seagress-reef con-
tinuum: stable isotopes and gut-content analysis. Mar Ecol Prog
Ser 246:279-289

Depczynski M, Bellwood DR (2003) The role of cryptobenthic
reef fishes in coral reef trophodynamics. Mar Ecol Prog Ser
256:183-191

Depczynski M, Fulton C, Marnane M, Bellwood D (2007) Life his-
tory patterns shape energy allocation among fishes on coral
reefs. Oecologia 153:111-120

Ferry-Graham L, Wainwright P, Westneat M, Bellwood D (2002)
Mechanisms of benthic prey capture in wrasses (Labridae). Mar
Biol 141:819-830

Froese R, Pauly D (2014) FishBase. http://www.fishbase.org

Fukuoka K, Yamada H (2015) Food habits of juvenile tuskfishes
(Choerodon schoenleinii and C. anchorago) in relation to food

@ Springer


http://www.fishbase.org

1786

Mar Biol (2015) 162:1779-1786

availability in the shallow waters of Ishigaki Island, Southwest-
ern Japan. Fish Sci 81:331-344

Fulton CJ, Bellwood DR (2002a) Ontogenetic habitat use in labrid
fishes: an ecomorphological perspective. Mar Ecol Progr Ser
236:255-262

Fulton CJ, Bellwood DR (2002b) Patterns of foraging in labrid fishes.
Mar Ecol Prog Ser 226:135-142

Fulton CJ, Bellwood DR, Wainwright PC (2001) The relationship
between swimming ability and habitat use in wrasses (Labridae).
Mar Biol 139:25-33

Glynn PW, Enochs IC (2011) Invertebrates and their roles in coral
reef ecosystems. In: Dubinsky Z, Stambler N (eds) Coral reefs:
an ecosystem in transition. Springer, Netherlands, pp 273-325

Graham NAJ, Evans RD, Russ GR (2003) The effects of marine
reserve protection on the trophic relationships of reef fishes on
the Great Barrier Reef. Environ Conserv 30:200-208

Green AL, Bellwood DR (2009) Monitoring functional groups of
herbivorous reef fishes as indicators of coral reef resilience—a
practical guide for coral reef managers in the Asia Pacific region.
IUCN, Gland

Grutter AS (2000) Ontogenetic variation in the diet of the cleaner fish
Labroides dimidiatus and its ecological consequences. Mar Ecol
Prog Ser 197:241-246

Hiatt RW, Strasburg DW (1960) Ecological relationships of the
fish fauna on coral reefs of the Marshall Islands. Ecol Monogr
30:65-127

Hobson ES (1974) Feeding relationships of teleostean fishes on coral
reefs in Kona, Hawaii. Fish Bull 72:915-1031

Kramer MJ, Bellwood O, Bellwood DR (2013) The trophic impor-
tance of algal turfs for coral reef fishes: the crustacean link.
Coral Reefs 32:575-583

Kramer MJ, Bellwood DR, Bellwood O (2014) Benthic Crusta-
cea on coral reefs: a quantitative survey. Mar Ecol Prog Ser
511:105-116

Marnane MJ, Bellwood DR (2002) Diet and nocturnal foraging in
cardinalfishes (Apogonidae) at One Tree Reef, Great Barrier
Reef, Australia. Mar Ecol Prog Ser 231:261-268

Morton J, Platell M, Gladstone W (2008) Differences in feeding
ecology among three co-occurring species of wrasse (Teleostei:
Labridae) on rocky reefs of temperate Australia. Mar Biol
154:577-592

Osenberg CW, Mittelbach GG (1989) Effects of body size on the
predator—prey interaction between pumpkinseed sunfish and gas-
tropods. Ecol Monogr 59:405—432

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F (1998) Fish-
ing down marine food webs. Science 279:860-863

Plaisance L, Knowlton N, Paulay G, Meyer C (2009) Reef-associated
crustacean fauna: biodiversity estimates using semi-quantitative
sampling and DNA barcoding. Coral Reefs 28:977-986

@ Springer

Pusey B, Kennard M, Arthington A (2004) Freshwater fishes of north-
eastern Australia. CSIRO Publishing, Melbourne

Randall JE (1967) Food habits of reef fishes of the West Indies. Uni-
versity of Miami, Institute of Marine Sciences

Randall J, Allen G, Steene R (1997) Fishes of the Great Barrier Reef
and Coral Sea. University of Hawaii Press, Honolulu

Reaka-Kudla ML (1997) The global biodiversity of coral reefs: a
comparison with rainforests. In: Reaka-Kudla ML, Wilson DE
(eds) Biodiversity II: understanding and protecting our biological
resources. Joseph Henry Press, Washington, pp 83-108

Ruppert EE, Fox RS, Barnes RD (2004) Invertebrate zoology: a func-
tional evolutionary approach. Brooks/Cole, Belmont

Smith ADM, Brown CJ, Bulman CM, Fulton EA, Johnson P, Kaplan
IC, Lozano-Montes H, Mackinson S, Marzloff M, Shannon LJ,
Shin Y-J, Tam J (2011) Impacts of fishing low—trophic level spe-
cies on marine ecosystems. Science 333:1147-1150

Stella JS, Pratchett MS, Hutchings PA, Jones GP (2011) Coral-asso-
ciated invertebrates: Diversity, ecological importance and vulner-
ability to disturbance. Oceanogr Mar Biol Annu Rev 49:43-104

Stergiou K, Karpouzi V (2002) Feeding habits and trophic levels of
Mediterranean fish. Rev Fish Biol Fish 11:217-254

Wainwright PC (1987) Biomechanical limits to ecological perfor-
mance: mollusc-crushing by the Caribbean hogfish, Lachnolai-
mus maximus (Labridae). J Zool 213:283-297

Wainwright PC (1988) Morphology and ecology: functional basis
of feeding constraints in Caribbean labrid fishes. Ecology
69:635-645

Wainwright PC, Bellwood DR (2002) Ecomorphology of feeding in
coral reef fishes. In: Sale PF (ed) Coral reef fishes: dynamics and
diversity in a complex system. Academic Press, San Diego

Wainwright PC, Richard BA (1995) Predicting patterns of prey use
from morphology of fishes. Environ Biol Fish 44:97-113

Wainwright PC, Bellwood DR, Westneat MW, Grubich JR, Hoey AS
(2004) A functional morphospace for the skull of labrid fishes:
patterns of diversity in a complex biomechanical system. Biol J
Linn Soc 82:1-25

Wen C, Almany G, Williamson D, Pratchett M, Jones G (2012) Evalu-
ating the effects of marine reserves on diet, prey availability and
prey selection by juvenile predatory fishes. Mar Ecol Prog Ser
469:133-144

Williams DM, Hatcher AI (1983) Structure of fish communities on
outer slopes of inshore, mid-shelf and outer shelf reefs of the
Great Barrier Reef. Mar Ecol Prog Ser 10:239-250

Wilson SK, Bellwood DR, Choat JH, Furnas MJ (2003) Detritus in
the epilithic algal matrix and its use by coral reef fishes. Ocean-
ogr Mar Biol Annu Rev 41:279-309

Young MAL, Bellwood DR (2012) Fish predation on sea urchins on
the Great Barrier Reef. Coral Reefs 31:731-738



	Refining the invertivore: diversity and specialisation in fish predation on coral reef crustaceans
	Abstract 
	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgments 
	References




