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INTRODUCTION

Coral reefs are complex ecosystems that support a
great abundance and high biomass of organisms
(Ackerman & Bellwood 2000, Stella et al. 2011,
Enochs 2012). Motile invertebrates are particularly
well represented, with an estimated 168 000 species
described on coral reefs (Ruppert et al. 2004, Stella et
al. 2011), far surpassing the number of fish species
(~5000 species; Bellwood et al. 2012a). Despite their
abundance and diversity, however, the great major-
ity of coral reef invertebrates are easily overlooked,
as they are either small or hide within the complex
structure of the reef framework (Ginsburg 1983,
Enochs 2012).

Crustaceans are one of the most speciose groups on
coral reefs, comprising approximately 20% of all in-

vertebrate species (Plaisance et al. 2011, Stella et al.
2011). Studies that have investigated coral reef
crusta ceans often examined the relatively conspicuous
taxa found in live corals (e.g. Abele & Patton 1976,
Patton 1994, Stella et al. 2010) or those associated with
fishes (Karplus 1987, Spotte 1998, Becker & Grutter
2004). These crustaceans are almost exclusively mem-
bers of the order Decapoda, which are often observed
due to their relatively large size, bright colours and
symbiotic relationships with fishes and corals. In addi-
tion, decapods are potentially important contribu tors
to coral reef ecosystem health, per forming roles such
as  defending live coral from predators (Pratchett 2001)
or re moving parasites from fishes (Becker & Grutter
2004). Yet there are many other lesser-known crusta -
cean taxa, such as Amphi poda, Cumacea, Cyclo -
poida, Harpacticoida, Isopoda, Ostracoda and Tana i -
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dacea, which also perform important ecological roles
(Klumpp et al.1988, Preston & Doherty 1994, Takada
et al. 2008, Kramer et al. 2012). Their roles in the food
chain and as major prey items are particularly well
documented (Edgar & Shaw 1995, Keable 1995,
Glynn & Enochs 2011, Kramer et al. 2013).

On coral reefs, crustaceans occur across all micro-
habitats (Ruppert et al. 2004). While decapods are
known to associate with live corals (Abele & Patton
1976, Patton 1994, Stella et al. 2011), other crusta -
ceans are also a major faunal component of the inver-
tebrate communities in dead coral (Klumpp et al.
1988, Preston & Doherty 1994), coral rubble (Takada
et al. 2008, Enochs & Manzello 2012a), the epilithic
algal matrix (EAM; Kramer et al. 2012) and sand
(Jacoby & Greenwood 1988, Danovaro & Fraschetti
2002). Despite these studies, however, there has
been no comprehensive overview or comparison of
crustacean assemblages, abundance, or biomass
among coral reef microhabitats.

Crustaceans have also been suggested to be impor-
tant contributors to the productivity of reefs (Edgar et
al. 1994, Cowles et al. 2009). Productivity appears to
be a valuable, but often overlooked, aspect of a spe-
cies’ role in ecosystems (Edgar & Moore 1986, Taylor
1998, Cowles et al. 2009). Estimates of productivity
provide information on the relative importance of or-
ganisms as producers of organic matter for higher
trophic levels (Taylor 1998). An assessment of produc-
tivity of crustaceans within various coral reef micro-
habitats will therefore provide a better understanding
of the trophic value of Crustacea and the importance
of various microhabitats in coral reef eco systems. To
date, there have been no among-habitat comparisons
of crustacean productivity on coral reefs.

The overarching aim of the present study, there-
fore, is to provide a comprehensive overview of the
community composition, abundance, biomass and
productivity of crustaceans across 5 major benthic
microhabitats (dead coral, coral rubble, sand, EAM
and fine-branching live coral) on a mid-shelf coral
reef of the Great Barrier Reef. The results of this
study will be used to evaluate the trophic importance
of crustaceans and their respective microhabitats in
coral reef processes.

MATERIALS AND METHODS

Study location

Samples were collected in February 2013 from
Lizard Island (14°40’40”S, 145° 26’ 55”E), a mid-shelf

island located in the northern Great Barrier Reef,
Australia. Three sites were haphazardly selec ted at 2
semi-sheltered sampling locations (Mermaid Cove
and Lagoon Entrance). The reef at each location was
a typical fringing reef with a reef flat, crest and gentle
slope that reached a sandy base at approximately 6 m
water depth. The chosen microhabitats (which collec-
tively covered >80% of the substratum at the selected
sites) consisted of dead coral, coral rubble, sand,
EAM and fine-branching live coral. Before sampling,
sites were inspected to ensure that all 5 microhabitats
were present. Samples were collected from the crest
region in an area that extended no more than 5 m
onto the flat or down the slope. Within each site, 3
replicate samples from each microhabitat were col-
lected from as close to the crest as possible, yielding a
total of 18 samples of each of the 5 microhabitats (90
samples overall). All samples were fixed in 4% form-
aldehyde in seawater within 20 min of collection.

Microhabitat description and sample collection

Dead coral was defined as structurally intact branch-
ing coral skeletons devoid of live coral tissue but still
attached to the main reef matrix. All dead coral sam-
ples were taken from Acropora sp. skeletons (pre-
dominantly A. nasuta or those of similar morphol-
ogy). Dead coral protrusions with a visually estimated
planar area of ~100 cm2 (actual planar area: 68.0 ±
1.8 cm2, mean ± SE, n = 18; measured using ImageJ;
see detailed description in ‘Laboratory processes’)
were surrounded by a plastic bag, removed using a
hammer and chisel and placed into a sampling jar,
taking care to minimise loss of organisms. All sam-
ples were of a similar  volume (127 ± 5 ml displace-
ment volume, mean ± SE, n = 18) and complexity.

Coral rubble was defined as a loose accumulation
of dead coral fragments. Due to the complex and
uneven nature of coral rubble, sampling is inherently
difficult. To overcome this problem, sampling was
conducted by constructing wire baskets of 100 cm2

planar surface area and 5 cm depth, which held 203.7
± 4.7 ml (displacement volume, mean ± SE, n = 18) of
coral rubble. The baskets were filled with coral rub-
ble taken directly from a rubble field at each site and
immediately placed into the depression from where
the rubble was removed. Baskets were left at the site
for 6 d to allow disturbed motile organisms to return
to the coral rubble within the basket (following Taka -
da et al. 2007). After this re-establishment period, the
basket was carefully lifted and placed into a plastic
bag in a manner that prevented loss of organisms.
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Sandy microhabitats were located at the base of
the reef (5 m depth). Samples were collected by
 taking a 1 cm deep core with a 51 mm diameter corer,
yielding 20.4 cm3 of sand. The core sample was trans-
ferred into a labelled plastic bag and fixed. A 1 cm
depth incorporates most sediment infauna (Coull
1970) and samples the substratum most likely to be
encountered by other reef organisms (e.g. fishes).

Samples of EAM were collected from exposed,
hori zontal areas of EAM (following Kramer et al.
2012). Using an underwater vacuum sampler, an
area of 20.4 cm2 (defined by a plastic ring) was vacu-
umed for 30 s. Material within the sampling area was
drawn into the apparatus and retained by a 60 µm
 filter mesh bag that was sealed underwater, placed
into a labelled sample jar and fixed.

Fine-branching live coral was sampled following
Stella et al. (2010). Acropora sp. (small corymbose
form) was selected for sampling because of its abun-
dance in the study area. Individual colonies of Acro-
pora sp. were surrounded by a plastic bag to prevent
resident fauna escaping, and were carefully chiseled
off the reef. Colonies were then transported to a boat,
removed from the bag and submerged into a bucket
of freshwater for 1 min to extract all organisms. Care
was taken to avoid immersing the dead coral (and the
associated EAM) at the base of the colony. After
1 min in freshwater, the coral was removed and
placed into a bucket of saltwater, where it was in -
spected for organisms that remained within the coral.
The few individuals that were detected were re -
moved and placed into the freshwater bucket. The
contents of the freshwater bucket and the collection
bag were filtered through a 60 µm mesh bag and
fixed. All sampled corals were of approximately the
same height and planar area, to standardise for dif-
ferences in the volume of the colony. Volumes were
measured in the field using the displacement method,
averaging 461 ± 22 ml (mean ± SE, n = 18) per sam-
ple. A photograph of the coral with a scale was taken
to calculate the planar surface area using ImageJ
(242 ±10 cm2, mean ± SE, n = 18).

Benthic composition

To measure the percentage benthic cover of each
major microhabitat, photo-transects were conducted
prior to sampling. A 20 m transect tape was laid
along the reef profile (i.e. from slope to outer flat). At
each 2 m interval along the tape, a 1 × 1 m quadrat
was placed over the reef and a photograph taken
from above. Five replicate transects were conducted

within each of the 3 sites selected for microhabitat
sampling. Live coral was divided into 2 categories:
fine-branching live coral (colonies with fine-scale
complexity such as A. nasuta) and other coral (colo -
nies with large-scale complexity, for example, mas-
sive Porites sp. and open branching A. formosa). The
planar area of each microhabitat type was quantified
from each image using ImageJ.

Laboratory processes

Dead coral and coral rubble samples were agitated
within the sample jars to dislodge dead organisms
from the coral skeleton. The coral skeleton was then
removed from the jar and placed into a second empty
vessel. The dislodged organisms in the original sam-
ple jar were poured through a 60 µm filter and re -
tained. This washing process was repeated 3 times
(a pilot study revealed that 3 washes obtained over
98% of the organisms from the coral skeleton). Washed
dead coral skeletons were then photo graphed with a
scale to quantify the planar surface area using ImageJ
(http:// imagej. nih. gov/ ij/ index .html).

Samples that contained large numbers of orga -
nisms or inorganic matter (i.e. dead coral, coral rub-
ble and sand) were subsampled using the Huntsman
Marine Laboratory beaker technique (van Guelpen
et al. 1982). Samples were stained with eosin ery-
throsin and washed onto a petri dish for investigation
under 40× magnification. A grid on the base of the
petri dish was followed, to avoid counting the same
organism twice. Organisms were identified to the
lowest practical taxonomic level (usually Order) and
counted. Because of the potential loss of very small
individuals (<60 µm) from some habitats, copepod
nauplii were not included in the analysis.

Data analysis

Abundances

Data from all microhabitats were standardised to
100 cm2 before analysis. A total of 15 taxonomic units
were used, 8 of which were Crustacea (Amphipoda,
Cumacea, Cyclopoida, Decapoda, Harpacticoida, Iso -
poda, Ostracoda and Tanaidacea; details in Table S1
in the Supplement at www.int-res.com/articles/ suppl/
m511p105_supp.pdf). Differences in community
structure among microhabitats were investigated us-
ing a non-metric multidimensional scaling (nMDS)
analysis of proportional data on a Manhattan distance
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matrix. The nMDS ordination and associated taxon-
contribution plots were constructed using the R pack-
age vegan (Oksanen et al. 2013). A permutational
multivariate analysis of variance (PERMANOVA) was
conducted in Primer 6 to test for differences between
location, site and microhabitat. Pairwise comparisons,
using the PERMANOVA ex tension in Primer 6, were
used to investigate differences in assemblages be-
tween specific microhabitats.

Biomass

Wet-weight biomass of the various taxonomic
groups was calculated by estimating the volumes of
the first 100 organisms observed of each major crus-
tacean taxon (Amphipoda, Cumacea, Cyclopoida,
Decapoda, Harpacticoida, Isopoda, Ostracoda and
Tanaidacea) following methods similar to those of
Lawrence et al. (1987), who validated this method for
micro-Crustacea (Copepoda). Decapoda within dead
coral, coral rubble and fine-branching live coral
 varied in size; thus, they were grouped into their
respective microhabitats for biomass estimates
(Table S2 in the Supplement at www.int-res.com/
articles/suppl/m511p105_supp.pdf). Volume estima -
tes were based on the resemblance of the taxa to sim-
ple geometric shapes, i.e. a cylinder (Amphipoda,
some Decapoda, Harpacticoida and Tanaidacea), a
cone (Cumacea and Cyclopoida) or cuboid (some
Decapoda, Isopoda and Ostracoda). Individuals were
measured for length and width (cylinder and cone) or
length, width and depth (box) in 25 µm increments
using an ocular micrometer. For decapod crabs, only
the carapace was measured, assuming that the pere-
opods (which were often no longer attached) would
supplement the areas of the hypothetical box that the
carapace did not fill. Biomass per unit volume was
estimated using the Harpacticoida, for which the vol-
ume to biomass relationship is known (Kramer et al.
2012), as a standard. To calculate the mean abun-
dance, biomass and productivity of crustaceans
within a square metre of an average semi-sheltered
reef, the respective values for each crustacean taxon
within each of the 5 microhabitats was multiplied by
the mean (±95% CI) proportional coverage of the
respective microhabitat and sum med.

Productivity

Productivity of the 5 microhabitats was estimated
based on the general allometric equation of Edgar

(1990), following McLeod et al. (2014), where P =
0.0049 × B0.80 × T 0.89, such that P is productivity
(µg ash-free dry weight [AFDW] m–2 d–1), B is the
 biomass of organisms within the microhabitat
(µg AFDW m−2) and T is water temperature (°C).
Wet-weight biomass estimates were converted to
AFDW using published conversion factors (Ricciardi
&  Bourget 1998). Lizard Island Research Station sen-
sors measured water temperature at the time of col-
lection.

RESULTS

Community composition

The PERMANOVA comparing the cryptofaunal as -
semblages found no significant differences between
the factors location or site; therefore, data were
pooled for the remainder of the analyses. However,
there was a significant difference among microhabi-
tats (p < 0.001) (Fig. S1 in the Supplement). To
account for the marked difference between fine-
branching live coral and the remaining microhabi-
tats, a second analysis was conducted, excluding
fine-branching live coral. After the removal of fine-
branching live coral, the significant microhabitat
effect remained (p < 0.001) (Fig. S2 in the Supple -
ment). The pairwise comparisons found no signifi-
cant difference between the cryptofaunal assem-
blages in dead coral and coral rubble. All other
pairwise comparisons were significantly different
(p < 0.01) (Fig. S2).

Although other invertebrates such as Polychaeta
and Gastropoda were recorded and included in ini-
tial data analyses (see Figs. S1 & S2), groupings of
microhabitats within ordination space were large ly
driven by crustacean taxa, and the statistical tests
based on all invertebrates were very similar to those
based just on crustacean assemblages (Figs. S1− S3 in
the Supplement).

The relative contributions of each crustacean
taxon to microhabitat ordinations indicated that
decapods were strongly correlated with fine-
branching live coral (Fig. S3), whereas harpacticoid
copepods were correlated with EAM microhabitats
(Fig. 1). Sand microhabitats displayed assemblages
dominan ted by the Harpacticoida and, to some
extent, Ostracoda and Cumacea (Fig. 1). Dead
coral and coral rubble were characterised by
numerous crustacean taxa, including Amphipoda,
Cumacea, Decapoda, Isopoda and Tanaidacea
(Fig. 1).
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Crustacean abundance, biomass and productivity
across microhabitats

Dead coral yielded the greatest numbers of crus-
taceans (7838 ± 662 ind. 100 cm−2, mean ± SE),
close ly followed by coral rubble (6797 ± 448 ind.
100 cm−2) (Fig. 2a). In stark contrast, fine-branching
live coral contained 3 orders of magnitude fewer
Crustacea than dead coral, with just 6 ± 1 ind.
100 cm−2 (Fig. 2a). It is interesting to note, however,
that these abundances were dominated by small
harpacticoid copepods.

Biomass estimates may give a clearer view of the
relative importance of the various microhabitats.
Dead coral supported the greatest estimated wet-
weight biomass of crustaceans (Fig. 2b). Noticeably,
the total biomass of crustaceans in dead coral (0.75 ±
0.13 g 100 cm−2) was 3 times greater than the biomass
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in fine-branching live coral (0.24 ± 0.034 g 100 cm−2)
and 150 times greater than that in the EAM (0.005 ±
0.0006 g 100 cm−2).

These patterns were mirrored in the productivity
estimates. Dead coral was the most productive micro-
habitat, producing an estimated 0.17 ± 0.043 g
AFDW 100 cm−2 yr−1, a value 55 times greater than
the least productive microhabitat, the EAM (0.003 ±
0.0007 g AFDW 100 cm−2 yr−1) (Fig. 2c). Coral rubble
and fine-branching live coral had similar productivity
values (0.062 ± 0.015 and 0.066 ± 0.014 g AFDW
100 cm−2 yr−1, respectively), whereas all other micro-
habitats (i.e. sand and the EAM) displayed values
<0.022 g AFDW 100 cm−2 yr−1 (Fig. 2c).

Crustacea at a reef-site scale

Benthic surveys revealed that the greatest mean
(±95% CI) planar coverage of microhabitats in a
square metre of reef was coral rubble (0.34 ±
0.06 m2), followed by EAM (0.27 ± 0.06 m2), other
coral (0.19 ± 0.03 m2), fine-branching live coral (0.10
± 0.02 m2), dead coral (0.06 ± 0.01 m2), sand (0.03 ±
0.01 m2) and other microhabitats such as sponges and
giant clams (0.008 ± 0.003 m−2) (Fig. S4 in the Supple-
ment). Using these data we can estimate the ecologi-
cal values of each major taxon within an average
square metre of Lizard Island semi-sheltered fringing
reef (Fig. 3).

Based on an average square metre of the study
reef, coral rubble was the most important microhabi-
tat in terms of crustacean abundance, yielding >3
orders of magnitude more crustacean abundance
than fine-branching live coral (coral rubble: 230 248
± 43 114 ind. m−2; fine-branching live coral: 66 ±
18 ind. m−2) (Fig. 3a). The biomass of crustaceans in
coral rubble was higher than that in fine-branching
live coral or dead coral (fine-branching live coral: 2.4
± 0.6 g m−2; dead coral: 4.4 ± 1.2 g m−2; coral rubble:
7.4 ± 1.7 g m−2) (Fig. 3b), which was in part due to the
prevalence of coral rubble (0.34 ± 0.06 m2 planar sur-
face area). Although dead coral was one of the least
abundant microhabitats in the study area (0.06 ±
0.01 m2 planar surface area), it still supported almost
twice the biomass compared to fine-branching live
coral (0.10 ± 0.02 m2 planar surface area). In contrast,
despite their areas, sand (0.03 ± 0.01 m2 planar sur-
face area) and the EAM (0.27 ± 0.06 m2 planar sur-
face area) supported low biomass, with just 0.07 ±
0.04 and 0.14 ± 0.03 g m−2, respectively (Fig. 3c) —
over 50 times less than coral rubble or dead coral.
Dead coral, coral rubble and branching coral consti-
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tuted a mean of 50% of the planar surface area
of the study reef, yet supported 98% of the bio-
mass of Crustacea.

Productivity of the microhabitats likewise
revealed that coral rubble (2.1 ± 0.63 g AFDW
m−2 yr−1) was the most productive, showing a
higher productivity than dead coral (0.97 ±
0.3 g AFDW m−2 yr−1), fine-branching live coral
(0.7 ± 0.2 g AFDW m−2 yr−1) and the EAM (0.08
± 0.03 g AFDW m−2 yr−1) (Fig. 3c). Despite its
prevalence, the EAM contributed little to bio-
mass and little to productivity.

Taxonomic contribution of Crustacea on reefs

Harpacticoida were, by far, the most abun-
dant taxon on an average square metre of the
study reef (293 465 ± 40 850 ind. m−2), being 7
times more abundant than all other taxa com-
bined (Fig. 4a). Deca poda, by comparison, had
a mean abundance of just 382 ± 76 ind. m−2

(Fig. 4a). Despite their very low abundance,
Decapoda had the greatest biomass (12.5 ±
2.0 g m−2), 18 times greater than that of the
Harpacticoida (0.7 ± 0.1 g m−2) (Fig. 4b). The
estimated productivity of each taxon revealed
similar patterns, with Deca poda being the most
productive (3.9 ± 0.9 g AFDW m−2 yr−1) and
Cyclopoida being the least productive (0.005 ±
0.001 g AFDW m−2 yr−1) (Fig. 4c).

DISCUSSION

Although invertebrate assemblages within
specific coral reef microhabitats have been
described in a number of studies (Takada et al.
2008, Plaisance et al. 2009, Stella et al. 2011,
Kramer et al. 2012), investigations that com-
pare faunas among microhabitats are rare (but
see Enochs 2012). The present study, therefore,
examined the assemblages, abundance, esti-
mated biomass and estimated productivity of
crustaceans within 5 major microhabitats on a
coral reef. Differences between microhabitats
were distinct, with dead coral and coral rubble
yielding by far the greatest abundance, bio-
mass and productivity of crustaceans. In con-
trast, fine-branching live coral sheltered very
few crustaceans. As these individuals tended to
be large, the crustacean biomass in fine-
branching live coral was still comparable to
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that found in dead coral or coral rubble. Live coral
cover is often considered the most important unit of
measure in determining coral reef health (Goatley &
Bellwood 2011, Vroom 2011) as it is an important
microhabitat for the recruitment of juvenile fishes
(Jones et al. 2004), the preferred microhabitat for
specific fishes and crusta ceans (Bellwood et al.
2012b, Stella et al. 2010) and the foundation of coral
reef structural complexity (Graham et al. 2006). How-
ever, our results suggest that the most valuable
microhabitats on a coral reef, in terms of supporting
the biomass and productivity of trophically valuable
crustaceans, are dead coral and coral rubble. Each
microhabitat on a coral reef, therefore, must be pres-
ent in appropriate proportions to maintain a diverse,
healthy ecosystem.

Dead coral, coral rubble and the EAM

Dead coral was a particularly important microhab-
itat for crustaceans, with approximately 3 orders of
magnitude more individuals and 3 times more bio-
mass than fine-branching live coral per unit area.
The greater abundance and biomass of all crus-
taceans in dead coral is probably due to the combina-
tion of high structural complexity (Enochs et al. 2011,
Enochs 2012), increased surface area of the associ-
ated EAM (Preston & Doherty 1994), and the diver-
sity of ‘nano-habitats’ (i.e. filamentous algae, macro-
algae, crustose coralline algae and sponges; Gins burg
1983, Klumpp et al. 1988, Glynn & Enochs 2011) pro-
viding both shelter and trophic resources (i.e. algae,
microalgae and detritus). However, dead coral was a
relatively uncommon microhabitat on the reef, com-
prising only 5.9 ± 1.2% of the planar area. The lack of
dead coral may be attributed to 3 factors. Firstly,
some dead coral microhabitats may have been con-
cealed under a canopy of live coral, particularly
branching taxa, and, thus, may be under-represented
in the benthic surveys (Goatley & Bellwood 2011).
Indeed, for some species of branching coral, live tis-
sue may only cover the outermost 20−80% of the
branches, obscuring the dead coral skeleton that
contains a diverse, abundant and different crus-
tacean community (McCloskey 1970, Lewis & Snel-
grove 1990). Secondly, bioerosion by boring organ-
isms and parrotfishes slowly removes the skeletal
structure after the death of a coral colony (Kiene &
Hutchings 1994, Bellwood et al. 2003). Alternatively,
physical forces may break off the dead coral, with the
eroded fragments accumulating as coral rubble
(Hughes 1994, Rasser & Riegl 2002).

Since dead coral is often transformed into coral
rubble, these 2 microhabitats have similar structure
and resource attributes. As a result, the crustacean
assemblages of dead coral and coral rubble remain
very similar. Likewise, the abundance and biomass of
crustaceans have broadly comparable values be -
tween the 2 microhabitats. Although coral rubble has
slightly fewer individuals, the main difference is in
the biomass, with rubble having only a third of the
crustacean biomass of dead coral. This decrease is
probably due to the reduced complexity in coral rub-
ble, with fragments supporting fewer large cryptic
species (Enochs et al. 2011). A similar effect has been
observed in live corals, with less complex growth
forms supporting low crustacean abundance and bio-
mass (Vytopil & Willis 2001, Stella et al. 2010). In con-
trast, dead microhabitats with low environmental
water flow and low porosity have been found to sup-
port higher abundance and biomass of cryptofauna
than habitats with high water flow and high porosity
(Enochs et al. 2011). In this context, dead coral may
be considered to be of a lower porosity (i.e. smaller
spaces between branches) and slightly higher water
flow than coral rubble due to minimal erosion and its
upright position on the reef. As such, complexity,
porosity and water flow are likely to be important
factors that support high abundance and biomass in
dead coral.

Coral rubble covers 5.8 times the area covered by
dead coral on the surveyed reefs. In terms of overall
contribution to reef crustacean abundances and bio-
mass, therefore, coral rubble may be a more important
microhabitat than dead coral. The value of coral rub-
ble has also been identified in the Pacific Gulf of
Panama, where cryptofaunal biomass (i.e. all inverte-
brates >2 mm) in coral rubble was estimated to be 3.5
± 1.1 g AFDW m−2 (Enochs 2012). In comparison, the
present study on the Great Barrier Reef (GBR) found
that, in coral rubble, crustaceans alone yielded 3.5 ±
0.54 g AFDW m−2 (converted using factors from Ric-
ciardi & Bourget 1998). If crustaceans contribute ap-
proximately a third of the cryptofaunal biomass in
dead substrates (Enochs 2012), this suggests that the
total invertebrate biomass within a GBR coral rubble
microhabitat is 3 times greater than that on eastern
Pacific Panama reefs. These differences are probably
due to variation in factors such as primary productivity
(Hatcher 1990, Klumpp & McKinnon 1992), nutrient
profiles (Fabricius 2005, Pascal et al. 2013) and, most
importantly, coral species, as rubble morpho logy and
complexity are likely to strongly influence the crypto-
faunal populations at each location (Vytopil & Willis
2001, Takada et al. 2007, Enochs & Manzello 2012a).
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The EAM is a ubiquitous and abundant microhabi-
tat that is found across all dead substrates (Goatley &
Bellwood 2011, Connell et al. 2014). Therefore, it is
intuitive that the EAM crustacean assemblage
should be a prominent component of all microhabi-
tats in the present study, excluding live coral and
sand. Indeed, the dominant EAM crustaceans, Har -
pacticoida, were the most abundant taxon across all
microhabitats, particularly in dead coral and coral
rubble. The high structural complexity of these 2
microhabitats presents a relatively extensive surface
area that is colonised by a variety of algal and en -
crusting taxa, which, in turn, supports the benthic
microalgae, protozoans and detrital resources on
which harpacticoids feed (Buffan-Dubau et al. 1996,
Buffan-Dubau & Carman 2000). The slight overlap of
the nMDS groupings for dead coral, coral rubble,
sand and EAM is likely due to the abundance of
harpacticoid copepods in each microhabitat. It is
interesting to note that harpacticoids have similar
densities in EAM and sand microhabitats. Although
the structures of sand and the EAM are not as com-
plex as those of dead coral or coral rubble at larger
scales, it is likely that sufficient microphytal re -
sources exist in sand and the EAM at a microscale to
support populations of these very small crustaceans
(Montagna et al. 1995, Miller et al. 1996).

Comparison with other marine taxa 
and environments

Although the present study has identified crusta -
ceans as highly abundant reef organisms across a
variety of microhabitats, it is difficult to visually ap -
preciate Crustacea, as many individuals are either
very small or cryptic. In comparison, fishes are often
conspicuous and can be quantified using relatively
rapid visual censuses and ichthyocide sampling
methods. The data in the present study allow the
crustacean community to be compared with a repre-
sentative fish assemblage from a similar habitat in
the same location: Lizard Island, GBR, Australia (cf.
Depczynski et al. 2007, Enochs 2012). In this compar-
ison, the abundance of crustaceans on coral reefs is
approximately 4 orders of magnitude greater than
that of fishes (338 672 and 20 ind. m−2, respectively).
In contrast, the wet-weight biomass of fishes (158.0 g
m−2; Depczynski et al. 2007) is approximately 1 order
of magnitude greater than that of crustaceans (14.4 g
m−2; present study). Thus, even though crustaceans
on coral reefs are generally very small organisms
(mean ± SE; body length = 0.79 ± 0.32 mm and mass

= 7.62 ± 7.59 mg for all crustacean taxa), their very
high abundance results in a biomass value that ap -
proaches the same order of magnitude as that of
fishes. Furthermore, the present study did not
include very large decapods such as crabs (i.e. Portu-
nidae and Xanthidae) or lobsters (i.e. Palinuridae).
These large crustaceans were not observed at the
sampling locations because they shelter deep within
the reef structure and only emerge at night (Frisch
2007). Inclusion of these larger crustaceans would
increase the estimated biomass of crustaceans on
coral reefs and further decrease the difference be -
tween fishes and Crustacea.

The values above are based on standing stocks.
The productivity of Crustacea is, perhaps, a more
important metric as it provides information on the
ability of this group of organisms to transfer energy
to higher trophic levels (cf. Depczynski et al. 2007).
Indeed, the estimated productivity of crustaceans
(0.066 g wet weight m−2 d−1) is only 3 times less than
the estimated productivity of fishes (0.20 g wet
weight m−2 d−1; Depczynski et al. 2007). Considering
that many fishes feed on crustaceans (Hobson 1974,
Edgar & Shaw 1995, Randall et al. 1997), it is sug-
gested that Crustacea are a major trophodynamic
component of coral reefs, providing an important
link in the dominant microbial- and detrital-based
food webs (Arias-González et al. 1997, Depczynski
et al. 2007). In contrast, productivity of coral reef
microhabitats has rarely been studied, and then
only with a focus on the primary productivity of the
EAM (Hatcher 1990, Klumpp & McKinnon 1992,
Russ 2003) and secondary production in lagoonal
soft sediments (Riddle et al. 1990, Carleton & McK-
innon 2007). In the present study, crustaceans in
dead coral are similar in productivity (16.5 g AFDW
m−2 yr−1) to the productivity of organisms in GBR
lagoonal sediments on a mid-shelf reef (19.0 g
AFDW m−2 yr−1; Riddle et al. 1990). However, the
present study only addressed the productivity of
crustaceans. The productivity of the complete faunal
assemblage of each microhabitat, however, is likely
to be up to 9 times greater than the values based on
crustaceans alone (cf. Riddle et al. 1990). If this is
the case, the most productive microhabitat, dead
coral, may be estimated to produce up to 149 g
AFDW m−2 yr−1. This value would suggest that dead
coral may be one of the most productive microhabi-
tats in the world, only being surpassed by Californ-
ian macrophyte detritus (~7000 g AFDW m−2 yr−1;
Vetter 1995, Taylor 1998) and mussel beds in the
Wadden Sea (468 g AFDW m−2 yr−1; Asmus 1987,
Taylor 1998).
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These comparisons are interesting in light of Dar-
win’s paradox, which questions how coral reefs can
be so productive in oligotrophic tropical oceans
(Sammarco et al. 1999). The abundance and high
productivity of crustaceans are likely to be a con-
tributing factor, as these organisms are capable of
rapidly consuming and incorporating the available
primary productivity into the trophic structure of the
ecosystem (Taylor 1998). Thus, the lower levels of a
coral reef’s trophic structure may form more of an
inverse pyramid, where the biomass of consumers is
greater than that of the primary producers due to
rapid consumption and recycling of easily assimi-
lated and nutritionally valuable resources (Shurin et
al. 2006, Cebrian et al. 2009). This may apply at both
primary and secondary consumer levels, with crusta -
ceans rapidly assimilating primary productivity and,
with their high productivity, likewise supporting a
high biomass of secondary consumers (i.e. fishes).

Crustaceans are an important component of all
benthic coral reef microhabitats. Although abun-
dances, biomass and productivity differed consider-
ably among microhabitats, dead coral and coral rub-
ble were the most important for all of these measures.
The contribution of Crustacea within dead coral and
coral rubble to the trophic structure of a coral reef is
substantial, acting as consumers of algal and detrital
material (Klumpp et al. 1988, Preston & Doherty 1994)
and providing a resource to a wide variety of preda-
tory invertebrates and fishes (Randall et al. 1997,
Bellwood et al. 2006, Kramer et al. 2013).

Coral reefs worldwide are currently experiencing a
variety of environmental and anthropogenic stressors
that are modifying the structure of benthic reef com-
munities (Hughes et al. 2003, Knowlton & Jackson
2008). One of the most apparent consequences is the
loss of both corals and 3-dimensional structure (Gra-
ham et al. 2007, Pratchett et al. 2008). In both cases
this is very likely to have a direct detrimental effect
on crustacean communities, particularly for larger
taxa. By understanding how different microhabitats
contribute ecologically to marine ecosystems, predic-
tions can be made in terms of the future implications
of habitat degradation and climate change on reef
Crustacea (cf. Enochs & Manzello 2012b). Whilst
fine-branching live coral is an important habitat,
especially for relatively large decapods, its main con-
tribution — from a crustacean perspective — may be
after the coral’s death. Dead coral and coral rubble
are highly dependent on the growth of live coral to
sustain the structural complexity that is re quired to
support diverse invertebrate faunas. Al though fine-
branching live coral may be relatively depauperate

in crustacean fauna, it is an essential microhabitat
that, upon death, supplies a coral reef with the neces-
sary structure to support abundant and productive
crustacean assemblages. Thus, the tro phic complex-
ity of a coral reef may not depend solely on maximis-
ing the coverage of live coral. Instead, it is the ongo-
ing turnover of corals that produce dead substrata
that are the key to supporting abundant and produc-
tive crustacean communities on coral reefs.
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