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Intertidal reef flats cover extensive inshore areas of coral reef ecosystems but their contribution to coral reef food
webs remains largely unknown.Wemeasured benthic invertebrate abundance using quadrat surveys and traced
sources supporting the production of three abundant invertebrates fromdifferent feeding guilds using stable iso-
tope measurements of carbon (C) and nitrogen (N) along reef flats bordered by mangroves in Queensland,
Australia. Filter feeding bivalves, detritivorous hermit crabs, and grazing gastropodswere themost abundant tro-
phic groups on the reef flat and occurredmost commonly distant from the shorewardmangroves. Isotope values
of bivalves did not vary among sampling positions and these animals depended on a consistent pelagic food
source. Gastropods collected at the center of the reef flat had unusually enriched C isotope values compared to
those at the reef edge, indicating increased contributions from autochthonous benthic food sources, probably
benthic microalgae. The C isotope values of hermit crabs also varied among sampling positions, but were less
consistently enriched. The N isotope values of both hermit crabs and gastropodswere lower at the reef flat center
and mangrove edge, suggesting a decreased reliance on pelagic sources away from reef edge positions. Grazers
and detritivores on reef flats in this study depend on benthic sources with greatly enriched C isotope values;
these sources are common on reef flats globally. Trophic sources on reef flats should receive greater consider-
ation in coral reef food webs, especially given their widespread occurrence and use by mobile consumers.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Understanding howmarine habitats function as trophic networks is a
growing priority in coastal ecology (Berkström et al., 2013). Movement of
energy in the formof particulate ordissolvedorganic carbon can subsidize
the growth and reproduction of organisms in adjacent habitats (Sheaves,
2009) and significantly modify food web dynamics (Polis et al., 1997;
Hyndes et al., 2014). Tropical coastal environments, in particular, offer a
complex array of both terrestrial and marine dietary sources to con-
sumers. While trophic functioning in subtidal coral reef, seagrass, and
mangrove habitats has been investigated in many studies (Nagelkerken,
2009; Hyndes et al., 2014), little is known about the trophic ecology of
intertidal coral reef flats.

Coral reefflats are back reef habitats that usually consist of carbonate
and sand substrates in shallow water and occur on many reefs globally
(Yamano, 2000; Harborne, 2013). They are especially important areas
for exploring food web dynamics, since they link productive habitats
such as subtidal coral reefs and seagrass beds to intertidal fringingman-
grove forests in some locations (Neil, 2000; Shibuno et al., 2008; Granek
is).
et al., 2009). Exclusion experiments and visual surveys show that inter-
tidal reef flats are important foraging areas for grazing reef fish
(Stephenson and Searles, 1960; Miller, 1983; Thacker et al., 2001). In
addition to providing benthic algal food sources, intertidal coral rubble
habitats also support highly diverse benthic invertebrate assemblages
(Meesters et al., 1991; Gischler and Ginsburg, 1996; Walker et al.,
2008). Carnivorous fish cross reef flats in eastern Australia during tidal
migrations (Olds et al., 2012) and gut contents (Heupel and Bennett,
1998), stable isotope analyses (Davis et al., 2014) and video surveys
(Fig. 1) suggest that benthic invertebrates from reef flats support
the diet of these consumers. Thus, reef flat invertebrates may serve as
important trophic links between primary producers and predatory
fish in coral reef ecosystems.

The exchange of organic matter (OM) among coastal habitats occurs
via animal movement and the waterborne transfer of dissolved (DOM)
or particulate organic matter (POM) (Hyndes et al., 2014). In coastal
areas stable isotope analysis is useful for quantifying energy transfer
among habitats (Bouillon and Connolly, 2009; Sheaves et al., 2014).
Primary producers in tropical mangrove and seagrass habitats typically
have unique δ13C values relative to other food sources, making it possible
to trace themovement ofmangrove and seagrass OM to adjacent habitats
and its assimilation by consumers (Marguillier et al., 1997;Heithaus et al.,
2011).
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Fig. 1. Photograph of typical coral rubble substrate on an intertidal reef flat in Moreton Bay, Queensland, facing (A) seaward towards seagrass beds and the reef crest, and (B) landward
towards fringing mangroves. Images of fish foraging over reef flat habitat in Moreton Bay include; (C) sea mullet (Mugil cephalus) and (D) golden trevally (Gnathanodon speciosus).
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In contrast to thebroad literature on the trophic ecologyofmangroves
and seagrasses, studies of the primary sources of production on coral reef
flats are limited to observations of feeding movements of ophiuroids
(Oak and Scheibling, 2006) and an isotope study of intertidal inverte-
brates in the Caribbean Sea (Mallela and Harrod, 2008). Both studies
suggest that primary consumers on reefflats typically depend onoffshore
or allochthonous sources of production that are depleted in 13C. However,
some grazing invertebrates in the study by Mallela and Harrod (2008)
depended on food sources enriched in 13C and stable isotope studies
that included secondary consumers (fish) collected from reef flats
suggest that primary producers are enriched in 13C relative to the
reef crest (Kolasinski et al., 2009; Wyatt et al., 2012a). This result is
consistent with consumption of autochthonous benthic sources such
as cyanobacterial mats and benthic or endolithic microalgae that are
enriched in 13C (Kolasinski et al., 2011; Hilting et al., 2013).

The objective of this study was to characterize the invertebrate com-
munity on intertidal reef flats and to use stable isotopes to determine
the sources of production that support abundant primary consumers
there. We tested 3 hypotheses: (1) organism abundances vary across po-
sitions on the reef flat (2) diets differ among species due to variation in
feeding mode, and (3) diets of individual species vary across positions
on the reefflat due to the availability of external detrital andpelagic foods.

2. Methods

2.1. Sampling location

Four reef flat locations were sampled in central Moreton Bay,
Queensland, Australia, during the winter of 2012 (Fig. 2). Intertidal
reef flats in Moreton Bay are composed of low relief coral rubble, sand
andmud substrates, and extend 100 to 250m frommangroves seaward
to subtidal fringing reefs and seagrass beds. Habitat boundaries in this
ecosystem are clearly defined by themean low tide limit at the subtidal
edge and the presence of mangrove pneumatophores at the landward
margin. The bay is macrotidal (2 m tidal range) and reef flats and
mangroves are inundated twice each day. The dominant seagrass spe-
cies in Moreton Bay is Zostera muelleri (Alismatales: Zosteraceae),
mangroves are mainly Avicennia marina (Lamiales: Acanthaceae), the
most common coral is Favia speciosa (Scleractinia: Mussidae) and the
most abundant macroalgae on coral reefs is Lobophora variegata
(Dictyotales: Dictyotaceae). No conspicuous autotrophic source including
algal mats or seagrass meadows was observed on the reef flats, although
small patches (b1 m2) of seagrass were present in some locations.

2.2. Sample collection and processing

Invertebrate abundance was surveyed across three positions at each
reef flat location; within ten meters of the reef edge, at the center of the
reef flat, and within ten meters of the mangrove edge. Positions were
separated by 50–100m depending on thewidth of the reef flat. Starting
at the reef edge at mean low tide, ten 1 m2 quadrats were randomly
placed along a 60 m transect laid horizontal to the shoreline. These
transects were repeated at the center of the reef flat and the mangrove
edge. In each quadrat, substrate type and sessile invertebrates (barnacles,
oysters,mussels, sponges and live coral)were quantified as percent cover
since individualswere often indistinguishable,whilemotile invertebrates
(crabs, gastropods, sea stars, polychaetes and sea cucumbers) were
counted individually. Abundances of animals were sampled on four reef
flats, while isotope analyses were performed for animals from three or
four of these reef flat communities depending on availability.

For isotope analysis, three feeding guilds, each represented by a single
species, were chosen to reflect different producers; the grazing gastropod
(Calthalotia indistincta (Archaeogastropoda: Trochidae))was an indicator
of algal production (Gacia et al., 2009), the suspension feeding mussel
(Trichomya hirsuta (Mytiloida: Mytilidae)) of particulate organic matter
(POM) (Price et al., 2012) and the detritivorous hermit crab (Clibanarius
taeniatus (Decapoda: Diogenidae)) of detrital plant sources that might
support productivity on the reef flat (Kunze and Anderson, 1979).
While the types of producers thatmight contribute to the diets of each in-
vertebrate species were known, the planktonic vs. benthic vs. mangrove
origins of these sources were unknown. Each species was common, usu-
ally dominating its respective guild.

Invertebrateswere collected for isotope analysis at the same locations
and positions as described for surveys of abundance. At each position,



Fig. 2. Reef flat locations sampled in Moreton Bay, Queensland, Australia, and surrounding coral reef, seagrass and mangrove habitats.
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samples of each species (n = 3) were collected directly adjacent to a
randomly chosen point along a transect placed parallel to the shoreline.
Gastropods and hermit crabs were unavailable at one location each
(Table 1). Three fresh samples of dominant autotrophic sources including
L. variegata, Z. muelleri, F. speciosa and A. marina were collected at the
nearest point to the reef flat at each location. Becausemicrophytobenthos
Table 1
δ13C and δ15N values (mean, SE) for a gastropod (Calthalotia indistincta), hermit crab (Clibanarius
reef flat at each location. Dash indicates that species were unavailable from that location. GRI r

Location GRI1 PI1

δ13C δ15N δ13C δ15N

Mussel
Mangrove edge −18.1 (0.2) 7.1 (0.2) −16.4 (0.8) 5.4
Reef flat center −18.6 (0.4) 6.8 (0.1) −16.2 (0.3) 5.3
Reef edge −18.0 (0.4) 6.8 (0.1) −16.4 (0.4) 5.3

Gastropod
Mangrove edge −9.3 (0.2) 3.9 (0.1) – –

Reef flat center −9.3 (0.4) 4.2 (0.2) – –

Reef edge −11.5 (0.8) 4.9 (0.6) – –

Hermit crab
Mangrove edge −9.9 (0.4) 5.8 (0.2) −10.4 (0.2) 7.6
Reef flat center −9.2 (0.1) 6.7 (0.1) −9.6 (0.1) 7.7
Reef edge −10.9 (0.6) 8.0 (0.4) −9.9 (0.1) 8.5
(MPB; cyanobacteria plus benthic microalgae) were in low density, the
samples isolated from sediment collected from the center of the reef
flat were pooled, resulting in a single sample for each location.

In-situmeasurements of POMwere not collected for this study due to
the typically high temporal variability in this source (~4‰) (Wainright
and Fry, 1994; Vizzini and Mazzola, 2003) relative to the long turnover
taeniatus) andmussel (Trichomyahirsuta) (n=3) collected from three positions along the
efers to Green Island and PI refers to Peel Island locations.

PI2 PI3

δ13C δ15N δ13C δ15N

(0.4) −15.7 (0.0) 5.7 (0.4) −17.0 (0.1) 6.5 (0.2)
(0.2) −16.8 (0.3) 6.1 (0.2) −17.1 (0.2) 6.5 (0.0)
(0.4) −17.0 (0.1) 6.2 (0.1) −17.4 (0.1) 6.5 (0.0)

−10.1 (0.2) 3.9 (0.0) −8.2 (0.3) 3.0 (0.1)
−8.8 (1. 0) 4.0 (0.5) −8.6 (0.7) 3.8 (0.2)

−11.0 (0.3) 4.6 (0.1) −9.6 (0.3) 4.7 (0.1)

(0.2) −8.4 (0.2) 6.9 (0.2) – –

(0.4) −8.1 (0.2) 6.7 (0.3) – –

(0.3) −11.2 (0.5) 7.9 (0.5) – –
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time of tissues in filter feeding invertebrates (Raikow and Hamilton,
2001). Isotope values of filter feeders (mussels) collected in this study
and the average POM value from the literature were considered more
robust proxies. We reference a POM value typical of inshore coral
reefs;−20.1 ± 1‰ δ13C, 5 ± 0.5‰ δ15N, based on Mallela and Harrod
(2008) and Wyatt et al. (2013). Phytoplankton samples were not col-
lected due to the difficulty of isolating phytoplankton from non-living
POM and the spatial and temporal variability of plankton found in in-
shore systems (Bergamino and Richoux, 2014). Instead, we reference
an average lipid-normalized value from the literature based on near-
surface (b5mdepth) zooplankton collected fromoffshore areas in east-
ern Australia; −18.7 ± 0.1‰ δ13C, 6.5 ± 0.2‰ δ15N (Couturier et al.,
2013).

Macroalgae and turf algae were not visually evident on the reef flat
so MPB were isolated to account for benthic microscopic sources.
However, isotope results for consumers suggested that autotrophs with
unusually elevated values of δ13Cwere important diet sources. Literature
on inshore coral reef autotrophs shows that cyanobacteria on reef flats
have enriched carbon values (Table 2). Cyanobacteria mats are the
most probable source with enriched 13C on reef flat food webs because
they occur frequently on reef flats worldwide (Moriarty et al., 1985;
Thacker et al., 2001; Kuffner et al., 2006) and are consumed by benthic
invertebrates (Cruz-Rivera and Paul, 2006). Other plant and algal foods
found on reef flats such as the seagrasses Syringodium and Thalassia
and the alga Caulerpa are similarly enriched in δ13C (Fry et al., 1987;
Kolasinski et al., 2011) but there is no evidence that they are abundant
on reef flats in this study, or that they are important foods for
consumers. In our figures, therefore, in addition to MPB we include a
value for cyanobacteria (−6.5 ± 1.8‰ δ13C, 0.9 ± 1.9‰ δ15N) as aver-
aged from all available values for cyanobacteria collected on reef flats
and similar settings (Table 2). Hilting et al. (2013) have also isolated
coral reef benthic microalgae with values in this range.

Muscle tissue of invertebrates was removed from shells and cleaned
in deionized water. All plant material was cleaned of sediment in
filtered seawater and any epiphytes removed. MPB were collected by
scraping sediment samples from the top 1 cm of the reef flat. A single
MPB sample was isolated from the sediment as in Hamilton et al.
(2005). All plant and animal tissue was dried at 60 °C for 72 h and
homogenized. Subsamples of animal tissue (1–3mg) and plantmaterial
(7mg) were weighed and placed in tin capsules for stable isotope anal-
ysis. Samples were analyzed by a Sercon Hydra 20–22, Sercon Europa
EA-GSL mass spectrometer. Isotopic ratios are expressed in delta nota-
tion according to the formula: δX = [(Rsmpl / Rstd) − 1] ∗ 1000, where
X represents 13C or 15N and R is the 13C/12C or 15N/14N ratio respectively.
Nitrogen is expressed relative to atmospheric nitrogen and carbon rela-
tive to Vienna Pee-Dee Belemnite.
Table 2
Enriched values of δ13C for invertebrates and benthic autotrophs collected from intertidal flats

Location of study Habitat Source

Plants
Northwestern Hawaiian Islands Coral reef Benthic mic
Reunion Island, SW Indian Ocean Inner reef flat and back reef Cyanobacte

Benthic det
New Caledonia Lagoon Turf algae
Bahamas Islands Intertidal reef flat Algal mat
Al-Khor Bay, Qatar Intertidal flat Cyanobacte
Sinai Peninsula, Egypt Rock pools Cyanobacte

Primary consumers
Moreton Bay, Intertidal reef flat Calthalotia i
QLD, Australia Clibanarius
Bahamas Islands Intertidal reef flat Chiton spp.

Cerithium lu
Merita versi

Trinidad, Caribbean Intertidal reef flat Multiple gra
2.3. Data analysis

Abundances of the most common classes of invertebrates were
summed by feeding guild (filter feeding bivalves, grazing gastropods
and detritivorous hermit crabs). Variation in the untransformed abun-
dance of each species among sampling positions (a fixed factor with 3
levels) and locations (a random factor with 4 levels) was tested using a
two-way PERMANOVA based on a Euclidean distance similarity matrix
with 9999 permutations. Variation in measured isotope values of each
invertebrate species was tested using a two-way PERMANOVA of the
same design. Values of δ13C, δ15N and a combined C and N isotope
value (δCN= δ15N–δ13C) as in Fry et al. (2008)were analyzed separately.
Significant terms and interactions were further explored using
posteriori-pairwise comparisons with the PERMANOVA t-statistic.

The relative contribution of benthic and pelagic food sources to in-
vertebrate diet was calculated using single isotope, two source mixing
models of δ13C, δ15N and δCN in IsoError (Phillips and Gregg, 2001),
which incorporates source variability into source proportion estimates.
Given the number of food sources available on coral reefs, mangroves
and seagrass beds, calculating diet contributions for all possible food
sources was not viable. The isotope values of pelagic sources on inshore
reefs, such as POM, are typically depleted in 13C and enriched in 15N rel-
ative to benthic foods like microalgae or cyanobacteria (Fig. 4). We used
the five most 13C depleted mussel values as a proxy for pelagic sources
and the five most 13C enriched gastropod values as a proxy for benthic
source use. Endmember values were (mean ± SD)−18.6 ± 0.4‰ δ13C,
6.9 ± 0.3‰ δ15N and 25.5 ± 0.5 δCN for pelagic foods and −7.7 ±
0.5‰ δ13C, 3.3 ± 0.3‰ δ15N and 11 ± 0.6 δCN for benthic foods. These
values were not perfect estimates of 100% pelagic or benthic source
pools but they were consistent with isotope values of POM and
cyanobacteria on fringing reefs (Fig. 4), and using them eliminated the
uncertainty in estimating the fractionation between foods and con-
sumers.Weused themussel valuesmost depleted in 13C to reflect pelagic
foods rather than the average of all mussels to take into account the pos-
sibility of benthic algal sources being assimilated into some mussel diets
(Larsen et al., 2013). Additionally, the isotope value for benthic diet may
have beenmore enriched in 13C than the endmember used, but variation
within 2–4‰ would not greatly affect model results as the benthic and
pelagic endmembers were already separated by about 10‰.

No adjustment for fractionation was made for mussels or gastropod
consumer isotope values since mixing model sources were already
primary consumers. The detritivorous hermit crab typically feeds on
decaying plant matter but also some animal foods (Benvenuto, 2003),
so δ15N values were adjusted (3.2‰) to the baseline of the primary
consumers, using themethod described by Post (2002). Trophic adjust-
ments for δ13C were considered negligible (0‰) for these consumer-
in marine settings.

N Mean SD Source

δ13C (‰)

roalgae 8 −8.6 3.2 Hilting et al. (2013)
ria 5 −6.9 2.3 Kolasinski et al. (2011)
ritus 5 −7.6 1.3

3 −4.0 Carassou et al. (2008)
1 −6.5 Fry et al. (1987)

ria 3 −7.6 1.0 Al-Maslamani et al. (2012)
ria 1 −4.0 Schidlowski (1985)

ndistincta 3 −8.6 0.7 Davis et al. (this study)
taeniatus 6 −8.0 0.2

4 −4.8 0.4 Fry et al. (1987)
tosum 1 −7.0
color 1 −7.3
zers 6 −8.1 1.3 Mallela and Harrod (2008)



Table 4
Results of 2-level PERMANOVA tests of variation in abundance of (a) filter feeding
bivalves, (b) detritivorous hermit crabs, and (c) grazing gastropods across sampling posi-
tions at all locations. Terms in bold indicate significant effects.
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based mixing models (Post, 2002). These adjustments in C and N
brought all animals to the same trophic level baseline, so that they
could be considered as members of the same generalized consumer pop-
ulation in the δ13C, δ15N and δCN mixing models.
df P (perm)

(a) Bivalve
Location 3 b0.001
Position 2 0.027
Loc. × position 6 b0.001

(b) Hermit crab
Location 3 b0.001
Position 2 0.875
Loc. × position 6 0.001

(c) Gastropod
Location 3 b0.001
Position 2 0.104
Loc. × position 6 0.424
3. Results

3.1. Invertebrate abundance

A total of 47 benthic invertebrate species were observed across all
locations (Table 3). The most common invertebrates on the reef flat
were bivalves, gastropods and hermit crabs, which reached 66% cover,
46 individuals, and 6 individuals m−2, respectively, at some locations.
Abundances of filter feeding bivalves differed across the reef flat and
variation among positions differed slightly among locations (Table 4).
There was a general trend, however, for bivalves to be more abundant
on the reef edge and the center of the reef flat than at the mangrove
edge (Fig. 3A). Abundances of hermit crabs also varied among sampling
positions but no consistent patterns were evident among locations
(Table 4, Fig. 3B). Abundances of gastropods varied among locations
but not among positions (Table 4). They were sparse at all locations
except GRI1 where they were abundant at all positions (Fig. 3C). The
substrate at Green Island was mainly hard calcareous material (39–66%
cover), while Peel Island locations were predominantly soft sediment
with only 5–20% cover of hard calcareous material.
3.2. Autotroph δ13C and δ15N

The δ13C values for autotrophs varied from −28 to −10‰ and
mangroves and seagrasses were easily distinguishable from other
sources (Fig. 4). Mangroves were the most depleted source, while
POM and plankton (based on the literature), MPB, and reef
macroalgae had intermediate values, and seagrass was the most
enriched source collected. Values of δ13C of cyanobacteria found on
reef flats in other studies are more enriched than the seagrass we
measured (−7‰; Kolasinski et al., 2011). The δ15N values of autotro-
phic sources ranged from −0.4 to 6.5‰, with mangroves,
cyanobacteria and seagrass being the lowest and reef macroalgae
and plankton the highest (Fig. 4).
Table 3
Abundance or cover m−2 (mean, SE) of abundant taxa observed at four locations inMoreton Ba
each group. GRI refers to Green Island and PI refers to Peel Island locations.

Abundance (#/m−2)

Locations Polychaeta Polyplacophora Gastropoda Crustacea

GRI1
MG edge 15.1 (4.9) 46.3 (11.8)
Middle 0.1 (0.1) 16 (5.4) 37.4 (12.5)
RF edge 13.5 (2.4) 18.1 (3.9)

PI1
MG edge 1.8 (1.1) 0.2 (0.1)
Middle 0.5 (0.2) 1.9 (0.5)
RF edge 0.3 (0.2) 1.2 (0.5)

PI2
MG edge 3.1 (0.5) 0.9 (0.5)
Middle 1.6 (0.7) 13.7 (3.1)
RF edge 0.1 (0.3) 3.4 (1.1) 25.7 (5.1)

PI3
MG edge 0.2 (0.0) 1.0 (0.6) 1.1 (0.7)
Middle 4.5 (1.0) 6.4 (1.0)
RF edge 0.4 (0.2) 1.6 (0.8)
No. spp. 1 1 17 11
3.3. Spatial variation in invertebrate δ13C and δ15N

Carbon stable isotope values for gastropods varied among locations
and positions (Table 5) and were more enriched at the center of the
reef flat versus the reef edge (Fig. 5). Values of δ13C for gastropods at
the center of the reef flat were more enriched than any food sources
that were collected but were consistent with values of cyanobacteria
from the literature (Fig. 4). Nitrogen stable isotope and δCN values of
the gastropod varied amongpositions on the reefflat (Table 5), becoming
more enriched at the reef edge compared to the reef flat center andman-
grove edge (Fig. 5). Values of δ15N of the hermit crab varied among loca-
tions and positions (Table 5). As with the gastropod, the hermit crab had
higher values of δ15N at the reef edge compared to the center of the reef
flat and the mangrove edge (Fig. 5). Values of δ13C and δCN of hermit
crabs also varied among positions (Table 5) but patternswere not consis-
tent among locations. At GRI1 and PI2 hermit crabs were more enriched
in 13C at the center of the reef flat than at the reef edge (t = 2.85,
p b 0.05 and t = 4.89, p b 0.01 respectively), while at PI1 this trend
was absent (Fig. 5). At GRI1 and PI2 hermit crabs had higher δCN at
the reef edge compared to the center of the reef flat (t = 3.05,
p b 0.05 and t = 3.44, p b 0.05 respectively) and mangrove edge (t =
3.03, p b 0.05 and t = 3.86, p b 0.05 respectively) but there was no
y at three positions across the intertidal coral reef flat. No. spp. = the number of species in

Cover (%)

Echinodermata Holuthuria Bivalvia Porifera Cnidaria

0.1 (0.1) 3.3 (4)
0.1 (0.1) 1.6 (2)

16.3 (12)
35.5 (10) 0 (2) 2.8 (1)
41.6 (13) 0 (5) 8.7 (0)

0 (2)
5.4 (5) 0.5 (6) 4.3 (1)

0.8 (0.5) 15.5 (9) 1.2 (2) 25.1 (2)

2.6 (6)
0.1 (0.1) 61.6 (19) 1.5 (11) 15 (3)

66.3 (23) 1.2 (3) 5.1 (2)
3 1 3 3 7



Fig. 3. Percentage cover of all species of sessile filter feeding bivalves, and abundance of
detritivorous hermit crabs and grazing gastropods, at three positions across the reef flat at
each location. Letters indicate significant differences among sampling positions at each loca-
tion. Data are means ± SE. GRI refers to Green Island and PI refers to Peel Island locations.
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trend in δCN at PI1 (Fig. 5). All hermit crabs had relatively enriched car-
bon isotope values similar to that of cyanobacteria or seagrass (Fig. 4).
The δ13C, δ15N and δCN of mussels did not vary among positions but
did vary among locations (Table 5). Their isotope values were consis-
tently low in δ13C and similar to pelagic food sources (Fig. 4).

3.4. Contribution of food sources to invertebrate diet

The results of 2-source mixing models using δ13C, δ15N and δCN
indicate that both pelagic and benthic food sources were important to
invertebrate diet on reef flats, but that dependence on these sources
varied among species and also across positions for two species. Models
using δ13C showed that mussel diet was predominantly (83–87%) from
pelagic food sources at all positions on the flat. Hermit crabs and gastro-
podsusedmostly benthic food sources (64–78%and73–91% respectively)
but the proportion of pelagic food sources in their diets increased N10% at
the reef edge (Fig. 6A). Mixingmodels using δ15N also showed the diet of
mussels did not vary across positions and was predominantly pelagic
(83–87%), while gastropods and hermit crabs used more benthic sources
at positions shoreward of the reef edge (Fig. 6B). The combined δCN
models again indicated that the use of pelagic resources decreased at
positions towards the mangrove edge for gastropods and hermit crabs
but remained consistently high for mussels (Fig. 6C).
4. Discussion

4.1. Dietary pathways for reef flat invertebrates

Intertidal reef flats are undervalued habitats relative to their area
and distribution on coral reefs, especially given the food sources they
provide for both humans (Hauzer et al., 2013; Nordlund et al., 2013)
and fishes (Thacker et al., 2001; Miller, 1983). These habitats are differ-
ent from other reef zones because reef flat animals are more exposed to
physiological stresses from the extremes of tidal exposure, temperature
changes and high turbidity than on subtidal reef flats or reef crests. This
studyprovides afirst look at the primary sources supporting productivity
on intertidal reef flats. Filter feeding bivalves depended predominantly
on pelagic sources as expected, however the δ13C values for gastropods
and hermit crabs on the center of the reef flat were more enriched
than any autotrophic sources identified and mixing models indicated
they depend on predominantly benthic foods. Indeed, they had similar
carbon isotope values to autotrophic benthic sources found on reef flats
such as cyanobacteria or turf algae (Table 2). Our results highlight a
trend for increased consumer dependence on benthic autotrophic
sources with enriched carbon isotopes in inshore coral reef food webs
(Wyatt et al., 2012a;Hilting et al., 2013) that could have important impli-
cations for our understanding of trophic functioning in these areas.
4.2. Spatial patterns in abundances of benthic invertebrates

Three trophic guilds (filter feeders, detritivores and grazers) oc-
curred across most of the reef flat at all locations. Filter feeding bivalves
commonly colonized positions distant from the mangrove edge, where
access to pelagic dietary sources is presumably greater (Peterson and
Black, 1987; Bayne et al., 1988), and the risk of desiccation and thermal
stress at low tide is less (Lent, 1969). The variability in abundances of
detritivorous hermit crabs among locations and positions was not
unusual given these species are relatively mobile (Benvenuto et al.,
2003) and may preferentially target resources on different parts of the
reef flat. Gastropods did not favor any position on the reef flat but
were often absent from the mangrove edge, perhaps reflecting reduced
food availability (Underwood, 1984) or reduced resistance to desicca-
tion (Broekhuysen, 1940).

Although we did not focus on differences in abundance among
sampling locations, therewere clear differences in community structure
among reef flats, with mussels more abundant at Peel Island locations
and gastropods and hermit crabsmost abundant at Green Island. Differ-
ences in community structure are probably due to substrate character-
istics of the reef flats. There are major differences in geomorphology
between the islands. Green Island was created from Tertiary volcanic
lava, while Peel Island is composed of softer Mesozoic sandstone
(Maxwell, 1970). Mussels may be less exposed to predation when
partially buried in the softer sand and mud substrates at Peel Island
(Downing et al., 2000), whereas gastropods and hermit crabs may
have better mobility and access to preferred foods on the harder sub-
strate of the reef flat at Green Island.



Fig. 4.Mean (±SE) carbon and nitrogen isotope values of mussels (Trichomya hirsuta), hermit crabs (Clibanarius taeniatus) gastropods (Calthalotia indistincta) and six autotrophs. POM
particulate organic matter;MPBmicrophytobenthos; reef macroalgae (Lobophora variegata); seagrass (Zostera muelleri), coral mucus (Favia speciosa) and cyanobacteria. Zooplankton, POM
and cyanobacteria values taken fromCouturier et al. (2013), Mallela andHarrod (2008) and Table 2, respectively.Mixingmodel endmembers are the 5most 13C enriched and depleted organ-
isms collected. Mangrove sources were−28‰ δ13C and 3‰ δ15N, and are not shown.
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4.3. Spatial variation in stable isotopes and diet of invertebrates

Isotope values of mussels were consistent among positions and
mixing model results suggested they fed on pelagic-based foods at all
positions on the reef flat. Isotope analyses of intertidal mussels in the
USA and New Zealand indicates that they selectively feed on high qual-
ity phytoplankton sources (Bracken et al., 2012), which supports the
idea that mussels in this study were exploiting pelagic subsidies rather
than MPB. Increased abundances of mussels at the reef edge and at the
center of the reef flat is consistent with a dependence on pelagic
sources, since individuals at these positions are submerged for longer
periods (i.e., have better access to pelagic sources) (Peterson and
Black, 1987) than those at the mangrove edge. Reef flats in Moreton
Bay and elsewhere (Walker et al., 2008) support large populations of
filter feeders, and these consumers increase the complexity of the ben-
thic habitat, allowing other organisms to settle and grow (Gutiérrez
et al., 2003) so pelagic sources are probably important for ecosystem
functioning on reef flats.

Variation in values of δ13C and δ15N for gastropods suggests either
that they incorporate more pelagic sources at the reef edge or that iso-
topes of a single source change across positions. Allochthonous detrital
or pelagic sources were considered minor contributors to gastropod
diet at the reef edge, because no obvious sources of drift algae or seagrass
Table 5
Results of 2-level PERMANOVA tests of variation in δ13C, δ15N and δCN across 3 positions
(reef edge, reef flat center and mangrove edge) for a gastropod (Calthalotia indistincta),
mussel (Trichomya hirsuta) and hermit crab (Clibanarius taeniatus) at all locations. Terms
in bold indicate significant effects. The df= 2, 2, 4 for Location, Position and Loc. × Pos. for
gastropods and hermit crabs, and df = 3, 2, 4 for mussels.

Gastropod Mussel Hermit Crab

P P P

δ13C
Location 0.013 b0.001 0.029
Position 0.025 0.162 b0.001
Loc. × position 0.202 0.291 0.002

δ15N
Location 0.120 b0.001 0.002
Position 0.019 0.711 0.032
Loc. × position 0.444 0.587 0.266

δCN
Location 0.016 b0.001 b0.001
Position 0.019 0.353 0.068
Loc. × position 0.588 0.381 0.003
were observed there and carbon isotope values of grazers remained
enriched relative to pelagic sources. Gastropod δ13C values at the man-
grove edge were not depleted relative to other positions, therefore it is
also unlikely gastropods assimilate substantial diet sources from fringing
mangroves. This observation is consistent with other studies that have
found little evidence for the assimilation of mangrove carbon by con-
sumers in adjacent habitats (Bouillon et al., 2008).

Gastropods assimilated sources with unusually enriched δ13C values
at the center of the reef flat and showed a high dependence on benthic
autotrophic foods there. Although we did not identify the source in this
study, similarly highly enriched sources have been observed for
cyanobacteria (Table 2), which are common to reef flats worldwide
(Thacker et al., 2001; Fonseca et al., 2012). Values of δ13C for benthic
autotrophs in intertidal areas typically become enriched due to high
light levels (Bootsma et al., 1996; Pages et al., 2014) and thick boundary
layers (France, 1995). Therefore, the change in isotope values for gastro-
pods at the reef edge may simply reflect a change in the isotopes of the
same benthic food source; primary producers at the reef edge might
have more depleted δ13C values and enriched δ15N values relative to
the center of the reef flat due to reduced light levels and exposure time
at the subtidal boundary. Gastropods were present at both the reef
edge and at the center of the reef flat, which suggests the variation in
source contribution did not affect productivity, while their absence
from the mangrove edge may be caused by the increased risk of
desiccation.

Patterns in hermit crab δ15N were similar to those observed for
gastropods, suggesting that they either assimilated more pelagic
sources or that the isotopic values of sources changed at the reef edge.
Despite the enrichment in 13C of hermit crabs at some positions away
from the reef edge and a strong dependence on benthic foods, trends
in δ13C among sampling positions were not consistent at all locations,
and showed little variation among positions at PI1. Hermit crabs at PI1
may not have shown the same diet trends due to differences in physical
characteristics. Site PI1 was the most sheltered reef flat sampled, being
located in a back-reef channel with high sediment loads. These physical
factors may have reduced the growth of autotrophic sources with
enriched δ13C values which appeared important at the other locations.
Finer grain sizes on intertidal flats can reduce the growth of in-situ
autotrophs (Cahoon et al., 1999; Schiel et al., 2006) and thus their avail-
ability to consumers (Herman et al., 2001). Hermit crabs were in very
low abundance and gastropods were not present at the PIl location
but both species were more abundant at locations where they had
diets enriched in δ13C, suggesting enriched benthic sources are an
important component of their diet.



Fig. 5. Spatial patterns in values of invertebrate tissue nitrogen (δ15N), carbon (δ13C) and combined C and N isotopes (δCN) averaged across locations and then by location for hermit crabs.
Hermit crab δ15N is adjusted−3.2‰ to account for trophic level. Data are mean (±SE) for each position. The width of the lines for mixing model endmembers represents the error.
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Differences in feeding strategy and mobility for hermit crabs may
also have resulted in more variable trends in carbon source use. While
the gastropod probably feeds in a small radius due to limited mobility,
large hermit crabs like Clibanarius taeniatus can travel up to several
meters to find a preferred food source (Benvenuto et al., 2003). Increased
mobility may allow formore opportunistic feeding forays to access detri-
tal or benthic sources, whichmay explain the variability in abundances of
hermit crabs across positions on the reef flat. Although largely dependent
on decaying plant material, these hermit crabs may also assimilate some
animal material (Kunze and Anderson, 1979) and the patchy availability
of animal food sources could have resulted in altered patterns in carbon
source use compared to gastropods.

4.4. Trends in consumer diets on coral reef flats

Although few studies have investigated trophic dynamics at the
landscape scale for coral reef flats, there does appear to be a regular en-
richment in δ13C and depletion in δ15N values in consumers on inshore
areas of coral reefs globally (Fry et al., 1987; Kolasinski et al., 2009;Wyatt
et al., 2012a, 2013). Both Wyatt et al. (2012a) and Hilting et al. (2013)
noted that fishes depend on high levels of benthic reef production
(sources enriched in δ13C) on inshore portions of coral reefs. Hilting
et al. (2013) hypothesized that the unusually enriched values of δ13C
for benthic microalgae may be due to cyanobacteria or increased use of
HCO3

− during photosynthesis. There is also a concurrent decrease in
δ15N moving shoreward on reef flats for fish in most feeding guilds
(Wyatt et al., 2012a), consistent with some nitrogen fixation by
cyanobacteriawithin symbioses (Lesser et al., 2007) or detrital reworking
and release (Wyatt et al., 2012b; De Goeij et al., 2013). These isotope
findings are very similar to patterns observed for grazers and
detritivores in the current study, suggesting that this may be a typical
trophic pattern on inshore coral reefs. This pattern implies that reef
flats are strong source regions for local food webs on inshore fringing
coral reefs, providing in situ benthic sources of organic matter to local
consumers, and likely exporting organic matter to adjacent habitats.

Nitrogen isotopes of gastropods and hermit crabs became depleted at
positions away from the reef edge, and this change suggests pelagic
sources of nitrogenmay be an external subsidy that supports the growth
of autotrophic foods across the reefflat. Thus, the decay of plankton inside
Moreton Bay may fertilize the growth of microalgae in intertidal habitats
as is observed on coastal shelfs (Darrow et al., 2003). Such nutrient sub-
sidies and enhanced primary productivity may help explain increased
fish abundances associatedwith reefflats and nearby fringingmangroves
locally (Olds et al., 2012).

One caveat of our study is that invertebrates and their foods were
not collected across seasons. While seasonal sampling is useful for de-
scribing variability in source values, invertebrates such as filter feeders
can have stable isotope turnover times of nearly a year (Raikow and
Hamilton, 2001; Cabanellas-Reboredo et al., 2009), making seasonal
sampling of sources inconsequential. Additionally, winter marine food



Fig. 6. Mean percentage contribution of the pelagic and benthic source groups (±SE) to
consumer diets at each position on the reef flat and averaged across locations, calculated
from δ13C (A), δ15N (B) and combined C and N isotopes (δCN) (C) using IsoError (Phillips
and Gregg, 2001). RF = Reef edge, C = Reef flat center and MG= Mangrove edge.
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webs are typically more depleted in δ13C due to decreased irradiance
levels, and thus, carbon demand (Vizzini and Mazzola, 2003), so the
conclusion about the importance of enriched benthic carbon sources in
reef flat food webs appears robust. Future studies of trophic functioning
on reef flats might aim to capture temporal trends, as well as including
a greater range of species and trophic levels to delineate food web
structure.

4.5. Conclusion

The results of this study indicate that invertebrate communities
depend on both autochthonous benthic and external pelagic sources.
Although abundant filter feeders appeared to feed on planktonic food
sources, detritivore and grazer diets apparently relied on sources with
unusually enriched values of δ13C, indicative of benthic production.
Community structure on intertidal reef flats is especially susceptible to
the impending effects of climate change and sea level rise due to their
intertidal nature and location at the land–sea interface (Walker et al.,
2008; Harborne, 2013). In addition, fish from subtidal habitats move
over reef flats during daily tidal fluxes and feed (Harborne, 2013), so in-
vertebrates may be an important trophic link between benthic
producers and mobile consumers on coral reefs. We recommend that
benthic producers with enriched carbon stable isotope values should be
given increased attention in future food web studies of coral reefs, and
that intertidal reef flats receive greater consideration when predicting
the future of vulnerable coral reef ecosystems.
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