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where the prey of the rays are the decapod crusta-
ceans Trypaea and Mictyris that otherwise structure 
the benthic system. Results generally (though not 
totally) support hypothesis (ii), it being consistently 
found that feeding pits supported less macrobenthic 
abundance than the surrounding sandflat but sub-
equal taxon density, evenness and patchiness of their 
faunas, and their taxonomic compositions were very 
similar. Such feeding pits undoubtedly structure many 
intertidal sandflats and increase both their topograph-
ical complexity and their habitat diversity, but this is 
not reflected in increased macrobenthic biodiversity.
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Introduction

Along warm temperate and tropical coasts, stingrays 
are common predators of marine macrobenthic poly-
chaetes, molluscs, and crustaceans (Jacobsen & Ben-
nett, 2013). They use several feeding modes but one 
in particular causes significant impact on the surface 
sediment: the ray’s jaws are forcibly protruded into 
the sea bed, accompanied by a powerful jet of water, 
and prey accompanied by associated soft sediment is 
sucked up, the suspended sediment being redeposited 
on the surface downstream (Tillett et al., 2008; Fisher 
et al., 2011). This creates a characteristically shaped 
and in relatively quiet waters a long-lasting, feeding 

Abstract Little is known of the macrobenthos sup-
ported within stingray feeding pits. Compared to 
adjacent unpitted areas during low tide, macroben-
thic abundance and biodiversity within the stingray 
pits might be expected to be (i) greater, the water-
retaining pits functioning like rock pools; (ii) no dif-
ferent, since macrofaunal recolonisation can occur 
very rapidly; or (iii) less, consequent on the substra-
tum changes that typify depressions in soft sediments. 
In both (i) and (iii) differences in composition of the 
supported assemblages would be expected, though 
not in (ii). To differentiate between these alternative 
hypotheses, faunal characteristics within intertidal 
stingray pits were compared to those in the adjacent 
background sandflat in Moreton Bay, Queensland, 
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pit (Cross & Curran, 2000; Takaeuchi & Tamaki, 
2014) (Fig. 1).

Along the lagoonal side of North Stradbroke 
Island/Minjerribah within Moreton Bay/
Quandamooka, Queensland, such up to 20  cm deep 
pits created by Hemitrygon fluviorum (Ogilby), 
Maculabatis toshi (Whitley) and especially Neotrygon 
australiae Last, White & Serét (Pierce et  al., 2009) 
visibly dominate the band of intertidal sand between 
some mean sea level (MSL) (the downshore limit of 
the Avicennia + Rhizophora mangrove fringe) and 
low water neap tide level (LWN) (near the usual 
local upshore limit of the intertidal Nanozostera 
seagrass beds). This sandflat is otherwise structured 
by crustaceans, i.e. by the burial shafts of the soldier 
crab Mictyris longicarpus Latreille and the burrows 
of the callianassid ghost shrimp/yabby Trypaea 
australiensis Dana, upon both of which at least some 
of the stingrays are likely to feed (Tillett et al., 2008; 
Pardo et al., 2015).

These feeding pits have received much scientific 
attention, especially in respect of the occurrence in 
them of other fish and meiofauna. Krück et al. (2009) 
and Chargulaf et al. (2011), for example, have studied 
their role in sheltering juvenile fish and prawns during 
low tide, and Chargulaf & Tibbetts (2015) suggested 
that their supported meiofaunal assemblages provide 
a source of food to those juvenile nekton. The speed 
with which meiofaunal recolonisation takes place 

and the length of time that the pits last as discrete 
structures have also been analysed in considerable 
detail (Thrush et  al., 1991; Cross & Curran, 2000; 
O’Shea et al., 2012; Flowers et al., 2020). The effect 
of stingray pits on the distribution and abundance 
of the benthic macrofauna, however, has received 
much less attention, as indeed has the macrofauna 
of tropical and subtropical soft sediments in general 
(Gray, 2002; Carvalho et al., 2023).

It has been pointed out that often such pits 
contain the only standing water on a sandflat at low 
tide and therefore form the soft-shore equivalent of 
hard-shore rockpools (Meager et  al., 2005) that can 
considerably enhance local biodiversity (Chee et al., 
2020). Hence, they might be expected to contribute 
a significant resource to non-desiccation-resistant 
marine animals during low water, resulting then in 
increased local habitat heterogeneity (McPhee, 2017) 
and greater abundance and diversity than on the 
background sandflat for at least some components of 
the macrofauna. They might thus play a similar role 
to the biodiversity refuges provided by ‘pockmarks’ 
on the seabed (Webb et  al., 2009) (‘craters on the 
seafloor, presumably by the expulsion of fluids 
from the sediments’). Such a potential outcome, 
however, runs counter to observations that, at least 
for meiofauna, newly formed pits are denuded of 
fauna but then recover their former abundance and 
diversity over time until they do not differ from the 

Fig. 1  A Rainbow Channel 
intertidal sandflat exten-
sively structured by stingray 
feeding pits, with inset 
detail of a single such pit
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background sandflat (Cross & Curran, 2004), i.e. that 
pits will contain the same or lower than background 
animal abundance and diversity. Which of these 
two scenarios is the characteristic state for the 
macrobenthos has not been determined. One of the 
few relevant studies is that of Thrush et al. (1991) who 
compared the occurrence of two benthic assemblages, 
one dominated by polychaetes the other by bivalves, 
in and between stingray pits near Auckland, New 
Zealand. They found an equivalent situation to that 
for the meiofauna to prevail, i.e. that there were 
little or no consistent significant differences between 
the inhabitants of pits and those of the surrounding 
unpitted sediment because of rapid recolonisation by 
the macrofauna, which occurs via active migration or 
as a result of passive advection (Savidge & Taghon, 
1988). The only animal that was possibly more 
common in their pits being an epibenthic crustacean, 
the cumacean Colurostylis.

It is also clear that, like depressions in soft 
sediments in general (Van Blaricom, 1982; McGrorty 
& Reading, 1984), the nature of the sediment within 
pits on intertidal flats differs from that surrounding 
them (Toniolo et al., 2021), fine inorganic and organic 
particles characteristically accumulating (Yager et al., 
1993; D’Andrea et  al., 2002), including callianassid 
faecal pellets (Frankenberg et  al., 1967) (note the 
accumulation of Trypaea australiensis pellets—the 
dark surface material—in the pits shown in Fig.  1). 
Granted this tendency of depressions to fill with fine 
particles and the importance of prevailing particle size 
spectra, sediment compaction, etc. to infauna (Sassa 
& Yang, 2019; Armonies, 2021), a third potential 
outcome is failure of recolonisation by the local 
macrofauna and/or a change in faunal assemblage 
supported during the recolonisation interval. The 
same result will occur if the recolonisation rate of the 
dominant benthic taxa is slow (Zajac, 2004).

Macrofaunal assemblage structure of pools 
on rocky shores is known to differ from that of 
surrounding areas (Metaxas and Scheibling, 
1993), and the present study seeks to broaden the 
available database on macrofaunal colonisation of 
the equivalent pits of soft-sediment systems beyond 
Thrush et al.’s (1991) New Zealand study of stingray 
pits. It tests the null hypothesis that there is no 
significant difference in abundance and biodiversity 
of the macrofauna within the pits and in the general 
MSL-LWN horizon on the sandflats.

Methods

Study area, sample collection, and processing

Macrofaunal sampling was conducted over a period 
of six weeks during the 2023 austral spring within 
the relatively pristine Eastern Banks region of the 
oligohaline, mesotidal, and subtropical Moreton Bay 
Marine Park (Dennison & Abal, 1999; Gibbes et al., 
2014). Three replicate stations, some 150–200  m 
apart, were worked between LWN and MSL across 
a sandflat off the township of Dunwich/Gumpi near 
the southern end of the Rainbow Channel, centred 
on 27°29′39″S,153°24′02″E (Fig.  2). Such expanses 
of fine- to medium-grained, tidal-delta, quartz sand 
characterise the zone between the upper mangrove 
and lower seagrass beds all along the Rainbow Chan-
nel (Laycock, 1978). The macrobenthos of these three 
stations were known from pilot sampling to support 
somewhat different variants of the local sandflat 
fauna, being dominated by the haustorioid amphipod 
crustacean Urohaustorius metungi Fearn-Wannan, by 
the galeommatoid bivalve mollusc Mysella sp., and 
the third with no overwhelming dominant. At each 
station, 20 replicate water-filled stingray pits were 
sampled at the point of low tide each by a cylindrical 
core sample of ca. 0.083 m internal diameter (0.0054 
 m2 area) and 0.2 m depth, as were 20 associated rep-
licate non-pitted areas without a standing water cover. 
In each case, these samples were taken in the form 
of two groups of 10 cores 10–20 m apart. What were 
clearly recently created pits were avoided; all sampled 
ones no longer having visible mounds of displaced 
sediment, nor any reduced sand at the surface (cf. the 
insert in Fig. 1).

This sampling procedure collects the smaller 
(usually < 5  mm) and more numerous members of 
the macrofauna that constitute the large majority 
of invertebrate biodiversity (Bouchet et  al., 2002; 
Albano et  al., 2011), although not the meiofauna 
nor much scarcer megafauna (in any event no such 
megafauna was observed). Warwick et  al. (2006) 
have shown that different spatial patterning rules 
may apply to meiofauna and macrofauna. The soldier 
crab Mictyris longicarpus was excluded from the 
analysis. These crabs do not inhabit a fixed location 
but bury beneath the sandflat surface for the duration 
of high water and then emerge to wander over the 
surface, travelling up to 450  m before reburying 
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again elsewhere when threatened or up to some 4 h 
later (Dittmann 1998). By chance, some samples can 
be dominated by these wandering crabs, whereas at 
another point in time or space they might contain 
none. In such circumstances, exclusion seemed most 
appropriate.

Collection and treatment of core samples followed 
the same procedure as earlier studies of macrobenthic 
assemblages associated with the Rainbow Channel 
intertidal (Barnes, 2017, 2023, and references 
therein). Cores were collected during daylight hours 
and were gently sieved through 710  µm mesh on 
site. Retained material from each core was placed 
in a 30 × 25  cm translucent tray over an A3 LED 
pad in which the living fauna was located by visual 
examination until no further animal could be 
observed. All samples were processed immediately 
after collection. Animals were identified to the lowest 
taxonomic level that could be achieved with certainty, 
with all organismal nomenclature being as listed in 
the World Register of Marine Species (www. marin 
espec ies. org), accessed November 2023. Several 
taxa, however, including polyclads, nemertines, and 

various polychaete and peracaridan groups, although 
relatively important in Moreton Bay have not yet 
been investigated systematically in or near southern 
Queensland (Davie & Phillips, 2008; Davie et  al., 
2010). Consequently, members of several groups were 
treated as morphotaxa, an operationally appropriate 
procedure to detect spatial patterns of biodiversity 
and differential abundance (Dethier & Schoch, 
2006; Pos et  al., 2014) or were mostly identified 
only to genus, as relevant. Although this incurs a 
high probability of failing to distinguish any closely 
similar forms, experience of taxonomic resolution/
sufficiency in other soft-sediment macrobenthic 
studies (e.g. Warwick, 1988; Tataranni et  al., 2009; 
Brind’Amour et al., 2014) indicates that operating at 
various levels from species up to family all produce 
similar conclusions.

Analyses

Numbers of each component zoobenthic morphotaxon 
within the pits and in the adjacent unpitted sandflat 
surface were subjected to similarity analysis, and 

Fig. 2  Location of the 
study stations in Moreton 
Bay, Queensland (Google 
Earth Pro satellite image © 
2023 TerraMetrics)

http://www.marinespecies.org
http://www.marinespecies.org
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assemblage metrics were derived and compared 
via PAST 4.11 software (Hammer et  al., 2001) or 
Microsoft Excel for Mac 16.77 with the StatPlus:mac 
Pro 8.0.4 add-on, all metrics being based on animal 
numerical abundance. Univariate metrics assessed 
were those known to be of major importance in the 
assessment of local-scale biodiversity (Blowes et al., 
2022), i.e. (1) overall faunal numbers, (2) observed 
numbers of morphotaxa, i.e. Hill’s N0 [‘species 
density’ sensu (Gotelli & Colwell, 2001)], and (3) 
relative evenness (= equitability) of taxon abundances 
(Pielou’s J). In addition, (4) Gatti et al. (2020) AED 
biodiversity index incorporating, besides N0 taxon 
density, Hill–Shannon N1, and Hill-Simpson N2 
metrics (Roswell et  al., 2021) was also assessed, as 
was (5) local patchiness in assemblage abundance (as 
estimated by Lloyd’s Ip patchiness). Comparison of 
magnitudes of metrics used Wilcoxon matched pairs 
tests and one-way ANOVA. Statistical significance 
of the Wilcoxon test was obtained by Monte Carlo 
simulation with 9999 iterations.

Multivariate statistical comparison of assemblage 
composition used hierarchical clustering analysis 
of  S17 Bray–Curtis similarity carried out on 
both untransformed and on standardised taxon 
abundances (i.e. all samples adjusted to the same total 
abundance to eliminate variation in local density), 
ANOSIM, PerMANOVA, and IndVal, all with 9999 
permutations.

Results

The number of animals occurring in the stingray 
pits was always lower than in the adjacent exposed 
sandflat, both per individual core sample (ANOVA 
F1,118 = 8.26; P = 0.0048) and per set of 10 cores 
per station (Wilcoxon P = 0.028): on average, they 
totalled only 63% of the sandflat value The number 
of taxa per unit area in each habitat type did not 
differ significantly (ANOVA F1,118 = 0.97, P = 0.33; 
Wilcoxon test P = 0.63), however, and neither did 
values of evenness and of the AED index (Wilcoxon 
P = 0.075 and = 0.6, respectively) (Table  1). 
Abundance was distributed patchily across both 
habitat types (P = 0.0001), particularly in the stingray 
pits.

The adjacent stingray pit and sandflat assem-
blages at two of the sites were significantly different 

(ANOSIM R = 0.102, P = 0.0028 & R = 0.273, 
P = 0.0001; PerMANOVA F = 2.5, P = 0.0026 and 
F = 6.6, P = 0.0001), not least because of the differen-
tial abundance of the dominant pit forms Urohausto-
rius and Mysella, respectively, in the two habitat types 
at each site, but not at the third (ANOSIM R = 0.027, 
P = 0.18; PerMANOVA F = 1.32, P = 0.19). In any 
event, all values of ANOSIM R were very small 
and Bray–Curtis similarities were high at > 60% 
based on taxon abundances and > 65% on the stand-
ardised data. Fifty-four taxa were recorded in total. 
Both faunas were dominated by the polychaete Spio, 
the amphipods Urohaustorius, Doowia, and Eriopi-
sella and the bivalves Mysella and Eumarcia, which 

Table 1  Comparison of biodiversity metrics of the macroben-
thic assemblages of water-filled stingray feeding pits versus the 
immediately adjacent background sandflat at low tide

Numbers Numbers J evenness AED index
ind.  m−2 Taxa

Station 1 A
 Feeding pits 426 10 0.998 15
 Background 

sand
463 11 0.963 17

Station 1 B
 Feeding pits 556 11 0.920 17
 Background 

sand
778 15 0.926 21

Station 2 A
 Feeding pits 1315 12 0.823 18
 Background 

sand
1926 10 0.509 13

Station 2 B
 Feeding pits 1482 14 0.697 19
 Background 

sand
3352 10 0.496 13

Station 3 A
 Feeding pits 870 17 0.955 26
 Background 

sand
1352 24 0.847 37

Station 3B
 Feeding pits 880 25 0.883 38
 Background 

sand
1148 32 0.858 48

Overall
 Feeding pits 923 36 0.749 49
 Background 

sand
1457 40 0.612 51
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together comprised > 70% of the total macrobenthic 
numbers. Doowia, Tritia, and Mysella occurred sub-
equally in both habitats; nevertheless, IndVal identi-
fied Doowia and Mysella as the two taxa most indica-
tive of the pits, whilst Urohaustorius and Goniada 
characterised the sandflat. The relative proportions 
of major categories of benthos in the two systems are 
shown in Table  2. No taxon occurred abundantly in 
only one of the two habitat types; of those occurring 
at > 30  m−2 only the uncommon hermit crab Diogenes 
sp. occurred in the pits but was not recorded on the 
flats and only the amphipod? Kamaka showed the 
converse pattern. Figure 3B shows the extent to which 

the stingray pit and background sand faunas varied in 
parallel across the intertidal flat stations.

Discussion

Despite their ease of access and their prevalence, little 
is known of the ecology of the sandflats on Moreton 
Bay shores and of their invertebrate fauna (Skilleter, 
1998; Barnes, 2017), but there is no reason to think 
that those at Dunwich are atypical in any respect. 
Reworking the Rainbow Channel sandflat data of 
Barnes and Barnes (2012), the fauna of the Dunwich 
sand is certainly very similar in composition to those 
to the north at Capembah and those to the south at 
Deanbilla (mean Bray–Curtis similarity of 55%). 
The dominance of Urohaustorius in particular is 
characteristic of other areas along the central east 
coast of Australia (e.g. Dexter, 1983).

It is clear from the results obtained that in no 
sense did the stingray pits there constitute a specific 
biodiversity asset, provide a refuge for macrofaunal 
invertebrates (except for a few nekton and possibly 
for Diogenes), or support a benthic fauna of 
differing richness or essential nature from that in the 

Table 2  Absolute numbers (per 0.33   m2) and proportions of 
major functional types of macrobenthos in the stingray pits and 
in the adjacent unpitted sandflat

Pits Sandflat

Errant predatory worms 24 (8.0%) 46 (9.7%)
Sedentary microphagous worms 45 (15.1%) 37 (7.8%)
Peracaridan crustaceans 144 (48.3%) 315 (66.7%)
Filter-feeding bivalve molluscs 59 (19.7%) 57 (12.1%)

Fig. 3  Bray–Curtis similarities between the stingray pit (P) and sandflat (S) benthic macrofaunas at the three stations: A on the basis 
of the abundance of the individual taxa and B on those abundances standardised to a common total
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surrounding sandflats. This also applies at local scale 
in that taxonomically the pit faunas were more similar 
to those in the immediately adjacent exposed sand 
than they were to pit faunas in other regions of the 
sampling site.

This result would seem to confirm the observations 
of Thrush et al. (1991) in New Zealand. Stingray pits 
are small (much smaller than most rock pools and 
very much smaller than the submarine ‘pockmarks’ 
described by Webb et  al. (2009) and this ensures a 
large perimeter per unit area or volume for animals 
to pass across to recolonise them. It is odd, however, 
that the two groups of animals that would be thought 
least likely to be able rapidly to invade newly created 
pits, bivalves and sedentary polychaetes, are the two 
that were most numerous there and indeed comprised 
higher proportions of the fauna than in the sandflats. 
The distinctive tubes of Spiochaetopterus were a 
highly visible feature of some pits (although most 
of the tubes were unoccupied, possibly because the 
worms retreated into the sediment below the cored 
20  cm) and live animals occurred at a density of 
28   m−2, but that worm was present at only a third 
of that density on the flats. The two most mobile 
background sandflat components, i.e. those that might 
be considered most likely to recolonise rapidly, the 
peracarid crustaceans Urohaustorius, Eriopisella, 
Limnophora, etc. and errant predatory worms, 
particularly Goniada, however, displayed the greatest 
reduction in pit versus sandflat comparisons.

This contrasts with the situation described by 
Drolet and Barbeau (2009) for tide pools on three 
mudflats in the Bay of Fundy, Canada, where the 
dominant benthic amphipod Corophium volutator 
(Pallas) consistently occurred at higher density 
in the pools than on the adjacent flats during 
low tide. Decreased risk of predation and hence 
increased survival in such pools has been generally 
suggested to be the explanation for the occurrence 
there of juvenile nekton (Kneib, 1987), but this 
was not the case for the Corophium volutator 
(Drolet and Barbeau, 2009). Neither did it result 
from active habitat selection, but to differential 
rates of emigration: those Corophium volutator 
that found themselves in a pool tending to remain 
there, whereas those on the unpitted flats were more 
mobile. Unfortunately, there have been no studies 
of differential predation rates by fish or birds on 

intertidal stingray pits or other sand/mudflat pools 
that might help to untangle the complex manner in 
which macrobenthic abundance and biodiversity are 
distributed intertidally (Dewenter et al., 2023).

Although whilst feeding stingrays modify 
the habitat more than many carnivores and their 
depressions may remain long after the activity 
creating them has ceased, their effect on the system 
in essence does not differ from the general nature 
of predation. Prey items are taken, and the taxa 
concerned recolonise denuded areas. The rates 
of recolonisation will depend in part on powers 
of dispersal, but for most marine benthos this can 
be accomplished rapidly. For a few taxa, perhaps 
like the epifaunal Diogenes in the present case, 
the miniature ponds created can permit activity 
to be continued during low tide, but this might be 
expected to attract the attention of avian predators 
(the hermit crab’s strong shell may be relevant 
here), so most macrobenthos either retreat into the 
sediment or retreat with the tide. To understand 
the reasons for the individual patterns displayed 
by specific infaunal crustaceans and polychaetes, 
however, it will require much greater understanding 
of their individual ecologies than we have at 
present.
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