
REVIEW

Significance of fish–sponge interactions in coral reef ecosystems
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Abstract Sponges (Porifera) are a key component of many

coral reef ecosystems. In some biogeographic regions, they

are considered the dominant benthic fauna and they have

the capacity to fulfil many similar roles to reef-build-

ing scleractinians. Certainly, sponges predominate at

depth, below the critical thresholds of most coral species.

The biological and physical attributes of these biogenic

communities contribute essential resources for many reef-

associated fishes. However, while fish–sponge interactions

have been widely documented, there is no global synthesis

of the literature on these interrelationships from the per-

spective of fish ecology. Here we evaluate coral reef fish–

sponge relationships, including the role of sponges in

providing food and shelter for fishes, the influence fishes

have on sponge distribution and abundance and possible

outcomes of climate change on fish–sponge interactions.

To date, 16 fish families have been shown to associate with

56 different sponge genera, using them as either a source of

shelter (n = 17) or a food source (n = 50), although

methodologies for the latter currently lack consistency. We

demonstrate that a more comprehensive understanding of

fish–sponge interactions has been garnered from tropical

Atlantic coral reefs, which has resulted in a strong bio-

geographic bias. While it is evident that in some areas of

the Caribbean fish are key in shaping the distribution and

abundance of sponges, it is not yet known whether this

conclusion applies to the Indo-Pacific. With increasing

stresses such as bleaching events impacting coral reef

ecosystems, further work is needed to evaluate whether

sponges can fulfil similar functional roles to those previ-

ously provided by reef-building scleractinians. Similarly,

determining whether sponge expansion will compensate for

the negative effects of reef degradation, or contribute to

their decline, is vital.
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Introduction

Coral reefs are highly heterogeneous, structurally complex

environments that support highly diverse communities of

other reef taxa (Syms and Jones 2000; Alvarez-Filip et al.

2009; Stella et al. 2011; Emslie et al. 2014). Complex coral

formations support a high diversity of reef-fish assem-

blages, and the more biotically and physically complex

they are, the more fish species they support (Graham and

Nash 2013; Darling et al. 2017; Epstein and Kingsford

2019; Torres-Pulliza et al. 2020). Reef-building sclerac-

tinians are usually considered the most prominent archi-

tects of coral reef seascapes (Kerry and Bellwood 2012;

Coker et al. 2014). Their three-dimensional structure cre-

ates the reef framework, underpinning an array of eco-

logical processes and services, providing important

microhabitats and food for a diverse range of fish species

Topical Editor Alastair Harborne

& Amy G. Coppock

amy.coppock@my.jcu.edu.au

1 Marine Biology and Aquaculture, College of Science and

Engineering, James Cook University, Townsville, QLD 4811,

Australia

2 ARC Centre of Excellence for Coral Reef Studies, James

Cook University, Townsville, QLD 4811, Australia

3 Environmental Research Institute, Faculty of Science and

Engineering, University of Waikato, Private Bag 3105,

Hamilton 3040, New Zealand

123

Coral Reefs (2022) 41:1285–1308

https://doi.org/10.1007/s00338-022-02253-8

http://orcid.org/0000-0003-1963-7602
https://orcid.org/0000-0003-1704-6198
https://orcid.org/0000-0002-6244-1245
http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-022-02253-8&amp;domain=pdf
https://doi.org/10.1007/s00338-022-02253-8


and assemblages (Coker et al. 2014; Richardson et al.

2017; Wilson et al. 2019). For many coral reef fish species,

this structural complexity is crucial for survival and

reproduction (Hixson and Beets 1989; Jones 1991). It may

influence settlement success (Öhman et al. 1998; Jones

et al. 2004), ameliorate predation (Jones and Syms 1998;

Beukers and Jones 1998) and affect the outcome of com-

petitive interactions (Jones 1988; Kerry and Bellwood

2012). With coral reef ecosystems being subjected to

increasingly more regular perturbations (e.g., Wilson et al.

2006; Hughes et al. 2018a, b, c), widespread concerns have

arisen regarding the mortality of reef-building scleractini-

ans and the associated loss of three-dimensional reef

structure (Hoegh-Guldberg et al. 2007; Veron et al. 2009).

In the aftermath of severe mortality events, new reef

configurations are beginning to emerge (Bellwood et al.

2004). As a result, the structure of coral reef benthic

communities in many regions has changed markedly in

recent decades (Done 1992; Hughes 1994; Connell et al.

1997; McMurray et al. 2018; Russ et al. 2020). Conse-

quently, despite ongoing perturbations it is thought that

reefs will persist into the future, albeit with altered com-

positions (Riegl and Purkis 2009; Pandolfi et al. 2011; Bell

et al. 2013). So far, most studies considering fish–habitat

interactions have primarily investigated interactions that

occur between reef-building scleractinians and fishes

(Epstein and Kingsford 2019) and the role of corals per se,

as a source of food (Chong-Seng et al. 2014) or shelter

(Graham and Nash 2013). Reef-building scleractinians

usually represent\ 50% of available benthic coral reef

structure (Fabricius 1997; Osborne et al. 2011). Soft corals,

ascidians, macroalgae and sponges often achieve high

abundance, particularly with depth (e.g., Wilkinson and

Cheshire 1989; Bridge et al. 2019; Pomponi et al. 2019;

Spalding et al. 2019), yet the roles of other benthic struc-

ture-forming organisms have seldom been considered

(Norström et al. 2009; Tebbett et al. 2019; Oakley-Cogan

et al. 2020). Understanding the links that occur between

coral reef fishes and their available benthic habitats is

critical for determining their functional roles and how these

relationships might change over time (Darling et al. 2017;

Bellwood et al. 2019).

Coral reef seascapes are comprised of a mosaic of

ecologically unique, often highly productive, interlinked

coral reef communities that vary with spatial scale and

depth gradient, including; coral reef fore-reefs, coral reef

flats (Nagelkerken et al. 2000), mangrove forests (Fulton

et al. 2020), seagrass meadows (Dorenbosch et al. 2005),

and mesophotic coral ecosystems (30-150 m depth)

(MCEs) (Lesser and Slattery 2018). Sponges are abundant

and conspicuous members of many of these communities

(Diaz and Rützler 2001). This is particularly true of Car-

ibbean reef communities, where they are prominent in

many of the varied habitats present and can rival both hard

and soft coral in terms of distribution, abundance and

biomass (McMurray et al. 2015). Where sponge gardens

occur, sponges appear to fulfil a similar ecological role to

scleractinian corals (Schönberg and Fromont 2012) and,

therefore, have the capacity to offer unique refugia for the

recruitment, growth, reproduction, feeding, and breeding of

many coral reef fish species (Hixon and Beets 1989).

Sponges are tropho-dynamically important within these

communities (Reiswig 1981; Karplus 2014). Here, in its

simplest form, they facilitate nutrient transfer occur by

converting dissolved organic matter (DOM) and particulate

organic matter (POM) released by benthic producers (e.g.,

algae and corals) into particulate detritus available to

higher trophic levels, including fishes (de Goeij et al. 2013;

Rix et al. 2018) or as sponge biomass consumed by

spongivores (McMurray et al. 2018). Recent studies,

however, suggest these processes may be far more

nuanced, with depth, position and sponge morphotype

regulating detrital production (see Lesser and Slattery

2012; Slattery and Lesser 2015; Lesser et al. 2020).

Globally, the role of sponge metabolism in contributing to

the benthic-pelagic carbon flux is now apparent (Bannister

et al. 2011, 2012; Gantt et al. 2019), but see McMurray

et al. (2018). Moreover, sponges are fleshy and nutritional

organisms (Bergquist 1978; Chanas and Pawlik 1995;

Dunlap and Pawlik 1996) that harbor a multitude of sym-

bionts/ cryptobentic organisms that have the capacity to act

as a food source for invertebrates, turtles and fishes. They

also harbor sometimes dense populations of amphipods and

other small crustaceans, that are an additional source of

food. Hence, sponges have the potential to be significant

sources of food to a diverse range of taxa.

Furthermore, sponges are an important source of three-

dimensional structural complexity (Pawlik 2011; Powell

et al. 2014; Cabaitan et al.2016), with many species

exhibiting morphologies that would be supportive of

epibiotic relationships (Schönberg et al. 2016; Cabaitan

et al. 2016). Their association with recruiting spiny lobster

is already well documented in the Caribbean (Butler et al.

2017). Consequently, sponges likely play a key role in

supporting species richness and biomass where other

structure is lacking (Stoner and Titgen 2003; Ryer et al.

2004; Seemann et al. 2018) and generally form a compo-

nent of the mosaic of organisms that make up the reef

architecture and constitute a foundation species. Globally,

there are now many examples of often species-specific

fish–sponge associations that have been documented

(Fig. 1; Bell and Carballo 2008; Karplus 2014). However,

our understanding of the general significance of fish–

sponge interactions remains poorly understood. This is

especially true outside of the Caribbean, where most of the

foundational work on fish–sponge interactions has been
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undertaken. An increased interest in the role of sponges

within coral reef ecosystems has been documented of late.

This research effort has been particularly prevalent in

regions where sponges, along with other structure-forming

organisms, are becoming dominant members of the benthic

fauna (Bell et al. 2013, 2015; Pawlik et al. 2018). A

number of recent reviews have highlighted the importance

of sponges (e.g., Wulff 2006, 2012, 2021; Webster and

Taylor 2012; Karplus 2014; Becerro et al. 2012; Bell et al.

2015; Pawlik and McMurray 2020; Edmunds et al. 2020).

These studies have focused both on the roles of sponges in

benthic communities (including their functional roles) and

their relationships with other organisms. However, there is

still comparatively little published in terms of an evaluation

of sponge interactions with fishes. Wulff’s (2012) review

that focused on the ecological interactions of sponges was

extensive, but due to the sheer number of sponge associa-

tions that occur, concentrated on their ecological interac-

tions with other invertebrate species (e.g., bryozoans,

polychaetes, echinoderms, cnidarians). Taylor et al. (2007),

Webster (2007) and Webster and Taylor (2012) considered

the importance of sponges’ microbial symbionts and

sponge diseases. Pawlik and McMurray (2020) recently

reviewed both the ecological importance and biogeo-

chemical importance of sponges on coral reefs. To date,

Wulff (2006), Karplus (2014) and Pawlik et al. (2018) have

been the only authors to focus their reviews specifically on

fish–sponge interactions, despite the number of published

studies available for consolidation.

Wulff (2006) considered the feeding strategies adopted

by fish to consume sponges. Assessing the true extent of

fish predation on sponges, however, is difficult and few

studies prior to the late 1980s attempted to quantify it

(Hourigan et al. 1989). Sponges are adept in their ability to

re-aggregate, regenerate and remodel themselves, fre-

quently rendering such interactions inconspicuous, hin-

dering observational changes over time (Wulff 2006). As

such, a number of different methods have been adopted to

quantify spongivory over the years: gut content analysis

(Randall and Hartman 1968; Mortimer et al. 2021),

underwater visual census (UVC) (Wulff 1994, 1997a, b)

video census (Dunlap and Pawlik 1996, 1998; Mortimer

et al. 2021), feeding assays (Pawlik et al. 1995; Chanas and

Pawlik 1995; Lindquist and Hay 1996; Ruzicka and

Gleason 2009), but as yet there is no standardized

approach. Furthermore, whether fish are ingesting the

sponge itself, or one of the many symbiotic or epiphytic

organisms (e.g., polychaetes, molluscs, echinoderms or

other cryptobenthic fishes) that are known to live on the

sponges’ outer surfaces, or within the water filled canals of

Fig. 1 Examples of fish–sponge

associations. a Oxycheilinus
digramma (SL 30 cm) and

Cribrochalina spp.; b Salarias
segmentatus (SL 11 cm) and

Spheciospongia sp.;

c Pleurosicya elongata (SL

4 cm) and Ianthella basta;
d Coradion melanopus (SL
15 cm) and Xestospongia
testudinaria; e Cephalopholis
cyanostigma (SL 40 cm) and X.
testudinaria; f Cirrhitichtys
falco (SL 7 cm) and X.
testudinaria. Photo credits: A.

Coppock (a, b, e, f). G. Jones (c,
d)
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their interior (Karplus 2014) remains unclear. However, the

implications of consuming sponge material may be the

same from the perspective of sponges themselves.

As a result, our current understanding of spongivory is

fragmentory, and as noted by Bell et al. (2020), has a

strong biogeographic bias toward the tropical Atlantic,

where there is evidence that fish predation has important

impacts on sponge assemblages and sponge dynamics (Loh

and Pawlik 2014). This has led to considerable confusion

when attempting to clarify the roles of top-down and bot-

tom-up controls on sponge distribution and abundance,

both within and between different biogeographic regions,

and has resulted in polarized opinions amongst sponge

ecologists. Pawlik et al. (2018) provided a comprehensive

review of the top-down role of fish predation versus

nutrient supply in mediating sponge communities, with a

primarily Caribbean focus. However, mechanisms for

controlling sponge distribution are still highly debated.

Karplus (2014) provided a broad over-view of fish–sponge

associations from the perspective of sponge ecology. Since

then, numerous additional studies on fish–sponge interac-

tions have been published (SCOPUS accessed 06/01/2022).

A comprehensive review considering the use of sponges as

a source of shelter, through the ‘lens’ of fish ecology, is

currently lacking. Furthermore, with global declines in

scleractinian coral cover and diversity, there is an

increasing need to understand the significance of fish–

sponge interactions more broadly in coral reef ecosystems.

In many areas, where sponges make a substantial contri-

bution to the remaining biological and physical reef

structure, it has been suggested that they might have the

capacity to counteract some of effects of reef degradation

and provide an alternative habitat for fishes’ dependent on

structurally complex substratum (Seemann et al. 2018).

However, both the role that sponges might fulfil in these

new reef formations, or how they might respond to con-

tinued perturbations (and the implications this might have

for associated fish species), remains unclear (Bell et al.

2013) and is a key area for future research. The overall aim

of this review is to provide an up-to-date and geographi-

cally broad synthesis of what is known about interactions

between fishes and sponges on coral reefs from the per-

spective of fish ecology. The specific issues addressed in

this review are: (1) biogeographic and taxonomic distri-

bution of research into fish–sponge interactions; (2)

importance of sponges as a food source for coral reef fishes

and the current methods used to quantify spongivory; (3)

fish predation on sponges whether it is intense or important,

and the role of top-down and bottom up controls in

determining sponge distributions; (4) sponge structure as a

potential habitat or refuge for various fish species; and (5)

the potential implications of disturbances, habitat

degradation and climate change on sponges and their

associated species.

Biogeographic and taxonomic distribution
of studies on fish–sponge interactions

Our findings have been broadly separated into two distinct

biogeographic regions (as per Maldonado et al. 2017;

Sambrook et al. 2019): the tropical Atlantic (primarily the

Caribbean, but also including the Gulf of Mexico, Central

America) and the Indo-Pacific, with its much greater geo-

graphic range and extent of reef development (Fig. 2a, b).

These regions differ in their benthic community structure,

associated fish assemblages and nutrient supply (Roff and

Mumby 2012; Sambrook et al. 2019). In contrast to the reef

area, there have been few studies on fish–sponge interac-

tions in the Indo-Pacific (Fig. 2c). Over half of the fish–

sponge interactions described here (58%) were identified in

the tropical Atlantic, a region now considered to be a

sponge-dominated (McMurray et al. 2018; Pawlik et al.

2018) (Fig. 2d). A particular focus has been apparent in the

Caribbean where, in some locations (e.g., the Bahamas,

Belize and the Florida Keys) these interactions have been

examined on multiple occasions. With this research effort,

we are now beginning to gain a thorough understanding of

the fish–sponge associations and interactions that occur

within this region. However, the Caribbean is frequently

considered a much simpler system, in terms of ecosystem

modeling, than other coral reef regions worldwide. It has a

far more homogeneous environment and comparatively

lower levels of diversity (Loh and Pawlik 2017).

The coral reefs of the Indo-Pacific are remarkably dif-

ferent to those of the tropical Atlantic (Wilkinson and

Cheshire 1990). The Indo-Pacific is known for much higher

levels of diversity and heterogeneity, making it a far more

complex ecosystem to study (Roberts et al. 2002). Cer-

tainly, the Indo-Pacific biogeographic region is known for

its exceptionally high levels of sponge biodiversity (Bell

and Smith 2004; van Soest et al. 2012; de Goeij et al. 2017;

Rovellini et al. 2019). Here, although reef-building scler-

actinians have long been considered the dominant benthic

fauna (Norström et al. 2009), sponges still make up a

substantial component of the substrata (Diaz and Rützler

2001; Fromont et al. 2006; de Voogd et al. 2009; Fromont

et al. 2016). Some sponge genera present here, frequently

those considered phototrophic foliose phyllosponges

(Wilkinson 1987) (e.g., Ianthella spp., Lamellodysidia spp.,

Carterospongia spp. and Phyllospongia spp.), are notice-

ably absent from Caribbean coral reefs (Maldonado et al.

2017). Furthermore, localized physical factors, including

light level, water turbulance and depth have been shown to

have significant implications for sponge distribution and
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abundance (Wilkinson and Cheshire 1989; Sadeghi et al.

2008; Bell and Barnes 2000; Slattery and Lesser 2012).

Sponge species diversity and biomass increase with

depth (Wilkinson and Cheshire 1989; Lesser and Slattery

2018; Hooper 2019). Their influence is likely to be highest

at depths greater than 20 m and on mesophotic reefs

(Bridge et al. 2019), beyond the realm of many photo-

synthetic organisms (including corals) and may even

extend to interreefal habitats (Pitcher et al. 2019). Com-

plicating matters further, localized spongivory patterns are

likely to be far more varied. Fish (e.g., Siganus puellus)

and starfish species (e.g., Protoreaster spp., Oreaster spp.)

present here but missing from the tropical Atlantic may be

key sponge predators in some habitats (Hoey et al. 2013;

Pawlik et al. 2018) These differences in the prominence of

fishes, sponges, the degree of habitat complexity and

increases in abundance and species diversity with depth

may well account for the disparity seen between the

number of fish–sponge interactions recorded for each

geographic location (and the number of studies conducted).

The number of coral reef fish–sponge associations being

documented within the Indo-Pacific, however, is steadily

rising (e.g., Powell et al. 2014, 2015; Mortimer et al. 2021)

but the degree to which generalizations established for the

Caribbean apply more broadly needs to be assessed with

some focus on comparisons over a similar range of depths.

Where studies have identified fish–sponge interactions,

fish species are defined as either spongivorous or sponge-

dwelling (Fig. 3). Of the species identified within this

study, 51% have been classified as spongivorous fish spe-

cies and the remaining 49% classed as sponge-dwelling. To

date, only three gobiid species, from Caribbean waters

(Elacatinus louisae, E. tenox and E. xanthipora), have been

identified as potentially being both sponge-dwelling and

spongivorous. All three species demonstrate either obli-

gate, morphologically unspecialized associations or facul-

tative associations with sponges. Little is known, however,

regarding where, when or what they feed upon (Tyler and

Böhlke 1972; Karplus 2014).

Much of what we know in relation to sponge-dwelling

fishes is the result of a concerted effort during the 1970’s

that aimed to describe fish species that are associated with

sponges. Sponges were collected, and their relationships

with fish inhabitants recorded (Karplus 2014). Conse-

quently, our knowledge of sponge-dwelling fish species is

primarily related to obligate sponge-dwelling fish species,

particularly obligate sponge-dwelling gobiid species

(C 90%). In contrast, comparatively little is known about

fish that use sponges as a shelter in either a facultative or

Fig. 2 World map (a) illustrating the geographic distribution of

studies documenting fish–sponge associations on coral reefs, from the

literature. Circles are indicative of the locations where these

associations were documented, or where studies took place. Insert

(b) illustrates the distribution of studies throughout the tropical

Atlantic region. Bar graphs showing the number of fish–sponge

association studies conducted at each geographic location. c repre-

sents locations that fall within the Indo-Pacific region. d represents

locations that fall within the tropical Atlantic region
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fortuitous way. In a similar manner, studies concerning

spongivory have typically focussed upon specific fish

families (Pomacanthidae, Chaetodontidae, and Tetraodon-

tidae). Although, some fish species commonly considered

generalist feeders (Scaridae and Siganidae) have been

identified as opportunistic sponge feeders.

Analysis of the literature to date has revealed 56 dif-

ferent genera of sponge that are being used by fishes in

some way (Fig. 4), 50 of these sponge genera are used as a

source of food and 17 as a source of shelter. The number of

species used is unknown. While some genera are repre-

sented by multiple species, e.g., Callyspongia spp. incor-

porates Callyspongia vaginalis, C. procumbens and C.

armigera, and more; others are comprised of solely one

species or genera e.g., Acarus sp., Aplysina sp. and Velinia

sp. Identification of sponges down to the species level has

not been consistent. In some instances, the genera are the

lowest classification level, whereas other studies have not

specified the type of sponge observed. Clearly, sponges are

difficult to identify in the field (Wulff 2001), particularly

for those outside the field of sponge ecology. This is often

attributed to a lack of reliable field guides, resulting in

problems identifying sponges down to species level (Diaz

and Rützler 2001). While the sponges of tropical Atlantic

fore-reefs are comparatively easy to identify, thanks to an

array of online resources (e.g., www.spongeguide.org (Zea

et al. 2014)). Similar resources are lacking for sponges that

form part of the wider tropical Atlantic seascape, or indeed

the Indo-Pacific (Diaz and Rützler 2001; Wulff 2001; Bell

and Smith 2004). This has frequently led to them being

overlooked or mis-identified (Schönberg and Fromont

2012; Bell et al. 2013, 2018). This is particularly true with

long-term monitoring where only minor attention is given

to sponges, typically reporting them as a single entity.

Complicating matters further, sponge morphologies are not

static, and sponge morphological diversity can be complex

and variable, with many species exhibiting multiple growth

forms (Boury-Esnault and Rützler 1997; Bell et al. 2020),

often dependent on surrounding environmental variables

(Battershill et al. 2010; Bell and Barnes, 2000). As a result,

full taxonomic identification is a time-consuming process

(Hooper 2003; Fromont et al. 2006, 2016) whereby spon-

ges require identification via the presence of in situ

observations, siliceous spicules and molecular or genetic

markers (Nielsen et al. 2018). As such, the capacity for

precise species identification in dietary studies is limited.

Where sponges have been identified for use as shelter, far

fewer sponge species have been identified. This is most

likely because these studies frequently targeted specific

sponge species with the aim of establishing which fish

species demonstrated obligate relationships with them

(Karplus 2014).

Sponges as a food source

Spongivores are organisms that are both anatomically and

physiologically adapted to consume sponges (Wulff, 2021).

Sponges were initially considered to be of low nutritional

value, and so avoided, a fact often attributed to the minimal

levels of predation seen (Burns and Ilan 2003). However,

many reef fishes have strong jaws and pharyngeal teeth,

Fig. 3 Fish species known to interact with sponges. Turquoise is

indicative of fish species considered sponge-dwelling species. Orange

is indicative of those species considered spongivorous. Blue is

indicative of those species that are potentially both spongivorous and

sponge-dwelling. Most studies, thus far, have focused on obligate

sponge-dwelling gobies. Here, fish species identified as spongivorous

have been compiled from studies using a variety of dietary analysis

techniques including visual observations, feeding assays, gut content

analysis (GCA) and stable isotope analysis (SIA). In this instance the

term ‘spongivorous’ encompasses both obligate spongivores and

facultative spongivores
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capable of grinding the limestone skeletons of hard corals

and molluscan shells, so siliceous spicules and spongin

should not be problematic (Pawlik 2011). Yet, the mor-

phological adaptations of fishes that allow for successful

foraging upon sponges have rarely been considered beyond

their initial species description (e.g., Hourigan et al. 1989;

Konow and Bellwood 2011). Angelfishes (Pomacanthidae)

of the genera Pomacanthus and Holacanthus are consid-

ered the archetypal spongivorous fish species of the

tropical Atlantic and the Indo-Pacific (Randall and Hart-

man, 1968; Hobson 1974; Batista et al. 2012; Lorders et al.

2018). They, along with several other prominent reef fish

families (e.g., Chaetodontidae Monacanthidae, Scaridaee,

Siganidae and Ostraciidae) are considered important con-

sumers of sponges and have been the target of much

research concerning sponge predation by fishes (e.g.,

Randall and Hartman 1968; Ayling 1981; Wulff 1994;

Dunlap and Pawlik 1996, 1998). The vast bulk of this work

0 5 10 15 20 25

Not specified
Xytopsues spp

Xestospongia spp.
Verongia spp.

Velinia spp.
Timea spp.

Thossa spp.
Theonella spp.

Tethya spp.
Tedania spp.

Thalysias spp.
Subeites spp.
Spongia spp.

Spirastrella spp.
Spheciospongia spp.

Polyfibrospongia spp.
Plakor�s spp.

Pione spp
Phyllospongia spp.

Phorbas spp.
Pachastrella spp.

Neofibrularia spp.
Myrmekiodema spp.

Microciona spp.
Mxycilla spp.

Mycale sp.
Lissodendoryx spp.

Liosina spp.
Leuce�a spp.

Lamellosidea spp.
Japis spp.

Iricina spp.
Iotrochota spp.

Ianthella spp.
Hyr�os spp.

Higginsia spp.
Haliclona spp.

Geodia spp.
Gelloides spp.

Grantessa spp.
Erylus spp.

Dysidea spp.
Damiriella spp.

Cliona spp.
Cinchyra spp.

Chondrosia spp.
Chondrilla spp

Caterospongia spp.
Callyspongia spp.

Biema spp.
Asteropus spp.

Aptos spp.
Aplysina spp.

Anthosigmella spp.
Amphimedon spp.

Agelas spp.
Acarus spp.

Frequency

Sp
on

ge
 g

en
er

a
Shelter

Food source

Fig. 4 Sponge genera most commonly used by fishes, either as a source of shelter (turquoise) or source of food (orange). Data compiled from

studies documenting known fish–sponge interactions

Coral Reefs (2022) 41:1285–1308 1291

123



has been conducted within Caribbean, where sponges are

now, respectively (relative to coral abundance), either the

dominant benthic fauna or rising in abundance (Pawlik

2011; Loh and Pawlik 2014; Pawlik et al. 2018). This has

resulted in a strong biogeographic bias (Bell et al. 2020)

and to date Wulff (1997b) has been the only researcher to

compare and contrast sponge predation between the tropi-

cal Atlantic and the eastern Pacific.

Randall and Hartman (1968) established that several

Caribbean angelfish species fed predominantly upon

sponges. Here, they revealed that fish were consuming

small volumes of multiple different sponge species, which

led them to conclude that the fish were adopting a ‘smor-

gasbord’ or rotational feeding strategy, thought to either

reduce potential chemical build up (Wulff 1994, 2006) or

result from the limited availability of their preferred food

source/s (Dunlap and Pawlik 1996). A further two feeding

strategies specialist and opportunistic, have since been

described. Trunkfishes (genus: Acanthostracion), for

example, demonstrate a specialized feeding strategy, con-

centrating their efforts on consuming only one or two

sponge species (e.g., León and Bjorndal 2002; Wulff

1994, 2006). Wulff (1994) observed 85% of trunkfish bites

to occur upon Aplysina fulva (Wulff 1994). Parrotfish,

however, exhibit an opportunistic feeding strategy, only

preying upon cryptic sponges when the opportunity arises

(e.g., after a cyclone) (Wulff 1997a, 1997b; Dunlap and

Pawlik 1998).

Transplant experiments have revealed that spongivorous

fish species (e.g., Scarus guacamaia, Sparisoma chry-

sipterum) not only actively consumed sponges, but in some

cases, exhibit preferences for specific sponge species (e.g.,

Pawlik 1998; Dunlap and Pawlik 1998; Hill, 1998; Wulff

2021). Various researchers (e.g., Pawlik et al. 1995, 1998,

2011; Chanas and Pawlik 1995; Lindquist and Hay 1996;

Lindquist 2002; Burns et al. 2003; Marty et al. 2016)

subsequently considered the role of the anti-predatory

defence mechanisms (physical and chemical) of both

sponges (Pawlik 1993; Pawlik et al. 1995) and sponge

larvae (Lindquist and Hay 1996; Lindquist 2002) in dic-

tating these preferences and/or deterring predation. While

the presence of physical defences (siliceous spicules) did

little to hinder predation (Chanas and Pawlik 1995, 1996;

Rüzicka and Gleason 2009), chemical defences (chemical

exudates and secondary metabolites) proved far more

effective (e.g., Pawlik et al. 1995; Chanas and Pawlik

1995; Lindquist and Hay 1996; Burns et al. 2003; Santonja

et al. 2018). As a result, sponges were classed as either

‘palatable’; they are undefended, bear the brunt of preda-

tion yet persist but survive via rapid recruitment, faster

rates of wound healing and increased growth rates (Uriz

et al. 1996; Walters and Pawlik 2005; Loh and Pawlik

2014). Albeit sometimes in cryptic growth forms and

restricted to refugia (Pawlik 1998, 2011; Loh and Pawlik

2009, 2013; Marty et al. 2016; Loh et al. 2015). Or ‘un-

palatable’; those which produce chemical compounds and

secondary metabolites making them distasteful to preda-

tors, promoting learned avoidance (Pawlik 1993; Pawlik

et al. 1995; Maldonado et al. 2016). Thus, some sponge

predators consistently appear to avoid unpalatable (de-

fended) sponges in favor of palatable sponge taxa (Pawlik

2011; Lukowiak et al.2018), while others appear to exhibit

a consumer tolerance or an evolved adaptation allowing

them to circumvent distastefulness, when exposed to

chemical exudates (Hill and Hill 2002).

For those fish species that have been categorized as

consumers of ‘unpalatable’ sponge species, we know little

regarding their adaptations for consuming chemical exu-

dates. A few marine species (e.g., gastropods and butter-

flyfishes) are known to feed regularly on allelochemically

rich organisms (Vrolijk and Targett 1992; Slattery and

Gochfeld 2016; Maldonado et al. 2016). While those that

exhibited generalist feeding strategies demonstrated

learned avoidance, specialist feeders were capable of bio-

transforming allelochemicals via enzymatic detoxification

(Slattery and Gochfeld 2016; Maldonado et al. 2016).

These alternate responses were thought to reflect varying

detoxification capabilities against chemical defences,

dependent on degree of dietary specialization (Slattery and

Gochfeld 2016). Similar studies are yet to be conducted for

spongivorous fishes. However, understanding of the role of

allelochemical biotransformation and detoxification, in

spongivorous fishes, holds potential significance for

understanding patterns of predation (Vrolijk and Targett

1992). Similarly, larval predation is frequently considered

a major source of early mortality (Lindquist and Hay

1996). Yet, the role of sponge larvae as a fish food source

still needs to be properly considered. It is a field of study

that is currently vastly underrepresented. Sponges, partic-

ularly those that brood, produce large, conspicuous larvae

(Lindquist and Hay 1996), presumably an easy prey target.

However, Caribbean sponge larvae appear to be unpalat-

able to co-occurring fishes, with fish predators recognizing

and avoiding feeding assays where chemically defended

larvae were present (Lindquist and Hay 1995).

Palatability, however, is consumer dependent (Wulff

2017, 2021) and responses to anti-predatory mechanisms

will be species specific and differ with ontogenetic life

stage (Pawlik et al. 1995; Chanas et al. 1997; Lindquist

2002; Wulff 2017, 2021). There are many chemically

undefended sponges present in abundance on coral reefs,

which do not appear to form a substantive part of the diet

of spongivorous fishes (Randall and Hartman, 1968; Hill

and Hill 2002). Furthermore, many spongivorous fish

species have been identified as consuming ‘unpalatable’

sponges. This indicates that either the defences may have a
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limited impact on more specialized fish species (Hill and

Hill 2002), or in the absence of their preferred food source

consumption of ‘unpalatable’ sponge species occurs (Wulff

2021), indicative of a feeding preference hierarchy.

Although the use of feeding assays has been key in eluci-

dating the preference and/or avoidance reactions for some

spongivorous fishes, such methods should only be used to

test specific questions (e.g., nutritional quality) and may

not always be representative of in situ behaviors over broad

spatial scales (Wulff 2021).

Data on spongivory within the Indo-Pacific is sparse

(but see Powell et al. 2014, 2015; Mortimer et al. 2021)

(Padilla Verdı́n et al. 2010). Several fish species, however,

have recently been identified, via in situ observations, as

potential sponge consumers in the Wakatobi region of

Indonesia (e.g., Acanthurus pyroferus, Escenius pictus,

Centropyge bicolor, Pygoplites diacathus) (Powell et al.

2015; Mortimer et al. 2021). Mortimer et al. (2021) and

Powell et al. (2015) specifically targeted fish species that

exhibited some degree of interaction with sponges and

were considered sponge-grazers. However, discoveries by

Hobson (1974), Sano (1989), Eagle and Jones (2004) and

Hoey et al. (2013) were identified incidentally as part of

more broad scale dietary analysis studies. In order to suc-

cessfully and effectively assess the true extent of spon-

givory (particularly via in situ visual observations) an

intricate knowledge of both the fish and sponge species

present within the region is required (Wulff 2021). Our

current knowledge of Indo-Pacific sponge species is inad-

equate (Bell et al. 2020). Although research to date has

allowed a better understanding of how fish–sponge com-

munities function at small spatial scales and within specific

biogeographic regions. A concerted effort is now needed to

characterise both fish and sponge assemblages at broader

spatial scales throughout the Indo-Pacific (Bell et al. 2020).

Only then can we understand the full extent of any fish–

sponge interactions.

Our understanding of the implications of fishes feeding

on the symbiotic, inquilinist or epizoic animals that inhabit

sponges is also in its infancy. Identifying dietary targets

such as autotrophic and/or cyanobacteria via behavioral

observations alone is an impossible task (Clements et al.

2017). Stable isotope analysis (SIA) is, therefore, a valu-

able tool for providing insight into the use of algae, detritus

and bacteria as food targets by fishes (Clements et al.

2017). A number of studies have classified parrotfishes as

opportunistic sponge feeders (e.g., Dunlap and Pawlik

1998). But it is sometimes unclear what prey item is being

targeted (Wulff 1997a). Burkepile et al. (2019) indicated

that sponges are low preference dietary items for some

parrotfishes. Instead, it has been suggested that parrotfish

are microphages, preying upon the microscopic bacteria

inhabiting sponges and other benthic structure forming taxa

(Goldberg 2013; Clements et al. 2017; Nicholson and

Clements 2020). Limited research has been conducted to

quantify this. As such, disentangling which prey items

(microbial or sponge) are being consumed continues to be a

research priority. Only then can we fully understand the

role of parrotfishes in shaping sponge distribution.

Opportunities for directly observing the feeding behav-

iors and prey choices of fishes are limited (Amundson and

Sanchez-Hernandez 2019), and dietary sources, are often

ambiguous. As such, several different methods have been

adopted to quantity spongivory, summarized in Table 1.

Far too frequently throughout the literature, these individ-

ual methods have been used in isolation and not in con-

junction with one another, leading to sometimes skewed

interpretations of the data. Adopting multi-method

approach is beneficial when characterising trophic inter-

actions and should be considered as standard (Nielsen et al.

2018; Mortimer et al. 2021). In situ observations, con-

ducted via underwater visual censuses (UVCs) have

allowed for the identification of numerous sponge-grazing

fish species and detailed insight into their associated

feeding behaviors (e.g., Wulff 1994, 1997a, b; Dunlap and

Pawlik 1996, 1998; Mortimer et al. 2021). In addition,

when conducted by deploying video cameras this has

ensured minimal disturbance and prevented sampling bias

due to diver presence (Emslie et al. 2018; Sambrook et al.

2020; Mortimer et al. 2021). However, video cameras

when used in isolation, may also produce subjective

results. When solely observing bites, as is the case with

many in situ observation studies, a couple of concerns are

apparent. Firstly, this method involves the indirect mea-

surement of predation, and unless observations are under-

taken carefully it may prove difficult to ascertain, whether

predation is in fact occurring, and/or which prey source is

being targeted (Huang et al. 2008; Pawlik et al. 2018).

Secondly, as feeding behaviors are often only observed for

short periods of time, whether the results are an accurate

reflection of true feeding practices remains unclear. Indeed,

for some fish species observing bites on the surface of the

sponge does not equate to sponge consumption (Nagelk-

erken et al. 2009; Mortimer et al. 2021).

Gut content analysis (GCA) is considered by some to be

the only legitimate method for quantifying sponge con-

sumption (Pawlik et al. 2018). It provides undisputed evi-

dence of ingestion, reflecting the contents of the most

recent meal consumed (Wulff 2006), and is therefore

thought to be critical in understanding dietary preferences

(Pawlik et al. 2018; Amundson and Sanchez-Hernandez

2019). However, this may not be a complete representation

of overall diet. The importance of certain food items (i.e.,

those that are more difficult to digest) may be over-esti-

mated in comparison to soft bodied, easily digestible prey

organisms (e.g., soft corals and gelatinous organisms),
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confounding our interpretation of dietary preferences

(Baker et al. 2014; Amundson and Sanchez-Hernandez,

2019). GCA is also problematic when attempting to iden-

tify which specific sponge species are being consumed.

Many sponge species exhibit multiple spicule

morphotypes, while some lack spicules altogether (e.g.,

Order: Verongiida) (Bergquist 1978), and with limited data

on sponge morphology or precise in situ environmental

conditions assigning spicule types to a single sponge spe-

cies is impossible (Lukowiak et al. 2018). Since Randall

Table 1 Summary of methods commonly used to quantify spongivory and sponge preferences, the positives and negatives of adopting each

method and examples of past research that have supported these approaches. UVC = Underwater Visual Census

Advantages Limitations Citation

UVC—in situ

(bite marks)

Direct observations of fish behaviours vis SCUBA or

snorkeling

Direct observations of sponge consumption (when

observed carefully)

Relatively easy identification of both fish and sponge

species (if sponge species are known)

Non-destructive method

SCUBA diver/ snorkeller has the potential to scare fish,

resulting in modified fish behaviours

Unless observed carefully it is unknown whether

consumption is deliberate or incidental, or whether

‘bites’ are actually occurring

May be unclear whether the sponge or epiphytic/

cryptobenthic organism are being consumed

Time consuming method

Observation period may not be sufficient to capture rare

feeding behaviours

Hobson (1974)

Wulff

(1994, 1997a, b, 2021)

Powell et al.

(2014, 2015)

Burkepile et al. (2019)

UVC—video

footage (bite

marks)

High quality video-footage is now a possibility. Natural

interactions/ behaviours can be captured with minimal

interference

Relatively easy identification of both fish and sponge

species (if sponge species are known)

Non-destructive method

Poor quality video-footage results in questionable

findings

Cannot ascertain whether sponge has actually been bitten

May be unclear whether the sponge or epiphytic/

cryptobenthic organisms are being consumed

Observation period may not be sufficient to capture rare

feeding behaviours

Dunlap and Pawlik

(1996)

Mortimer et al. (2021)

Transplant

experiments/

caging

experiments

Demonstrates which sponge species fish will readily

consume given the opportunity. May provide evidence

for the lack of certain (cryptic) sponge species on coral

reef fore-reefs

Fishes likely to sample novel prey items irrespective of

preference, thus rate of consumption throughout

experimental period is unlikely to be representative of

natural behaviours

Wulff

(2005, 2017, 2021)

Dunlap and Pawlik

(1996, 1998)

Slattery et al. (2016)

Gut Content

Analysis

(GCA)

Unambiguous record of recently ingested prey items

Can identify prey items down to species/ genera level

Can demonstrate consumption of rare or hidden prey

items

Difficulty in identifying soft bodied prey items (e.g., soft

corals)

Digestion process may hinder prey identification

No in situ evidence of fish behaviors. It may not be

unknown whether consumption is deliberate or

incidental

Commonness in GCA may reflect availability not

preference

No in situ evidence of sponge distribution/ availability

Destructive practice with associated ethical issues

Randall and Hartman

(1968)

Hobson (1974)

Hourigan et al. (1989)

Batista et al. (2012)

Hoey et al. (2013)

Mortimer et al. (2021)

Feeding assays

(Palatability)

Non-destructive method of assessing palatability, from

which it can be inferred which sponge species fish

might consume (i.e., those that are not defended vs.

those that are)

Can act as a proxy where sponge species still need to be

described/ identified

Quick and easy method

When used on fish species with a non-sponge/generalist

diet (e.g., wrasse), findings will not be applicable for

fish species with a spongivorous diet (and vice versa)

Palatability is consumer dependent

Cannot infer spongivore influence on sponge

communities

Sponge is not living

Chanas and Pawlik

(1995)

Lindquist and Hay

(1995, 1996)

Pawlik et al. (1995)

Chanas et al. (1997)

Burns et al. (2003)

Leong & Pawlik (2010)

Stable Isotope

Analysis

(SIA)

Long-term estimation of prey source/s based on dC and

dN values

Standard tool in trophic studies

Cannot identify specific prey items, rather preferred prey

sources and tropic levels can be inferred

No in situ evidence of sponge distribution/ availability

Destructive practice with associated ethical issues

Nagelkerken et al.

(2009)

Mortimer et al. (2021)

Electivity

Indices

Measures the utilization of food types in relation to their

in situ abundance/ availability

Can infer preferred, avoided and randomly chosen prey

species

Preference indices may be inappropriate for determining

optimal foraging strategies. Food choice may not

equate food quality

Mortimer et al. (2021)
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and Hartman (1968), the use of GCA to verify sponge

predation has rarely been conducted. It is a destructive

method with ethical implications as it requires high levels

of spearing and fish mortality (often of fish that are con-

sidered keystone species) (Huang et al. 2008; Mortimer

et al. 2021), which has the capacity to substantially alter

local community dynamics (Slattery and Gochfeld 2016).

Furthermore, in the absence of additional data, for example

fish feeding behaviors and/ or sponge abundance and spe-

cies composition, it cannot be determined whether sponge

consumption is deliberate or incidental. Whether sponge

consumption is due to preference or sponge availability

also cannot be verified (Wulff 2021).

Using direct methods of diet quantification (i.e., GCA) is

still necessary, however, in preventing functional

misidentifications (Bellwood et al. 2019). Where in depth

analysis via GCA has been conducted in the tropical

Atlantic (e.g., Randall and Hartman 1968; Hobson 1974;

Hourigan et al. 1989; Batista et al. 2012) it is evident that

some angelfish species, e.g., Holacanthus ciliaris and H.

tricolor, feed almost exclusively upon sponges (C 90% by

volume) (Fig. 5A). For Caribbean pomacanthids

(Pomacanthus arcuatus and P. paru) feeding habits are

more varied. It is apparent sponges are not consumed as

frequently (30–70% by volume) in this family, yet still

represent a key dietary element (Randall and Hartman

1968; Batista et al. 2012). Differences in sponge con-

sumption were noticeable for P. paru. Here, Randall and

Hartman noted that in the Caribbean sponges formed up to

70% of P. paru’s diet. Conversely, Batista et al. (2012)

noted, in Brazilian waters, while sponges were consumed

(32% by volume), algae formed the more substantive part

of their diet. It is thought that differences in the availability

of sponges at each location may be accountable for this

variation. Other fish families, such as Monacanthidae,

Ostraciidae and Tetradontidae, exhibit a far more diverse

dietary range. While sponges make up much of the diet of

Cantherhines macrocerus (86%) (Randall and Hartman,

1968, Caribbean), the same is not true for other tropical

Atlantic species examined. Here, stomach contents identi-

fied that sponges comprised 11–30% of all food sources

consumed, with algae, polychaetes, tunicates and cnidari-

ans being consumed more frequently.

Gut content analysis of Indo-Pacific fish species reveals

similar patterns, although, we can clearly see that the

species composition of spongivorous fishes may be mark-

edly different (Fig. 5B). Here, pomacanthids Pygoplites

diacanthus and Pomacanthus imperator were prolific

sponge predators (C 94% by volume) (Hobson 1974;

Mortimer et al. 2021). Zanclidae (Zanclus cornutus) and

Siganidae (Siganus puellus) also demonstrated

notable sponge predation (73–85% and 63–74% by vol-

ume, respectively). Similarly, several fish families

(Siganidae, Pomacentridae and Chaetodontidae) exhibited

a far more varied dietary range (5.7–53% by volume). In

addition to, but not included in Fig. 5, Hobson (1974),

Sano (1989) and Mortimer et al. (2021) identified a number

of fish species where a small volume (\ 5%) of sponge was

consumed by numerous species (e.g., Chaetodon auriga, C.

kleinii, Ctenochaetus binotatus Forcipiger flavissimus),

indicating that ingestion was either deliberate but low

preference, or incidental. Ultimately, it is likely that the

importance of sponges as a food source varies with both

fish species and location.—The benefits of adopting a

multi-method approach are beginning to be appreciated. A

good example of this is demonstrated by Nagelkerken et al.

(2009). Here, as part of a broader scale study considering

dietary overlap in butterflyfishes potential spongivorous

fishes Chaetodon adiergastos and Coradion chrysozonus

were observed in situ, and then sampled for gut content and

stable isotope analysis. SIA does not allow for the identi-

fication of individual species being consumed, but instead

provides a measure of dietary sources over time (Post

2002), thus eliminating any potential bias resulting from

incidental ingestion and/ or mistaken observations. Despite

both species being classed as spongivorous and being

observed to feed from the surface of sponges, this was not

verified through subsequent analyses. Up to 94% of their

gut contents were deemed unidentifiable. The remainder

rarely contained sponge spicules, but instead a diverse

array of invertebrate species. These findings were sup-

ported by stable isotope analysis, suggesting that their diets

were in fact a mix of sponge tissue and benthic inverte-

brates (C. chrysozonus) or composed mainly of macro-

fauna (Ch adiergastos). Similar outcomes were noted by

Mortimer et al. (2021), where despite recording numerous

bites onsponge tissue (UVC—video footage) by Chaetodon

kleinii and Forcipiger flavissimus ([ 7500 and[ 1500,

respectively) sponge tissue remains identified via GCA

only amounted to 2%. Future studies, therefore, should

adopt multiple methodologies to corroborate findings

(Mortimer et al. 2021), Novel advances in technology and

scientific methodologies will allow for this, enabling sci-

entists to assign functional roles and unravel the true extent

to which macroscopic fish species rely on sponges as part

of their diet.

Recent research has continued to refine our knowledge

of the feeding preferences and strategies adopted by

spongivorous fishes and elucidated further predation

behaviors. We now know that different coral reef fish

families will preferentially prey upon different sponge

species (Wulff 2021). In addition, from the three main

feeding strategies described by Randall and Hartman

(1968), and Wulff (1997a, 2006), Wulff (2021) has since

defined two spongivory styles; routine spongivory and

opportunistic spongivory. However, in this instance
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opportunistic feeding does not solely apply to herbivorous

and omnivorous fish species and may also occur when

obligate spongivores encounter cryptic sponge species that

are usually inaccessible to them. (Wulff 2021). Concur-

rently Mortimer et al. (2021), in a comparable manner to

corallivore classification, classed specialised spongivorous

fishes as obligate spongivores, but noted that sponges were

also a major prey item for other sponge-grazers. Here,

when a substantial part of the fish’s diet was comprised of

sponges (C 80%), fish were considered obligate spongi-

vores, but where sponges made up the smaller dietary

component (70%) fish were noted as regular sponge con-

sumers, adopting a more facultative approach. Thus, obli-

gate spongivores that demonstrate either a ‘smorgasbord’

or specialist feeding strategy will routinely consume

sponges and can be considered sponge focussed predators

(Mortimer et al. 2021; Wulff 2021). Conversely, both

obligate spongivores and facultative spongivores (more

commonly defined as herbivores or omnivores) will exhibit

opportunistic feeding behaviors (Mortimer et al. 2021;

Wulff 2021). Yet, throughout the literature the overarching

definition of ‘spongivore’ encompasses all these variations.

It is therefore imperative that the scientific methodologies

used, fish feeding strategies observed and fish functional

group are considered carefully before findings are used to

infer spongivore interactions, or lack thereof at larger

biogeographic scales.

Fig. 5 Dietary breakdown of

spongivorous fish species that

have undergone gut content

analysis (GCA) (% by volume).

Gut contents have been

classified into major classes

where appropriate. Letters

above each stacked bar

represent the study from which

the data was extracted.: (RH)

Randall and Hartman 1968;

(Hob) Hobson 1974;

(H) Hourigan et al. 1989; (EJ)

Eagle and Jones 2004;

(B) Batista et al. 2012. (HY)

Hoey et al. 2013, (M) Mortimer

et al. 2021. Italicized letters on

the x-axis denote fish species.

Cp. v: Centropyge vrooliki, Hc:
Holacanthus cilliaris, Ht: H.
tricolor, Pa: Pomacanthus
arcuatus, Pi: P. imperator, Pj:
P. jenkinski, Pp: P. paru, Py. d:
Pygoplites diacanthus, Px: P.
xanthometapon, Cm:
Cantherhines C. macrocerus,
Cp: C. pullus, Ca.j:
Canthergaster jactator Ca.r:
Ca.rostrata, Lt: Lactophrys
triqueter, Ap: Acanthostracion
polygonius, Aq: A. quadricornis,
Ab.s: Abudefduf soridus, Ch.f:
Chaetodipterus faber, Cht.u:
Chaetodon unimaculatus, Z co:
Zanclus cornutus, S pn: Siganus
punctatus, S pl: S. puellus. Both
obligate and facultative

spongivores have been

described here using GCA
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Impact of fish predation on sponge abundance

Predation can have a major influence on the abundance and

composition of benthic marine organisms (Hixon 1983;

Batista et al. 2012; Boaden and Kingsford 2015) particu-

larly where competition for space is high (Chadwick and

Morrow 2011). It may be ‘intense’, but not necessarily

‘important’ in terms of influencing individuals and popu-

lation sizes. For example, fish predation on soft corals can

be intense, but does not appear to be important by influ-

encing population size or mortality (Garra et al. 2020). The

relative importance of top-down (predation) versus bottom-

up (food availability) processes that influence the distri-

bution and abundance of populations and assemblages is an

active area of research for coral reef ecologists (Graham

et al. 2015, 2017; 2020; Houk et al. 2018; Russ et al. 2020).

The continued degradation (and associated loss of reef-

building scleractinians) arising from repeated climatic and

anthropogenic disturbances has prompted rapid changes to

local benthic communities. The influence of spongivory in

shaping the distribution, abundance, species composition

and morphology of sponges has, therefore, become another

highly contested area of research in sponge ecology

(Pawlik et al. 2018; Wulff 2017, 2021; Lesser and Slattery

2020).

Historically, spongivory by hawksbill turtles (Eret-

mochelys imbricata) was thought to restrict the distribu-

tion, abundance and morphology of sponges within the

tropical Atlantic (Meylan 1988; León and Bjorndal 2002;

Pawlik et al. 2018). Until relatively recently, following

substanital declines in hawksbill numbers, the role of fish

in shaping these patterns had not been widely reported. It is

now thought that spongiviorous fishes might play a more

prominent predatory role in this region and that fish con-

trolling interactions are more common than initially

anticipated (Bjorndal et al. 2016; Pawlik et al. 2018).

Additionally, sponge fragmentation, occurring as a by-

product of fish predation, is an important method of both

asexual (Wulff 1991) and sexual (Maldonado and Uriz

1999) reproduction in sponges, allowing them to maximize

their dispersal capacity. As such, this reproductive strategy

relies upon predation to inform distribution.

Several studies have demonstrated sponge predation,

both routine and opportunistic, to be important in deter-

mining sponge habitat restriction (e.g., Dunlap and Pawlik

1996, 1998; Wulff 2005, 2017; Pawlik et al. 2018). Sponge

species that were usually prominent in mangroves or sea-

grass meadows, were readily consumed by angelfishes and

parrotfishes when transplanted to the coral reef fore-reefs.

Similarly, caging experiments have revealed cryptic

sponges thrive where predation is minimized, expanding

beyond their cryptic refugia (Wulff 1997a). This suggests

that, particularly within certain areas of the Caribbean, fish

predation upon sponges is the primary selective agent in

structuring sponge communities (Pawlik 1998; Pawlik

et al. 2008; Lukowiak et al. 2018). Subsequent studies

(Pawlik et al. 2013, 2015; Loh and Pawlik 2014) estab-

lished that localized increases in sponge growth and

abundance resulted from increased fishing pressure on key

spongivorous species (Pomacentridae). This grazing pres-

sure may, therefore, have a strong influence on abundance,

distribution and morphology of sponges (Pawlik 1998; Loh

and Pawlik 2009; Batista et al. 2012). However, the

potential feedback loop arising from predator induced

sponge fragmentation, increased asexual reproduction and

subsequent population expansion were not considered in

these studies. More recently Wulff’s (2017) study noted the

presence of top-down controls between reef sites, but not

within, indicating that such controls will likely be more

nuanced than initially anticipated.

Predation may also affect the growth of sponges. Pre-

dation of Cliona tenuis, a bio-eroding sponge found in the

Caribbean, by the parrotfish Sparisoma viride resulted in

reduced growth rates (Márquez and Zea 2012). Similarly,

Hill (1998) reported that angelfish (family: Pomacanthidae)

were critical in regulating sponge-coral competition by

reducing growth in Chrondrilla nucula. Although such

interactions are likely to be species specific, spongivorous

fish could delay or prevent the sponge’s advance over the

coral (Hill 1998; Wulff 2006; Márquez and Zea 2012). As

such, this is now regarded as a key interaction in mediating

sponge-coral encounters (Hill 1998; Loh et al. 2015).

In contrast to the top-down theory, Trussell et al. (2006)

and Lesser (2006) argued that bottom-up factors, such as

the availability of pico-plankton in the form of particulate

organic matter (POM) and dissolved organic matter (DOM)

to be paramount in regulating the trophic ecology of

sponges. Both POM and DOM are important requirements

in sponge maintenance and growth. Similarly, Lesser and

Slattery (2013) and Slattery and Lesser (2015) indicated

that sponge abundance is controlled via resource avail-

ability. Here, substantial increases in sponge size and

growth rate, with depth ([ 30 m), occurred for both

defended and undefended sponge species. Spongivory

levels were considered consistent (Lesser and Slattery

2013, 2018; Lesser et al. 2018). POM increases are also

known to occur with increasing depth (Lesser and Slattery

2020). Contrary to a number of recent opinions (e.g., Bell

et al. 2013), it has been also suggested that the prospect of

a regime shift to sponge domination is unlikely to happen.

Even where sponge predation is occurring, sponges will be

limited by the resources available to them (Lesser and

Slattery 2020).

The role of top-down or bottom-up processes in the

wider coral reef seascape remains unclear. Within MCEs,
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for example, trophodynamic pathways may differ markedly

from the shallow regions where sponge ecologists have

routinely focussed (Brokovich et al. 2008). Fish biodiver-

sity and abundance in MCEs typically peaks at B 30 m

and declines with increasing depth thereafter (Pyle et al.

2019). Furthermore, changes to the composition of reef fish

assemblages also occur with increased depth (Malcom

et al. 2011; McDonald et al. 2016; Kane and Tissot 2017),

with a disproportionate likelihood of finding novel or

endemic species (Kane et al. 2014). Sponges, conversely,

often dominate at depth, where percent cover and abun-

dance of sponges rise (Slattery and Lesser 2012, 2015;

Lesser and Slattery 2018). In contrast to the abundance of

literature available describing the trophic pathways and

relationships that exist between fish assemblages and

habitat structures on shallow (B 30 m) coral reefs, our

knowledge of these relationships in deeper waters

(30–150 m) is limited (Brokovich et al. 2008). Current data

is inherently biased toward certain areas of tropical

Atlantic waters and Hawaii, with other biogeographic

regions largely undocumented. Until further data collection

has occurred our understanding of site specific differences

may well be apparent but unaccounted for (Lesser and

Slattery 2018). Thus, it is currently inappropriate to spec-

ulate on the nature of these relationships for other MCE

regions (Pomponi et al. 2019) and coral reef seascapes.

While it appears for some biogeographic regions (e.g.,

Pawlik 1998; Pawlik et al. 2008; Lukowiak et al. 2018) that

predation by fishes on sponges is intense, and can be

important for determining patterns of abundance, this may

not be the case elsewhere. Where ecosystems are more

heterogeneous, the possibility of top-down versus bottom-

up control within the ecosystem may not hold the same

degree of importance in shaping sponge distributions.

There is likely to be a complex interplay between controls

(Wulff 2017) and both routine and opportunistic spon-

givory may have the capacity to control distributions

(Wulff 2017) while pulse events of planktonic productivity

drive bottom-up inputs. However, we currently have no

knowledge of how such controls might work in the Indo-

Pacific (Bell et al. 2020). In addition to fishes and turtles,

starfish (Protoreaster spp.) may play a prominent role in

localized spongivory (Pawlik et al. 2018) and as such may

also contribute to top-down controls. To truly assess

localised (and more widespread) spongivory, and the

potential influence of top-down versus bottom-up control,

we need a thorough understanding of fish and sponge

species compositions, local fishing pressures, nutrient flows

and localised biophysical factors, but the likelihood that

bottom-up and top-down alternate at many locations and

for other ecosystems is high. Research on sponge com-

munities and the processes driving them would benefit

from long-term studies. Few data sets exist that consider

sponge abundance over time. Only through temporal

observations can control mechanisms truly be identified

(Easson et al. 2013; McMurray et al. 2015; Wulff 2017;

Edmunds et al. 2020; Gochfeld et al. 2020).

Sponges as a fish habitat

Increased structural complexity is agreed to be advanta-

geous for fish assemblages (Hixon and Beets 1989).

Sponges are often key structures contributing to the three-

dimensional architecture of a coral reef, providing an

important source of vertical relief (Pawlik 2011; Powell

et al. 2014; Cabaitan et al. 2016), this is likely to be

especially true with increasing depth (Wilkinson and

Cheshire 1989; Hooper 2019; Pomponi et al. 2019). The

use of sponges as a refuge from predation (usually fish

predation) has been well documented for numerous species

(e.g., Abdo 2007; Huang et al. 2008). Here, the sponges’

structure, physical defences and chemical defences are

used to the tenants’ advantage. It is possible that many fish

species use sponges in this manner, sheltering from phys-

ical stressors, or as protection from foraging predators and

interfering competitors (Safriel and Ben-Eliahu 1991). To

illustrate this point, White et al. (2007) showed that

immature sponge-dwelling sharknose cleaner gobies, Ela-

catinus evelyane, native to the Caribbean, demonstrated

significantly faster growth rates when residing on sponges

than members of the same species residing in corals, sug-

gesting that these associations must be beneficial. How-

ever, despite this progress, little is known regarding most

of these partnerships (Karplus 2014).

Early reports (e.g., Radcliffe 1917) described fish–

sponge living arrangements for a limited number of spe-

cies. fish–sponge habitat associations have since been

categorized into three overarching groups (Tyler and

Böhlke 1972): (1) obligatory sponge dwellers (either

morphologically specialized or morphologically unspe-

cialized); (2) facultative sponge dwellers; and (3) fortuitous

sponge dwellers. We now have a substantial body of work

elucidating the relationships between sponges and several

obligate, cryptobenthic fish species (Tyler and Böhlke

1972; Larson 1990; Randall and Lobel 2009) predomi-

nantly species from the family Gobiidae. Most sponge

associated fishes, however, are only facultatively or fortu-

itously associated with their hosts (Tyler and Böhlke 1972).

Consolidating the available literature will highlight

important future research directions and provoke new

research questions.

Obligate sponge dwellers, as defined by Tyler and

Böhlke (1972), are those fish species that are either mor-

phologically highly specialized or morphologically unspe-

cialized and are only known to live on or within sponges.
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Tubular type sponge morphologies, prevalent throughout

the tropical Atlantic, were the most common sponge

association described as exhibiting these associations. It

was noted that a key trait displayed by all obligate sponge-

dwelling fish species is their small size, with many species

rarely being larger than 5 cm (Total Length). This size

constraint often arises as a consequence of sponge osculum

diameter (Henkel and Pawlik 2005), which mediates access

to the internal cavity of the sponge. As a result, the

majority (90%) of all obligate sponge-dwelling fishes

belong to the family Gobiidae (Karplus 2014). As a result

of a concerted effort throughout the 1970s, obligate

sponge-dwelling gobies are now loosely categorized into

three distinct groups.

The first group of gobies is comprised of those of the

genera Evermannichtys, Risor and Pariah, commonly

found throughout the tropical Atlantic. They frequently

exhibit localized morphological and phenotypical adapta-

tions for living inside sponges and are usually located

either inside the water canals or within the large cavity of

the sponge. The second group, commonly found through-

out the Western Atlantic, includes gobies belonging to the

genus Elacatinus. These gobies usually occupy the lumens

and outer surfaces of either tubular or finger-like sponges.

Finally, the third group consists of the genera Luposicya,

Phyllogobius, Pleurosicya and Bryaninops. These gobies

are known to inhabit the upper and lower surfaces of leaf-

shaped/ foliose sponges within the Indo-Pacific (Karplus

2014).

A substantial volume of work has attempted to elucidate

these relationships, and as a result a number of adaptations

designed to assist with survival and fitness in obligate

sponge-dwelling fishes have been identified. These include

elongated body shapes and modified ctenoid scales (Böhlke

and Robins 1969; Tyler and Böhkle 1972), thought to

facilitate movement and assist grip within the sponge’s

internal passages, and adapted dentition (e.g., Risor ruber

and Luposicya lupus) (Tyler and Böhkle 1972; Larson

1990) to aid with species specific feeding strategies.

Despite this adapted dentition, many obligate sponge-

dwelling fishes are not thought to feed on the sponge itself,

their preferences are thought to be mucus, resident inver-

tebrate, or resident parasitic polychaetes (Randall and

Lobel 2009; Karplus 2014).

Most fishes are, however, only facultatively associated

with their sponge hosts. Tyler and Böhkle (1972) defined

these facultative fish species as morphologically general-

ized fishes that spend at least a portion of their lives either

within or on sponges, but that are also known to occur in

other habitats. Since these initial studies, limited research

has been conducted to elucidate these facultative relation-

ships. Where progress on the subject has been made, this is

predominantly with regard to temperate, polar and deep-

water fish species (e.g., flatfish and halibut), where inter-

relationships with sponges may be far less complex and

they are primarily used either as a temporary shelter or a

source of prey organisms (Freese and Wing 2003; Stoner

and Titgen 2003; Ryer et al. 2004; Karplus 2014).

Tyler and Böhlke’s (1972) final category, fortuitous

sponge dwelling fishes, describes a wide variety of fish

families, some of which have only been collected from

sponges on a limited number of occasions. This definition

of a fortuitous sponge-dwelling fish also covers those

species that demonstrate known breeding associations with

sponges but are not obligate sponge-dwellers. Here, the

process of egg-brooding prompts fish that are usually

documented as occupying different habitats to deposit their

eggs either the in sponge or within its internal passages. In

addition to the eggs being protected from predation via the

sponge’s physical and chemical defences, it is thought that

deposition ensures a continuous oxygen supply as well as

potential antibacterial, antiviral and anti-fungal benefits

(Munehara 1991; Karplus 2014). Our knowledge about the

reproductive strategies of sponge-dwelling fishes, however,

is restricted to a study by Colin (1975) conducted over

40 years ago. The distinction between facultative sponge-

dwellers and fortuitous sponge-dwellers is somewhat

blurred. Tyler and Böhlke (1972) observed that non-obli-

gatory fish–sponge associations were poorly understood, a

fact reiterated by Karplus (2014). This observation remains

true today, particularly with regard to coral reef fish–

sponge associations. Moreover, whether commercially

important coral reef fish species use sponges as a source of

shelter at key ontogenetic stages has not been examined.

However, fishes are using sponges for shelter as part of the

biotic architecture of reefs.

The behavioral preferences and post-settlement pro-

cesses of sponge-dwelling fish, obligate or otherwise, have

rarely been determined (Majoris et al. 2018). Pawlik et al.

(2002) concluded that olfactory cues emitted by sponges

were of little importance in deterring fish (predation).

However, the reverse may well be true for fish that are

attempting to locate suitable areas of shelter. Sponge-

dwelling brittlestars (Ophiothrix suensonii, O. lineata)

(Henkel and Pawlik 2005), and crustaceans (Hemimysis

margalesi and Palaemon serratus) (Santonja et al. 2018)

have been shown to actively detect and select live sponge

habitats over a similar, alternative refuges. Similarly,

Majoris et al. (2018) recently began to refine our under-

standing of settlement distributions and habitat preferences

for the neon goby Elacatinus lori, by demonstrating the

importance of visual cues at settlement in locating specific

sponge habitats, predominantly Agelas fistularis. This

suggests that some fish species not only prefer sponge

habitats, but also have the mechanisms for recognizing and

locating live sponges (Henkel and Pawlik 2005; Santonja
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et al. 2018). Given that fishes are known for their ability to

identify specific chemosensory cues at low concentrations

(Sweatman, 1983, 1985; Belanger et al. 2006), it is entirely

possible that similar processes (both visual and

chemosensory) are responsible for directing both the

juvenile and adults of other fish species toward suit-

able sponge sites.

The future of fish–sponge interactions

Climate change is rapidly emerging as a universal threat to

the integrity and function of coral reef ecosystems (Hughes

et al. 2017, 2018c). Many scientists now agree that changes

in climatic conditions are happening at a much faster rate

than previously anticipated, potentially reducing the

capacity for hard corals and reef communities to adapt

successfully (Hoegh-Guldberg et al. 2007; Przeslawski

et al. 2008). The most substantial of these alterations to

benthic communities has been a decline in hard coral

cover, due to increases in both natural and anthropogenic

stressors that have induced recruitment failures, bleaching

and mortality (Bellwood et al. 2004). This has resulted in

reduced topographic complexity and habitat homogeniza-

tion (Komyakova et al. 2013; Seemann et al. 2018). The

effects of this coral loss on associated fish species and

assemblages are now well established and have frequently

been linked to declines in species richness, abundance and

biodiversity (Jones et al. 2004; Silveira et al. 2015;

Richardson et al. 2017; Komyakova et al. 2013, 2018).

Consequently, space has become available to be rapidly

colonized by other benthic organisms, and as a result a

variety of different reef configurations have begun to

emerge (Norström et al. 2009; Tebbet et al. 2019). If reef-

building scleractinians are unable to recover, a phase shift

may occur, whereby reefs reach an alternative stable state,

characterized by changes in ecosystem processes, function

and community structure (Norström et al. 2009). To date,

phase shifts on coral reefs have almost always been asso-

ciated with shifts from hard coral dominated environments

to those dominated by macroalgae (e.g., Done 1992; Nor-

ström et al. 2009). As a result, the past two decades have

seen much research effort devoted to understanding the

implications of habitat shifts on coral reefs toward algal

dominated environments (e.g., Done 1992). Until recently,

the prospect of a shift toward a non-algal alternate state

(Norström et al. 2009), including the possibility of a

sponge dominated scenario has largely been overlooked

(Bell et al. 2013, 2018). The likelihood of a sponge dom-

inated assemblage becomes increasingly plausible where

coral bleaching and other perturbations affect hard and soft

corals in deep water environments (Frade et al. 2018).

In the absence of high levels of hard coral cover, it has

been suggested that sponges may be pivotal for sustaining

both the biomass and species richness of coral reef fish

communities (Seemann et al. 2018). Sponges generally

grow faster and reproduce more quickly (relatively

speaking) than many reef-building coral species (Santavy

et al. 2013), and therefore, have the capacity to provide

considerable physical and biological structure, where ver-

tical relief is otherwise lacking (Kuffner et al. 2007; San-

tavy et al. 2013). The possibility of a sponge dominated

reef, therefore, is not unfounded. Whether they can fulfil

similar roles to reef-building scleractinians, in terms of

providing shelter or acting as an important source of food,

or whether they can counteract the effects of coral reef

degradation (Seemann et al. 2018), is not yet known. For

obligate corallivorous fishes this will not be possible.

However, for more generalist fish species it is possible that

the vertical relief and three-dimensional structure provided

by the sponge could act as a suitable substitute (Bell et al.

2013; Powell et al. 2015). It has been demonstrated that

structurally complex sponge species, such as the Spaghetti

Sponge (Callyspongia samerensis), might serve as a nurs-

ery site for some reef fish species that usually seek shelter

offered by branching coral species (Cabaitan et al. 2016).

Similarly, large, robust sponge species (for example the

barrel sponges Xestospongia muta, and X. testudinaria)

could provide important structural habitat, similar to that of

massive mound corals (Acosta et al. 2015). These massive

sponges may play a vital role in supporting species richness

and biomass and expanding trophic levels in otherwise

depauperate fish communities (Seeman et al. 2018).

A growing volume of research has begun to consider the

response of sponges to climate change and other environ-

mental stressors (e.g., ocean acidification, increases in sea

surface temperature and tropical cyclones) or future envi-

ronmental change (Gochfeld et al. 2020). Although the

available evidence suggests that sponges might not be

particularly threatened (Bell et al. 2013), little information

is available regarding the responses of most sponge species

to environmental pressures, with few species being studied

extensively (Bell et al. 2015). The skeletons of sponges,

specifically Demospongiae, are frequently made of silic-

eous glass or proteins, in theory, rendering them less sus-

ceptible to erosion due to ocean acidification, thus giving

them a competitive advantage (Pawlik 2011). Additionally,

in contrast to many reef-building scleractinians, which

exhibit a sensitivity to increases in sea surface tempera-

tures—often resulting in the expulsion of zooxanthellae

(and bleaching)—sponges are thought to be comparatively

more tolerant to increases in sea surface temperatures

(Przeslawski et al. 2008; Bell et al. 2013; Ramsby et al.

2018) suggesting that sponges could be well adapted to act

as an alternative habitat structure. In the Caribbean, where
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sponges are now considered the dominant benthic structure

(Pawlik 2011; Pawlik et al. 2018; Loh and Pawlik 2014),

and in Indonesia where high levels of sedimentation have

resulted in a reduced diversity but increased abundance of

particular sponge species (Powell et al. 2014), concerns

have been raised. The environmental implications arising

from both increases and decreases in sponge abundance are

not fully understood (Wulff 2012). Sponge abundance is

known to fluctuate (Edmunds et al. 2020). Increases in

sponge cover might come at the expense of other sessile

organisms, such as reef-building scleractinians, but could

improve substrate stability and/or water quality. Con-

versely, decreases in the abundance of sponges could lead

to reduced water quality due to a lack of filtration, loss of

reef architecture and an increase in predator-sponge ratios

which might result in a more unstable substrate (Wulff

2012). Either outcome will have significant implications

for local fish populations and assemblages.

Sponges may be impacted by environmental stressors in

other capacities. For example, they are prone to both fungal

and bacterial infections, which can decimate entire popu-

lations (e.g., Cebrian et al. 2011; Stabili et al. 2012; Easson

et al. 2013; Ereskovsky et al. 2019). Sponges are not

usually considered susceptible to bleaching. They typically

occur below critical thermocline thresholds where they are

less vulnerable to disturbances (e.g., Wilkinson and Che-

shire 1989; Graham et al. 2015). However, a growing

volume of evidence suggests that continued rates of sea

surface temperature increase could be problematic in the

future (Hooper 2019). Unlike corals, sponges, have not

commonly been shown to die after bleaching (McMurray

et al. 2011). However, a few recent studies have begun to

look at the consequences for sponges after the expulsion of

their photosynthetic endosymbionts. The giant barrel

sponge, Xestospongia muta, along with the encrusting

several clionid sponge species (Hill et al. 2016), are

examples of sponge species that are known to be vulner-

able to a form of bleaching (Vicente 1990; Williams and

Bunkley-Williams 1990). McMurray et al. (2011) argued

that unlike, hard corals, the bleaching of X. muta had no

significant effects. Sponges were able to regain their pig-

mentation, implying that cyanobacterial symbionts provide

little or no benefit to their host species. Contradicting this,

Ramsby et al. (2018) demonstrated that although temper-

ature increases up to 30 degrees Celsius had a negligible

effect on encrusting sponge species Cliona orientalis

(GBR, Australia), a rise of a further two degrees, to 32

degrees Celsius, increased respiratory rates, reduced energy

reserves and induced bleaching. In this instance pigmen-

tation could not be regained. Thus, responses to increased

sea surface temperatures may vary with both species and

location.

Increases in sea surface temperature are presumed to

indirectly accelerate the spread of encrusting (bio-eroding)

sponge species, through inducing stress on corals (Márquez

and Zea 2012). Not only could this contribute to reduced

levels of structural complexity as the sponge envelops the

coral but accelerated rates of bio-erosion dissolving the

substratum could result in reduced levels of structural

stability (Ramsby et al. 2018). As the structural shelter

provided hard corals is crucial to increased biodiversity,

this overgrowth may prompt subsequent implications

regarding fish settlement and early survival, as well as post-

recruitment interactions (Hixon and Beets 1989). At the

very least, a change from a coral-dominated to sponge-

dominated ecosystem will substantially alter the

chemosensory seascape, having important implications for

larval fish recruitment. Until it is verified how sponges

might respond to both localized and global environmental

pressures, whether they might help or hinder the survival of

coral reef fish assemblages cannot be fully understood.

However, any contribution to reef architecture, in the

absence of other habitat formers such as reef-building

scleractinians, is likely to benefit at least some fishes.

Conclusions

We are gradually gaining a better understanding of fishes’

relationships with sponges. Sponges contribute to a mosaic

of biotic architecture, especially with depth, which influ-

ences assemblages of fishes by providing food and shelter.

Studies need to continue to reach beyond Caribbean waters

and encompass a far wider range of biogeographic regions.

Only through identifying the sponge species present in

other biogeographic regions, specifically across large areas

of the Indo-Pacific, can we understand the factors influ-

encing sponge distribution in these more complex systems.

Fish clearly have the ability to affect assemblages of

sponges, be that through mortality or enhancing asexual

reproduction through the production of fragments. The

contribution of predation to a top-down affect combined

with potential bottom-up processes on population abun-

dance is yet to be determined. The relative importance of

these processes is likely to vary by ocean basin and loca-

tions within oceans. For example, there is strong evidence

that reefs in the tropical Atlantic are heavily structured via

top-down predation by fishes, but it is unclear whether the

same is true of the Indo-Pacific. Similarly, the extent to

which sponges are used as a food source by Indo-Pacific

fishes needs to be clarified. Multiple methods include

in situ behavioral observations, gut content and stable iso-

tope analysis techniques will provide more clarity on the

nature of spongivory. Sponges undoubtedly have the

capacity to act as an alternative source of shelter for a
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number of cryptobenthic fishes, particularly those consid-

ered obligate sponge-dwellers. We now need to focus on

narrowing our current knowledge gap in relation to facul-

tative and fortuitous sponge-dwelling fishes. Given the

current rate of climate related hard coral degradation within

many coral reef ecosystems worldwide, it is imperative that

the roles played by major benthic groups such as sponges is

understood.
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Rohde S (2008) Patterns of sponge recruitment and growth on a

shipwreck corroborate chemical defense resource trade-off. Mar
Ecol Prog Ser 368:137–143

Pawlik JR, Loh TL, McMurray SE, Finelli CM (2013) Sponge

communities on Caribbean coral reefs are structured by factors

that are top-down, not bottom-up. PLoS ONE 8. https://doi.org/

10.1371/journal.pone.0062573

Pawlik JR, McMurray SE, Erwin P, Zea S (2015) A review of

evidence for food limitation of sponges on Caribbean reefs. Mar
Ecol Prog Ser 519:265–283

Pawlik JR, Loh TL, McMurray SE (2018) A review of bottom-up vs.

top-down control of sponges on Caribbean fore-reefs: What’s

old, what’s new, and future directions. PeerJ 2018:1–28

Pitcher CR, Doherty PJ, Anderson TJ (2019) Seabed environment,

habitats and biological assemblages. In: Hutchings P, Kingsford

MJ, Hoegh-Guldberg O (eds) The Great Barrier Reef: Biology.

Environment and Management. CSIRO Publishing, Clayton

South, Victoria, pp 63–72

Pomponi SA, Diaz MC, Van Soest RWM, Bell LJ, Busutil L,

Gochfeld DJ, Kelly M, Slattery M (2019) Sponges. In: Loya Y,

Puglise KA, Bridge TCL (eds) Mesophotic Coral Ecosystems,
Coral Reefs of the World 12. Springer, New York, pp 563–588

Post DM (2002) Using stable isotopes to estimate trophic position:

Models, methods and assumptions. Ecology 83(3):703–718

Powell A, Smith DJ, Hepburn LJ, Jones T, Berman J, Jompa J, Bell JJ

(2014) Reduced diversity and high sponge abundance on a

sedimented Indo-Pacific reef system: Implications for future

changes in environmental quality. PLoS ONE 9. https://doi.org/

10.1371/journal.pone.0085253

Powell A, Jones T, Smith DJ, Jompa J, Bell JJ (2015) Spongivory in

the Wakatobi Marine National Park, southeast Sulawesi, Indone-

sia’’. Pac Sci 69:487–508
Przeslawski R, AhYong S, Byrne M, Wörheides G, Hutchings P

(2008) Beyond corals and fish: the effects of climate change on

noncoral benthic invertebrates of tropical reefs. Glob Change
Biol 14:2773–2795

Pyle RL, Kosaki R, Pinheiro HT, Rocha LA, Whitton RK, Copus JM

(2019) Fishes: Biodiversity. In: Loya Y, Puglise KA, Bridge

TCL (Eds) Mesophotic Coral Ecosystems, Coral Reefs of the

World 12. pp749–777. Springer New York

Radcliffe L (1917) Description of a new goby, Garmannia spongi-
cola from North Carolina. Proc U.S. Natn Mus 52:423–425

Ramsby BD, Hoogenboom MO, Smith HA, Whalan S, Webster NS

(2018) The bioeroding sponge Cliona orientalis will not tolerate
future projected ocean warming. Sci Rep 8:1–14

Randall JE, Hartman WD (1968) Sponge-feeding fishes of the West

Indies. Mar Biol 1:216–225
Randall JE, Lobel PS (2009) ‘‘A literature review of the sponge-

dwelling gobiid fishes of the genus Elacatinus from the Western

Atlantic, with description of two new Caribbean species.

Zootaxa 19:1–19

Richardson LE, Graham NAJ, Pratchett MS, Hoey AS (2017)

Structural complexity mediates functional structure of reef fish

assemblages among coral habitats. Environ Biol Fish
100:193–207

Riegl BM, Purkis SJ (2009) Model of coral population response to

accelerated bleaching and mass mortality in a changing

climate’’. Ecol Model 220:192–208
Reiswig HM (1981) Partial carbon and energy budgets of the

bacteriosponge Verongia fistularis (Porifera: Demospongiae) in

Barbados. Mar Ecol 2:273–293
Rix L, de Goeij JM, van Oevelen D, Struck U, Al-Horani FA, Wild C,

Naumann MS (2018) Reef sponges facilitate the transfer of

coral-derived organic matter to their associated fauna via the

sponge loop. Mar Ecol Prog Ser 589:85–96
Roberts CM, McClean CJ, Veron JEN, Hawkins JP, Allen GR,

McAllister DE, Mittermeier CG, Schueler FW, Spalding M,

Wells F, Vynne C, Werner TB (2002) Marine biodiversity

hotspots and conservatiohn priorities for tropical reefs. Science
295:1280–1284

Roff G, Mumby PJ (2012) Global disparity in the resilience of coral

reefs. Trends Ecol Evol 27:404–413
Rovellini A, Dunn MR, Fulton EA, Webster NS, Smith DJ, Jompa J,

Haris A, Berman J, Bell JJ (2019) Decadal variability in sponge

abundance and biodiversity on an Indo-Pacific coral reef. Mar
Ecol Prog Ser 620:63–76

Russ GR, Rizzari JR, Abesamis RA, Alcala AC (2020) Coral cover a

stronger driver of reef fish trophic biomass than fishing. Ecol
Appl. https://doi.org/10.1002/eap.2224

Ruzicka R, Gleason DF (2009) Sponge community structure and anti-

predator defenses on temperate reefs of the south Atlantic

Bight’’. J Exp Mar Biol Ecol 380:36–46
Ryer CH, Stoner AW, Titgen RH (2004) Behavioral mechanisms

underlying the refuge value of benthic habitat structure for two

flatfishes with differing anti-predator strategies. Mar Ecol Prog
Ser 268:231–243

Sadeghi SPA, Yavari V, Loghmani Devin M (2008) First record of

sponge distribution in the Persian Gulf, (Hengam Island, Iran).

Pak J Biol Sci 11:2521–2524
Safriel UN, Ben-Eliahu MN (1991) The influence of habitat structure

and environmental stability on the species diversity of poly-

chaetes in vermetid reefs. In: Bell, SS. McCoy, ED. Mushinsky,

HR. (Eds) Habitat structure population and community biology

series, Vol 8. Springer. Dordrecht. [doi: https://doi.org/10.1007/

978-94—011-3076-9_17s]
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