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Abstract
Habitat availability underpins the diversity and distribution of benthic marine communities. Sponges are significant structural 
components of seabeds; therefore, understanding sponge-community associations are important for the effective management 
of marine biodiversity. Invertebrate communities were quantified from 11 sponge species having distinct morphologies from 
Ningaloo Reef (tropical) and Rottnest Island (temperate), Western Australia. Communities from substrate adjacent to sponges 
were additionally sampled for comparisons to sponge-associated fauna. Gross and fine-scale morphological features of sponge 
host species were quantified to assess their effects on faunal abundance and diversity. A total of 3966 individuals from 125 
taxa were extracted, showing low co-occurrences of taxa from both sponges and the surrounding substrate (Ningaloo 8.9%; 
Rottnest 11.2%). Four out of the 11 sponges supported higher fauna abundance compared to their surrounding substrate, 
including Haliclona sp. NTM148 (Ningaloo; 1.21 ± 0.54 N.cm−3, 60 × higher than substrate) and Monanchora clathrata 
(Rottnest; 2.87 ± 1.7 N.cm−3, 32 × higher than substrate). These communities were dominated by the barnacle Acastinae 
sp.4 (100%) and sedentary polychaete Spionidae sp. 1 (99%), respectively, highlighting strong host-specific associations. 
Sponge size (volume), % of internal space, minimum diameter of internal space, and gross morphological complexity were 
important at explaining variation in faunal assemblage, with larger sponges having more internal space of larger minimum 
canal diameter supporting higher community abundance. This study highlights the significance of large and long-lived 
sponges as sources of unique marine biodiversity that are yet to be discovered and the importance of sponge gardens for the 
conservation of cryptic marine biodiversity.

Introduction

Sponges are important components of tropical and temperate 
reefs, and can dominate the benthos in biomass and cover at 
some locations globally (Heyward et al. 2010; Maldonado 

et al. 2017). The significant abundance and diversity of 
sponges on corals reefs is particularly apparent in the Car-
ibbean (Díaz and Rützler 2001). Sponges in the Indo-Pacific 
are predicted to increase over the next 2 decades following 
present day losses of corals to global warming (Bell et al. 
2018; Hughes et al. 2018; Pawlik and McMurray 2019). In 
temperate waters, sponges have been reported to naturally 
dominate over other invertebrate taxa in species richness and 
cover (Roberts and Davis 1996). While biogenic structures 
provided by corals and kelp forests play important roles in 
providing shelter, habitat and food for a variety of associated 
organisms (Kerry and Bellwood 2012; Araujo et al. 2013), 
less is known on the role of sponges as habitats to other 
marine biodiversity in these ecosystems.

Sponges come in diverse shapes and sizes that include 
encrusting, massive, erect, and cup forms (Schönberg and 
Fromont 2014) and offer surfaces as substrate for the attach-
ment and refuge for other marine taxa (Frith 1976; Neves 
and Omena 2003). For example, barnacles of the family 
Acastinae have been reported to occur in several tropical 
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and temperate species of sponges in the Red Sea, Indian 
Ocean, and Pacific Ocean (Ilan et al. 1999; Yu et al. 2017), 
highlighting the wide geographic range of this sponge–bar-
nacle association. Certain invertebrate taxa, such as the 

host-specific bivalve Vulsella vulsella, have been reported 
to form a mutualistic partnership with the sponge Spongia 
sp.; whereby, while the sponge provides structural habitat 
for the bivalve to live in, it in turn receives exhaled water 
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from the bivalve that increased its own water circulation 
rates (Tsubaki and Kato 2014). This highlights the com-
plex interactions between the sponge host and its associated 
assemblage that could yet be uncovered. In addition, the 
complex internal system of the poriferan aquiferous canals 
could offer further living spaces within the sponge for some 
invertebrate taxa. An excellent example of such utilisation 
of internal space is by multiple species of alpheid shrimps 
that form colonies with social complexities that parallel bees 
and termites (Duffy 1996).

Other physical characteristics of sponges that could influ-
ence the patterns of sponge-associated biodiversity include 
sponge volume (Koukouras et al. 1992, 1996; Ribeiro et al. 
2003; Abdo 2007; Beepat et al. 2014). While larger sponges 
could host higher diversity and abundance of invertebrate 
communities, this relationship is not overarching when 
multiple sponge species with varying general body size are 
compared (Koukouras et al. 1985; Fiore and Jutte 2010) and 
highlights the importance of a host species-specific approach 
to understanding sponge-associated fauna (SAF) diversity. 
Environmental factors such as habitat type and water depth 
were also shown to influence patterns of SAF communities 
(Ribeiro et al. 2003; Beepat et al. 2014). Differences in the 
abundance and diversity of SAF may also be a consequence 
of biotic interactions such as predation (Abdo 2007) and 
allelochemical attractants (Villamizar and Laughlin 1991; 
Skilleter et al. 2005). Sponge-derived chemicals have been 
proposed to serve as attractants to some SAF, such as amphi-
pods (Frith 1976). However, the full extent of the effects of 
sponge chemistry to SAF communities is poorly understood.

Most studies reported a common pattern which showed 
that SAF composition comprised of polychaetes, amphi-
pods, decapods, molluscs, and ophiuroids (Koukouras et al. 
1985, 1996; Villamizar and Laughlin 1991; Neves and 
Omena 2003; Ribeiro et al. 2003; Abdo 2007; Fiore and 
Jutte 2010). These studies also reported that these marine 
organisms use sponges as shelter, nurseries, or food source. 
However, whether these associations are ubiquitous across 

sponge species and geography (e.g., tropical and temper-
ate reefs), and whether these associated communities are 
homogenous within sponge species is less understood. In 
addition, previous studies had focussed primarily on describ-
ing the faunal communities associated with the sponge host, 
but did not provide comparisons of the sponge-associated 
diversity to the alternative habitats that surrounds the sponge 
itself; information of which can be crucial to understanding 
the specificity of sponge utilisation by these communities.

In Western Australia, the Ningaloo Reef is a World 
Heritage area and is recognized as a biodiversity hotspot, 
with 331 sponge species reported to date (Heyward et al. 
2010; Schönberg and Fromont 2011; Fromont et al. 2016). 
Likewise, temperate Australia harbours a high diversity of 
sponges and constitutes regions of high conservation values 
(Sorokin et al. 2007; Lemloh et al. 2009). In this study, we 
describe the composition of SAF from 11 species of sponges 
having distinct morphologies from Ningaloo Reef (tropi-
cal reef) and Rottnest Island (temperate reef), to determine 
whether SAF compositions varied between sponges with 
different morphological characters (volume, wet weight, 
dry weight, internal space, diameter space, and gross com-
plexity) and between sponge species. Substrate was also 
collected as a habitat control to investigate the differences 
of SAF composition between the host sponge and its sur-
rounding substrate.

Materials and methods

Sampling sites and collection method

Eleven common species of sponges across eight functional 
morphologies were collected from depths of 8‒10 m from 
tropical fringing coral reefs at Norwegian and Jane Bay in 
the Ningaloo Marine Park in summer 2017 (4‒11 January 
2017; 22°39.753′ S, 113°38.376′ E; referred to herein as 
Ningaloo for brevity; nspecies = 5), and from temperate reefs 
off Parker Point, Rottnest Island, Western Australia in sum-
mer 2018 (18‒20 November 2018; 32°1.668′ S, 115°31.739′ 
E; referred to herein as Rottnest for brevity; nspecies = 6; 
Fig. 1). Collections were both made in summer to eliminate 
any potential confounding effects of seasonal variation on 
associated fauna assemblages. Five whole individuals of 
Rhabdastrella globostellata (massive simple, M-s), Pseu-
doceratina cf. verrucosa (cup barrel, C-b), Haliclona (Hali-
clona) sp. NTM148 (encrusting crust, EN-cr), Ceratopsion 
montebelloensis (erect laminar, E-lam), and Spheciospongia 
vagabunda (massive cryptic, M-crp) were collected using 
SCUBA from Ningaloo. Similarly, five whole individuals of 
Petrosia (Strongylophora) sp. WAM NG1 (massive simple, 
M-s), Cymbastela stipitata (cup wide, C-wd), Pericharax sp. 
(encrusting creeping, EN-cg), Tethya sp. KMB1 (massive 

Fig. 1   Map of the west coast of Australia showing the locations of 
the Ningaloo Reef and Rottnest Island sampling sites (red dots) and 
key townships (blue dots). The five tropical sponge species sampled 
from Ningaloo Reef comprised Pseudoceratina cf. verrucosa, Sphe-
ciospongia cf. vagabunda, Rhabdastrella globostellata, Ceratopsion 
montebelloensis and Haliclona (Haliclona) sp. NTM184. The six 
temperate sponge species sampled from Rottnest Island comprised 
Petrosia (Strongylophora) sp. WAM NG1, Pericharax sp., Cym-
bastela stipitata, Mycale (Arenochalina) cf. mirabilis, Tethya sp. 
KMB1, and Monanchora clathrata. Texts in parentheses after species 
names represent the functional morphology of the sponges: C-b—
Cup barrel, C-wd—Cup wide, M-crp—Massive cryptic, M-s—Mas-
sive simple, M-bl—Massive ball, E-lam—Erect laminar, EN-cr—
Encrusting crust, and EN-cg—Encrusting creeping (Schönberg and 
Fromont 2014). Inset shows an overview map of Australia with the 
region indicated with a dashed red bounding box

◂
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ball, M-bl), and Mycale (Arenochalina) cf. mirabilis (erect 
laminar, E-lam), and four individuals of Monanchora clath-
rata (erect laminar, E-lam) were collected from Rottnest 
(Fig. 1). Operational taxonomic unit (OTU) names were 
assigned to sponge hosts where the group were considered 
to be unique, but further assessments are required to deter-
mine their species names; whereby Haliclona (Haliclona) 
sp. NTM148 representing an OTU originally deposited to 
the Museum and Art Gallery of the Northern Territory, and 
Petrosia (Strongylophora) sp. WAM NG1 and Tethya sp. 
KMB1 were OTUs originally deposited to the Western Aus-
tralian Museum.

For the collections, individual sponges were first photo-
graphed in situ and a numbered Calico bag was then placed 
over the entire sponge. Sponges were removed from the sub-
strate using a flat -bladed scraper and the bag immediately 
sealed underwater to trap any escaping biota. To assess if 
there were differences in the abundance and diversity of taxa 
between sponges and the surrounding available habitats, the 
most dominant substrate was additionally sampled immedi-
ately adjacent (< 1 m) to the individual sponges in separate 
Calico bags. The substrate types that were collected included 
sand, rubble, consolidated reef and macroalgae. Macroalgae 
occurring adjacent to the sponge were sampled using the 
same method used for sponge collection. For sandy and rub-
bly substrate, the bag was positioned onto the matrix and the 
top 2‒5 cm layer from an area of ~ 500‒900 cm2 transferred 
into the bag using a trowel. For consolidated substrate (i.e., 
reef), the bag was positioned over the matrix and a hammer 
and chisel used to chip off the surface of the reef from an area 
similar to that sampled for the unconsolidated substrate. The 
volumes of the different substrate types were determined by 
volumetric displacement of freshwater at 25 °C in a 1,000 ml 
glass graduated cylinder, whereby a displacement of 1 mL 
of water was assumed to be 1 cm3 of substrate volume. The 
wet weight of the substrate samples ranged from 26 to 680 g 
(mean and SE = 295.8 ± 35.8 g, n = 25) for Ningaloo and 2.8 
to 207.8 g (mean and SE = 53.7 ± 7.6 g, n = 29) for Rottnest 
(Supplementary Table 1). The volume of substrate ranged 
from 15 to 350 cm3 (147.32 ± 18.51 cm3, n = 25) for Ninga-
loo and 3 to 110 cm3 (44.9 ± 4.0 cm3, n = 29) for Rottnest. 
Bags containing the sponge and substrate were preserved in 
70% ethanol on board the research vessel pending the assess-
ment of sponge-associated fauna (SAF).

Extraction and taxonomic identification of fauna 
from sponges and substrate

To extract fauna, preserved sponges were first removed from 
the Calico bag and shaken vigorously in seawater in a plas-
tic bag to dislodge any organisms that were attached onto 
the sponge surface. The resulting seawater was then sieved 
through a 1 mm mesh to collect any fauna and these were 

subsequently transferred into a container with fresh 70% 
ethanol. Additionally, any fauna that were > 1 mm and in 
the Calico bag were transferred to the 70% ethanol using a 
fine pair of forceps. Barnacles that were embedded into the 
pinacoderm of the sponge were carefully excised using a 
scalpel blade. To extract fauna that were living internally of 
the sponges, sponge samples were cut to 1 cm-thick slices 
using a serrated knife and any fauna > 1 mm residing within 
the internal aquiferous canals extracted using a fine pair of 
forceps. Where canals could not be visually inspected due 
to their orientation through the 1 cm slice (e.g., at an angle 
through the slice) a gentle stream of seawater was applied 
to expel any hidden fauna. Fauna that were collected exter-
nally and internally of the sponge were consolidated within 
the same container of 70% ethanol, and were collectively 
defined as sponge-associated fauna, as external fauna here 
may represent diversity that were living in the sponge prior 
to the collection, but have exited the sponge between col-
lection and sample preservation. SAF were stored in 70% 
ethanol pending taxonomic identification. For consolidated 
substrate types, including consolidated reef matrix and mac-
roalgae, these were similarly vigorously agitated in seawater 
to dislodge biota that were attached to their surfaces and 
sieved through a 1 mm mesh. These substrates were then 
visually inspected, and any remaining biota picked using 
a fine pair of forceps. Unconsolidated substrate, such as 
sand, was thoroughly picked for any visible (> 1 mm) biota. 
Invertebrate fauna was identified to family, and where pos-
sible to the genus level. Within the family- and genus-level 
groupings, taxa having distinct morphological characters 
were given unique identifiers and treated as operational 
taxonomic units (OTUs) to facilitate further biodiversity 
assessment. Although OTUs cannot provide information on 
specific biological traits of specific species, OTU data are 
useful to enhance our understanding of biodiversity, distri-
butions, and ecology of sponge-associated fauna. Species 
(OTU) richness and total counts of SAF were recorded for 
each sponge replicate.

Quantification of sponge morphological variables

To assess if sponge morphological characters had any effects 
on the abundance and diversity of associated biodiversity, 
wet and dry weight, volume, gross complexity, and the 
dimensions and proportion of inhabitable internal spaces 
(i.e., aquiferous canals) were quantified for each sponge sam-
ple. Sponge wet weight was quantified using a Shimadzu 
ELB3000 balance, and dry weight was quantified after dry-
ing the sponge biomass in an oven at 60 °C for 48 h. Sponge 
volume was determined by summing the volume of individ-
ual sponge slices calculated by volumetric displacement of 
freshwater at 25 °C in a 1,000 ml glass graduated cylinder, 
whereby a displacement of 1 mL of water was assumed to 
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be 1 cm3 of sponge volume. The 1 cm slices of sponge tissue 
were photographed and images analysed using ImageJ to 
acquire measurements of internal spaces and gross complex-
ity (Schindelin et al. 2012). The maximum diameter and area 
of aquiferous canals that were > 0.5 mm in diameter in each 
slice were quantified. To derive the percentage of the sponge 
body that comprised aquiferous canals, the total percent-
age of area of empty spaces were averaged across the total 
number of slices for each of the sponge samples. The mean, 
median, minimum, maximum and standard deviation of the 
diameter of internal spaces (mm) for each sponge sample 
were calculated using the total number of occurrences across 
all the slices.

The gross complexity index (GCI) was developed to 
represent sponge morphological complexity as a numeri-
cal value, in contrast to qualitative descriptions (i.e., func-
tional morphology categories). The index was derived by 
dividing the surface area of a sponge by its own volume, 
whereby a larger index value would correspond to greater 
gross complexity (e.g., more convoluted or having more 
rugose features), thus potentially being more conducive for 
hosting associated fauna. Commonly used techniques for the 
quantification of surface areas for other benthic taxa (e.g., 
scleractinian corals; Veal et al. 2010) such as wax dipping, 
were unsuitable for sponges due to their soft and porous 
bodies, and this study did not have access to more advance 
techniques such as photogrammetry and X-ray–CT. There-
fore, for sponge hosts having erect and massive body types 
with thickness of > 1 cm, including P. cf. verrucosa, S. cf. 
vagabunda, R. globostellata, P. (Strongylophora) sp. WAM 
NG1, Pericharax sp., M. (Arenochalina) cf. mirabilis, Tethya 
sp. KMB1, and M. clathrata, the surface area of individual 
sponges was estimated using the aforementioned 1 cm slices, 
and employing the formula: SA = ∑ (Ca*), (Cb*1)…(Cz*1), 
whereby SA is the surface area in cm2, C is the circumfer-
ence of slice a to z, and 1 is the thickness of individual slices 
in cm. For sponges having thin (< 1 cm) lamellate body 
types (including C. montebelloensis and C. stipitata), sur-
face areas were calculated as the sum of area of all exposed 
lamellar surfaces. Likewise, for H. (Haliclona) sp. NTM184, 
which occurred as thin crusts on the reef matrix, surface area 
was calculated from the exposed surface of the sponge not 
attached to the substrate. While our approach may not gener-
ate the accuracy of surface area estimates that are compara-
ble to techniques developed for rigid bodied taxa, these esti-
mates are nevertheless useful for quantitative assessments 
of the effects of gross morphologies on sponge-associated 
fauna communities.

Statistical analyses

All multivar iate statistical analyses were per-
formed in PRIMER v7 (Clarke and Gorley 2015) and 

PERMANOVA + (Anderson et  al. 2008) using the 
Bray–Curtis resemblance matrix of the fourth-root trans-
formed biodiversity data and 9999 permutations (Clarke and 
Gorley 2015) unless specified. To assess the differences in 
associated fauna diversity among sponge host species, and 
between sponges and their adjacent substrates, associated 
fauna count data were first standardised to sample (sponge 
or substrate) volumes prior to analyses (N.cm−3). As sin-
gleton taxa, defined as taxon whereby only one individual 
occurred in one or several sponge or substrate samples, were 
dominant in the dataset (82 out of 125, 65.6%), analyses 
were performed separately on (1) the entire dataset, (2) the 
dataset with singleton taxa excluded, and (3) the dataset with 
singleton taxa only, where appropriate. A principle coordi-
nate ordination (PCO) analysis using the entire dataset was 
first performed to assess broad scale patterns in associated 
faunal diversity across sponge species and locations, with 
accompanying correlation vector analysis to identify OTUs 
that were most associated to the cluster groupings. A two-
way nested PERMANOVA was performed on the singleton 
excluded data, with ‘Habitat types’ nested within ‘Location’, 
to assess differences in associated fauna between locations 
and habitat types. Pairwise tests for ‘Habitat types’ within 
‘Location’ were subsequently performed to assess specific 
differences among sponge host species and their adjacent 
substrates. A shade plot and group average cluster analysis 
of the singleton only data using the Jaccard similarity matrix 
were performed to assess if there were any location or habi-
tat specific patterns in singleton taxa distribution.

To assess if sponge morphological characters were impor-
tant in explaining the occurrence and abundance of associ-
ated faunal taxa, distance-based linear models (DISTLMs) 
were performed on raw counts of the singleton excluded data 
from sponges as response variables and sponge morpho-
logical data as explanatory variables (environmental). DIS-
TLMs were broadly performed on data across all sponges 
across the two locations, and also separately within loca-
tions. Prior to DISTLMs, sponge morphological variables 
were assessed for collinearity using a draftsman plot and 
correlation analyses, and collinear variables omitted from 
the analyses (Pearson’s R > 0.9; Supplementary Table 2). 
The final six non-collinear test variables comprised volume 
(cm3), gross complexity index (GCI), mean, minimum and 
standard deviation diameter of internal spaces (mm), and the 
percentage of internal space. Morphological variables were 
normalised prior to performing DISTLM, and the forward, 
backward, and best selection procedures and AIC criterion 
used to identify the best model. Distance-based redundancy 
analyses (dbRDA) were subsequently performed to pro-
duce ordinations of the data onto a two-dimensional space 
and constrained by the significant explanatory variables. 
Pearson’s correlation analyses were performed, on univari-
ate fauna abundance and species richness of the singleton 
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excluded data, to assess their relationships to significant 
sponge morphological variables identified by DISTLM, 
across all sponges from both locations (broad phyla level), 
across sponges within locations (community level), and 
within sponge host species (species level).

Results

Broad patterns of sponge‑associated fauna diversity

A total of 3966 individuals from 125 taxa were extracted 
from sponges and their surrounding habitats across Ningaloo 
and Rottnest. Broadly, the diversity included 37 operational 
taxonomic units (OTUs) of Crustacea, 27 Polychaeta, 20 
Echinodermata, 12 Ascidiacea, 11 Mollusca, 6 Porifera, 5 
Bryozoa, 3 Pisces, 2 Foraminifera, 1 Platyhelminthes, and 1 
Sipuncula taxa (Supplementary Table 3). Sponge-associated 
fauna comprised 3673 individuals (92.6% of all individu-
als extracted from both sponge and substrate) from 67 taxa. 
Collectively across the two locations, the number of unique 
taxa that were sampled only from sponges or substrate was 
relatively even (52 and 59 taxa, respectively), with 14 taxa 
that co-occurred on both sponges and substrate. When sin-
gleton taxa were excluded from the dataset, the number of 
taxa that co-occurred on both sponge and substrate remained 
relatively consistent (12 taxa, 28% of diversity); however, 

sponge and substrate-specific taxa were reduced to 18 (42%) 
and 13 taxa (30%), respectively (Supplementary Table 3). 
Similar patterns of biodiversity were observed when loca-
tions were considered separately, with the co-occurrence 
of associated fauna (excluding singleton taxa) on both 
sponges and substrate at Ningaloo representing 11.1% of 
total diversity (ntaxa: sponge = 12, substrate = 12, both = 3), 
and at Rottnest representing 32% of total diversity (ntaxa: 
sponge = 9, substrate = 8, both = 8), highlighting that major-
ity of the diversity were either sponge or substrate specific 
at the time of sampling.

A PCO plot of the entire associated fauna biodiversity 
data (standardised to sample volume, i.e., sponge or sub-
strate) showed tight clustering of associated biodiversity 
for Ningaloo sponges and substrate, while the Rottnest 
samples were more widely distributed along the PCO2 axis 
with some overlap of biodiversity with Ningaloo samples 
(Fig. 2a). The species richness of associated fauna from 
individual samples ranged from 0 S.cm−3 (that include 6 
Ningaloo sponges, 5 Ningaloo substrates, 6 Rottnest sponge 
and 2 Rottnest substrate samples) to 0.67 S.cm−3 in a sample 
of macroalgal substrate from Rottnest. Notably, substrate 
comprising macroalgae from Rottnest yielded the high-
est species richness by volume in the dataset and recorded 
0.1 ± 0.2 S.cm−3 (nsample = 27). The sponge that recorded 
the highest species richness by volume was an individual 
of C. stipitata from Rottnest (0.3 S.cm−3), followed by an 
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Fig. 2   Principal component ordinations (PCO) of the fourth-root 
transformed Bray–Curtis similarity matrix of the entire associated 
biodiversity counts standardised to the volume of sample sponge 
host or substrate between locations and habitat types (sponges and 
substrate). Each bubble represents an individual sponge or substrate 

sample. a Species richness of associated fauna per volume (S.cm−3) 
as bubbles and b total abundance of associated per volume (N.cm−3) 
as bubbles. Correlation vector overlay shows taxa having Pearson’s 
value of R > 0.2
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individual of Pericharax sp. (0.1 S.cm−3) and an individual 
of Tethya sp. KMB1 (0.09 S.cm−3), both also from Rottnest. 
The abundance of associated fauna by sample volume ranged 
from 0 N.cm−3 to a maximum 7.7 N.cm−3 (Fig. 2b), with the 
sample having the highest density of fauna recorded in an 
individual of the sponge M. clathrata from Ningaloo. Con-
trary to species richness, the abundance of associated fauna 
was found to be higher in sponge samples, with an indi-
vidual of Haliclona sp. NTM148 from Ningaloo and another 
individual of M. clathrata recording 3.2 and 2.4 N.cm−3, 
respectively. The substrate having the highest abundance 
of associated fauna by volume was a sample of macroal-
gae from Rottnest (1.5 N.cm−3). Correlation vector analysis 
found the association of Leucothoidae sp. 1, Polynoidae sp., 
Isopoda sp. 1, and Alpheidae sp. 1 to the Rottnest diversity, 
and Alpheidae sp. 3 to the Ningaloo diversity (Fig. 2a; Pear-
son’s R > 0.2).

Sponge‑specific associated fauna diversity

The overall species richness and abundance of sponge faunal 
assemblage was compared to the faunal assemblage from 
the sponge’s surrounding substrate to assess if sponges har-
boured higher density and/or diversity than nearby alterna-
tive habitats. The mean species richness of associated fauna 
was lower in all the sponge hosts from both locations when 
compared to their surrounding substrate, with Sp:SB S.cm−3 
ratios ranging from 0.1 to 1 (Table 1). On the other hand, 
there were pronounced sponge species-specific patterns in 
the abundances of associated fauna biodiversity between 
sponges and their surrounding substrate at both locations, 
which showed both elevations and depressions in the number 
of associated individuals on sponges compared to substrate 
(Sp:Sb N.cm−3; Table 1). Three out of five sponge species at 
Ningaloo supported higher abundances of fauna compared 
to their surrounding substrate with Haliclona sp. NTM148 
recording > 60 × higher mean abundance than the surround-
ing substrate and represented the highest difference between 
sponge-substrate associated faunal abundance for any of the 
sponge species across locations. This was followed by P. 
cf. verrucosa (23 ×) and R. globostellata (13 ×), highlight-
ing these species to be important habitats for some of the 
associated taxa. The other two Ningaloo sponge species, 
S. cf. vagabunda and C. montebelloensis, did not support 
faunal assemblage greater than their surrounding substrate, 
recording Sp:Sb N.cm−3 ratios of 1 and 0.2, respectively. At 
Rottnest, only M. clathrata hosted more fauna (~ 32 ×) than 
its surrounding substrate, while the rest of the five Rottnest 
sponge species hosted lower abundance of fauna compared 
to their surrounding substrate.

Host species-specific faunal associations were assessed 
for Ningaloo and Rottnest sponges. For Ningaloo 
sponges, the mean abundances (N) of fauna ranged from 

0.01 ± 0.01 N.cm−3 in S. cf. vagabunda to 1.21 ± 0.54 N.
cm−3 in Haliclona sp. NTM148 (Table 1). In addition to 
Haliclona sp. NTM148, both R. globostellata and P. cf. ver-
rucosa also supported relatively high abundance of fauna 
(0.38 ± 0.12 N.cm−3 and 0.23 ± 0.05 N.cm−3 respectively). 
Some of the Ningaloo sponges, were dominated by a single 
associated faunal group. For example, S. cf. vagabunda and 
Haliclona sp. NTM148 communities were represented solely 
by polychaete worms and crustaceans, respectively, while R. 
globostellata and P. cf. verrucosa communities were domi-
nated (> 95%) by polychaete worms and crustaceans, respec-
tively (Fig. 3 see Supplementary Table 3 for the full list 
of associated biodiversity). Specifically, the alpheid shrimp 
Alpheidae sp. 3 dominated the P. cf. verrucosa assemblage 
and occurred at mean abundance of 0.22 ± 0.05 N.cm−3 (95% 
of total abundance), while the sedentary worm Spionidae sp. 
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Fig. 3   Mean percentages of abundance (N) and species (OTU) rich-
ness (S) of the 11 major taxonomic groups of fauna, standardised to 
the sample volume (sponge or adjacent substrate samples), including 
the Polychaeta, Crustacea, Pisces, Ascidiacea, Mollusca, Platyhel-
minthes, Sipuncula, Foraminifera, Bryozoa, Porifera, and Echinoder-
mata at Ningaloo Reef. Sponge host species a R. globostellata, b S. 
cf. vagabunda, c P. cf. verrucosa, d Haliclona sp. NTM148, and e C. 
montebelloensis. Please refer to Supplementary Table 3 for the mean 
counts per volume sample (N.cm−3) of the full biodiversity list
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1 dominated the R. globostellata assemblage (0.37 ± 0.11 N.
cm−3, 96% of total abundance; Supplementary Table 3). The 
barnacle Acastinae sp. 4 was the only taxa found associated 
to Haliclona sp. NTM148 (100% of total abundance), and 
similarly, the polychaete Phyllodocida sp. 3 for S. cf. vaga-
bunda (100% of total abundance). Alpheidae sp. 3, Spioni-
dae sp. 1, Acastinae sp. 4, and Phyllodocida sp.3 were never 
recorded from Ningaloo substrate samples, highlighting that 
these taxa were sponge specific.

The range of mean faunal abundances among Rottnest 
sponge species was greater than that found for Ningaloo 
sponges, from 0.03 ± 0.006 in Petrosia sp. WAM NG1 to 
2.87 ± 1.7 N.cm−3 in M. clathrata (Table 1). Unlike Ninga-
loo sponges where sponge communities may be represented 
by a single taxon (e.g., Haliclona sp. NTM148 and S. cf. 
vagabunda), sponge communities of Rottnest comprised 
of at least two taxa (Fig. 4). Polychaete worms, specifi-
cally Spionidae sp. 1, were found strongly associated with 
M. clathrata (2.84 ± 1.7 N.cm−3, 99% of total abundance, 
Fig. 4). Similarly, Petrosia sp. WAM NG1 were dominated 
by crustaceans (87.5%), with the barnacle Acastinae sp. 6 
dominating other species in the Crustacea (0.02 ± 0.005 N.
cm−3, 70% total abundance). Spionidae sp. 1 and Acantinae 
sp. 6 were not recorded from any Rottnest substrate samples. 
For the other four Rottnest sponges, the dominance by a 
particular taxa group was variable between sponge species, 
with the Polychaeta (24%), Crustacea (27%), and Bryozoa 
(21%) forming the majority of the Tethya sp. KMB1 assem-
blage, Crustacea (77%) for the M. cf. mirabilis assemblage, 
Echinodermata (65%) for the Pericharax sp. assemblage, and 
Foraminifera (60%) and Crustacea (40%) for the C. stipitata 
assemblage.

A global test of the associated faunal communities den-
sity data (N.cm−3), using a dataset that excluded single-
ton taxa, found that both ‘Location’ and specific ‘Habitat 
types’ (sponge species and adjacent substrate) affected 
associated faunal communities significantly (two-way 
nested PERMANOVA: Location, Pseudo-F(1,86) = 3.23, 
P = 0.001; Habitat type (Location), Pseudo-F(20,86) = 3.32, 
P = 0.0001). The differences found in associated fau-
nal communities between Rottnest and Ningaloo were 
expected due to the large geographical separation between 
the two sampling locations (> 1000 km separation) span-
ning tropical and temperate ecosystems. Pairwise tests for 
‘Habitat types’ within ‘Location’ subsequently found that 
the faunal communities associated with some sponge host 
species were significantly different to other co-occurring 
sponge species and their surrounding substrate (Table 2). 
For example, at Rottnest, the faunal assemblages associ-
ated with M. clathrata and Petrosia sp. WAM NG1 were 
significantly different (P < 0.05) to that found in any other 
sponge species and substrate (Table 2A). Similarly, faunal 
assemblages that were associated with R. globostellata, 

C. cf. verrucosa, and Haliclona sp. NTM148 at Ningaloo 
were significantly different (P < 0.05) to that found in 
any other sponge species and substrate. Pairwise analy-
ses additionally indicated where associated fauna com-
munities were not statistically different between specific 
sponge host species and their adjacent substrate. This 
was apparent for Tethya sp. KMB1, Pericharax sp. and 
C. stipitata at Rottnest, and S. cf. vagabunda and C. mon-
tebelloensis at Ningaloo (Table 2), and indicate that any 
differences detected between the faunal communities 
associated with these sponge species and other sponges, 
or substrate, are likely driven by local substrate effects 
rather than by the sponge hosts themselves. Assessment 
of the dataset comprising only of singleton taxa found 
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Fig. 4   Mean percentages of abundance (N) and species (OTU) rich-
ness (S) of the 11 major taxonomic groups of fauna, standardised 
to the volume of samples (sponge or adjacent substrate), including 
the Polychaeta, Crustacea, Pisces, Ascidiacea, Mollusca, Platyhel-
minthes, Sipuncula, Foraminifera, Bryozoa, Porifera, and Echinoder-
mata at Rottnest Island. Sponge host species a Tethya sp. KMB1, b 
M. cf. mirabilis, c Pericharax sp., d M. clathrata, e C. stipitata, and f 
Petrosia sp.WAM NG1. Please refer to Supplementary Table 3 for the 
mean counts per volume sample (N.cm−3) of the full biodiversity list
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that the majority (88%) of the diversity was found only 
in one sample (Fig. 5). Shade plot and cluster analyses of 
the singleton diversity found no clear distribution patterns 
of taxa to sponge host species or substrate type, at either 
location (Fig. 5).

Effects of sponge morphology on associated faunal 
diversity

Mean sponge volume ranged from 18 cm3 in the small-
est species (C. stipitata) to 532 cm3 in the largest species 
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(5) Terebellidae sp.1
(3) Phyllodocida sp. 4

 (3) Laganidae sp. 1
(3) Mytilidae sp. 1
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Arthropoda

Echinodermata
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Porifera
Annelida

Sponge host species
Tethya sp. KMB1
Mycale (Arenochalina) cf. mirabilis
Pericharax sp.
Monanchora clathrata
Cymbastela stipitata
Petrosia (Strongylophora) sp. WAM NG1
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Fig. 5   Shade plot of the occurrence of singleton taxa in the dataset, 
showing samples (sponge and substrate) ordered based on the cluster 
analysis dendogram of the Jaccard similarity matrix, with the loca-
tion, sample type, and sponge host species indicated at the top of the 
figure. Only samples that contained singleton taxa are presented. The 

associated faunal operational taxonomic unit (OTU) and their respec-
tive phyla are indicated on the left of the figure. Fauna are ordered 
by their occurrences across samples, from 1 (occurred in a single 
sample) to 5 (occurred in 5 samples), demarcated by the horizontal 
dashed blue lines
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(Petrosia sp. WAM NG1, Table 3), with volume strongly 
correlated to wet and dry weights (Pearson’s r > 0.9; Sup-
plementary Table 2). The gross complexity index (surface 
area/volume; GCI) identified C. montebelloensis as hav-
ing the highest complexity (412.92 ± 44.45) and supported 
its convoluted and multi-lobed erect laminar morphology 
(Table 3; see Fig. 1 for an image of the sponge). The mas-
sive-simple sponge Petrosia WAM NG1 had the lowest GCI 
of 8.35 ± 0.85. Out of all the sponge species, P. cf. verrucosa 
had the highest percentage (25.06 ± 2.33%) of its body dedi-
cated to the aquiferous system, followed by M. cf. mirabilis 
cf. (16.91 ± 2.66%, Table 3). The mean diameter of internal 
space was largest in M. cf. mirabilis cf. (9.67 ± 1.04 mm) and 
ranged between 1.03 and 1.34 mm for P. cf. verrucosa cf., 
M. clathrata and Petrosia WAM NG1 (Table 3). The rest of 
the sponge species had dense mesohyll and had no habitable 
internal spaces that were larger than 0.1 mm, and included S. 
cf. vagabunda, Haliclona sp. NTM148, C. montebelloensis, 
Tethya sp. KMB1, Pericharax sp., and C. stipitata (Table 3).

Marginal tests from DISTLM of the multivariate data-
set (counts), excluding singleton associated taxa from all 
sponge species from Ningaloo and Rottnest and using the 
six non-collinear sponge morphological variables, found that 
most of the variables were significant at explaining faunal 
assemblages (see Supplementary Tables 4‒6 for the detailed 
summary statistics). Further sequential tests using the for-
ward, backward, and best selection procedures all identified 
sponge total volume (cm3), gross complexity index (GCI), 
minimum diameter of internal space (mm), and the percent-
age of available internal space to be most relevant in explain-
ing the patterns of sponge-associated fauna (Supplementary 
Table 4‒6). When SAF diversity were assessed separately 
within locations, DISTLMs identified sponge volume, 
gross complexity index, and % internal space as significant 
in explaining sponge-associated biodiversity for Ningaloo 
sponges, and only gross complexity index (GCI) was iden-
tified as significant for explaining patterns of associated 
diversity for Rottnest sponges (Supplementary Table 4‒6).

A dbRDA ordination of the data from the two locations 
constrained by sponge total volume (cm3), minimum diame-
ter of internal space (mm), the percentage of available inter-
nal space, and gross complexity index explained 82.8% of 
the fitted variation and 19.6% of the total variation in the 
multivariate sponge-associated fauna data (Fig. 6a). There 
was an obvious separation of the Ningaloo P. cf. verrucosa 
samples along the axis of the % internal space vector, with a 
corresponding correlation vector overlay of the SAF occur-
rences identifying the snapping shrimp Alpheidae sp. 3 to 
have the strongest positive relationship to this morphologi-
cal variable (Fig. 6a); highlighting that the occurrence and 
abundance of Alpheidae sp. 3 is linked to the availability of 
space in the sponge host. The amphipod OTU Leucothoidae 
sp. 1, which was found associated with most sponges and 

substrate at Rottnest (Supplementary Table 3), were found 
in higher abundances in sponges having larger volumes and 
having internal spaces with larger diameters such as M. cf. 
mirabilis (Fig. 6a).

A dbRDA ordination of only Ningaloo sponges con-
strained to % internal space, sponge volume, and gross com-
plexity index explained 88.3% of the fitted variation and 33% 
of the total variation in the data. Similar to dbRDA analysis 
using the full dataset, there was an obvious separation of the 
P. cf. verrucosa samples driven by higher % internal space 
and larger volume and strong association of Alpheidae sp. 
3 to this OTU (Fig. 6b). For the other four Ningaloo sponge 
species, separation of the data occurred along the sponge 
volume and gross complexity index axes, with the seden-
tary worm Spionidae sp.1 most strongly correlated to larger 
sized R. globostellata having low gross complexity index 
(Fig. 6b). The barnacle Acastinae sp. 1, snapping shrimp 
Alpheidae sp. 2 and decapod Hippidae sp.2 were correlated 
to a lesser extent to R. globostellata (Fig. 6b). No dbRDA 
was performed for Rottnest sponges as only one explana-
tory variable (GCI) was significant, with a negative relation-
ship observed between GCI values and SAF richness. The 
R2 value from DISTLM analysis of the Rottnest sponges 
data only was lower (0.11) compared to that for all sponges 
(0.236) and Ningaloo sponges only (0.373), highlighting the 
weaker relationship between the sponge-associated diversity 
and sponge morphological variables assessed for Rottnest 
sponges.

Analyses using univariate dataset of the faunal assem-
blages, excluding singletons, found that fauna species rich-
ness was positively correlated to host volume broadly across 
the two locations (df = 52, r = 0.71, p < 0.0001), and also 
within each of the locations with the strength of the relation-
ship larger for Ningaloo sponges (Rottnest: df = 27, r = 0.71, 
p < 0.0001; Ningaloo: df = 23, r = 0.77, p < 0.0001; Table4 
and Supplementary Fig. 1). A positive correlation of fauna 
abundance volume was found but only for Ningaloo sponges 
(df = 23, r = 0.65, p < 0.001; Table 4). Significant correla-
tions between fauna abundance and/ or richness and host 
volume were detected at the species level, but were restricted 
to Petrosia sp. WAM NG1 and M. clathrata at Rottnest, and 
P. cf. verrucosa and C. montebelloensis at Ningaloo, high-
lighting the importance of this relationship at the community 
level, and to some extent at the species level (Table 4).

A positive but weak relationship between fauna abun-
dance to percent internal space was only found at the 
community level at Ningaloo (df = 24, r = 0.435, p < 0.05; 
Supplementary Fig.  1). No significant correlations of 
abundance and species richness to minimum space diam-
eter were found at either the community or species level 
(Table 4). These results highlight some positive effects 
of internal space characteristics of sponge host on fauna 
abundance, at the community level at Ningaloo; however, 
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these effects were not as pronounced as that found for vol-
ume on biodiversity. Of note, majority of the sponge host 
(6 out of 11 species) had no available internal space (see 
Table 3). A weak negative correlation of fauna species 

richness to host gross complexity of Rottnest sponge com-
munity was found (df = 28, r = − 0.58, p < 0.01), with a 
strong negative relationship found for gross complexity 
and abundance of Petrosia WAM NG1 at the species level 
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Fig. 6   Distance-based redundancy analysis (dbRDA) ordinations of 
the sponge-associated fauna data constrained by sponge morphologi-
cal variables identified as significant in explaining variability in the 
data by DISTLM analysis, for a the dataset excluding singleton taxa 
across 11 sponge species from Ningaloo Reef and Rottnest Island, 
constrained by the percentage of internal space, sponge volume 
(cm3), the minimum diameter of internal space, and gross complexity 

index, and b data for Ningaloo sponges only, constrained by the per-
centage of internal space, sponge volume (cm3), and gross complexity 
index. Correlation vector overlays (Pearson’s R > 0.3) show the rela-
tionships of the sponge morphological variables and associated fauna 
compositions to the data space. dbRDA ordination for Rottnest Island 
alone is not presented as only a single sponge morphological variable 
(gross complexity index, GCI) was significant
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(df = 4, r = − 0.91, p < 0.05; Table 4 and Supplementary 
Fig. 1), further highlighting the importance of body size 
rather than morphological complexity for associated fauna 
abundance and species richness. Nevertheless, a positive 

relationship of the abundance of associated fauna to gross 
complexity of Pericharax sp. was detected (df = 4, r = 0.90, 
p > 0.05), indicating host species-specific effects of gross 

Table 1   Mean and range values of abundance (N) and species richness (S) of fauna, standardised to sample volume (cm3), associated with the 11 
species of sponges from Ningaloo Reef and Rottnest Island and their immediate surrounding substrate

Numbers in parentheses after species names represent the number of replicate sponges and substrate samples, and numbers in parentheses after 
mean values represent 1 SEM. The ratios of sponge to substrate faunal abundance (Sp:Sb N.cm−3) and species richness (Sp:Sb S.cm−3) are pro-
vided

Sponge spe-
cies

Habitat Mean N.cm−3 Range N.cm−3 Sp:Sb N.cm−3 Mean S.cm−3 Range S.cm−3 Sp:Sb S.cm−3

Ningaloo Reef Rhabdastrella 
globostellata 
(5)

Sponge 0.38 (0.12) 0–0.66 12.7 0.01 (0.004) 0–0.025 0.5
Substrate 

(Sand)
0.03 (0.02) 0–0.11 0.02 (0.01) 0–0.06

Sphecio-
spongia cf. 
vagabunda 
cf. (5)

Sponge 0.01 (0.01) 0–0.6 1 0.001 (0.001) 0–0.006 0.1
Substrate 

(Sand)
0.01 (0.004) 0.006–0.022 0.01 (0.003) 0.006–0.022

Pseudocer-
atina cf. ver-
rucosa (5)

Sponge 0.23 (0.05) 0.04–0.33 23 0.005 (0.0006) 0.004–0.007 0.625
Substrate 

(Sand)
0.01 (0.004) 0–0.02 0.008 (0.002) 0–0.014

Haliclona sp. 
NTM148 (5)

Sponge 1.21 (0.54) 0.1–3.2 60.5 0.02 (0.007) 0.01–0.05 1
Substrate 

(Consoli-
dated reef)

0.02 (0.01) 0–0.06 0.02 (0.01) 0–0.06

Ceratopsion 
montebel-
loensis (5)

Sponge 0.02 (0.006) 0–0.03 0.2 0.02 (0.006) 0–0.03 0.5
Substrate 

(Fine sand)
0.11 (0.04) 0–0.27 0.04 (0.006) 0–0.03

Rottnest Island Tethya sp. 
KMB1 (5)

Sponge 0.06 (0.02) 0–0.14 0.1 0.04 (0.01) 0–0.08 0.4
Substrate 

(Macroalgae 
and rubble)

0.48 (0.27) 0.02–1.5 0.1 (0.05) 0.02–0.3

Mycale cf. 
mirabilis (5)

Sponge 0.04 (0.009) 0.02–0.07 0.4 0.02 (0.05) 0.007–0.04 0.2
Substrate 

(Macroalgae 
and fine 
sand)

0.1 (0.02) 0.05–0.14 0.08 (0.01) 0.05–0.11

Pericharax sp. 
(5)

Sponge 0.07 (0.04) 0–0.2 0.35 0.04 (0.02) 0–0.1 0.2
Substrate 

(Macroal-
gae)

0.2 (0.1) 0–0.67 0.18 (0.12) 0–0.67

Monanchora 
clathrata (4)

Sponge 2.87 (1.7) 0.05–7.75 31.9 0.02 (0.006) 0.01–0.04 0.3
Substrate 

(Macroalgae 
and fine 
sand)

0.09 (0.03) 0.05–0.2 0.07 (0.02) 0.04–0.15

Cymbastela 
stipitata (5)

Sponge 0.07 (0.06) 0–0.3 0.5 0.05 (0.04) 0–0.2 0.83
Substrate 

(Macroal-
gae)

0.13 (0.03) 0.04–0.2 0.06 (0.01) 0.02–0.09

Petrosia WAM 
NG1 (5)

Sponge 0.03 (0.006) 0.02–0.04 0.3 0.008 (0.002) 0.004–0.01 0.1
Substrate 

(Macroalgae 
and fine 
sand)

0.09 (0.02) 0.06–0.18 0.06 (0.01) 0.03–0.11
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complexity on associated fauna communities (Table 4, 
Supplementary Fig. 1).

Discussion

The invertebrate assemblages that were found living in 
association with sponges (sponge-associated fauna, SAF) 
from tropical Ningaloo Reef and temperate Rottnest Island, 
and across 11 sponge species with different morphologies 
were diverse, with approximately 3700 individuals collected 
from 67 taxa. Out of this diversity, 52 taxa were only found 
on the host and not from the immediate surrounding sub-
strate. When singleton taxa (66% of the associated diversity) 
were omitted, sponge-specific taxa constituted majority of 
the diversity with 42% of taxa occurring only on sponges 
compared to that were 28% shared across sponges and sub-
strate. While the abundance of SAF (standardised to sample 
volume) could reach up to 60 × of that found associated to 
the surrounding substrate, these assemblages were, in most 
cases, dominated by a single taxon. For example, the alpheid 
shrimp Alpheidae sp. 3 that was associated with the cup-bar-
rel sponge Pseudoceratina cf. verrucosa, represented 95% 
of total SAF abundance for the host species. Similar patterns 
were found for the tropical Rhabdastrella globostellata and 
temperate Monanchora clathrata (with the polychaete Spio-
nida sp.1 contributing to 96% and 99% of total abundance, 
respectively), Haliclona NTM148 (barnacle Acastinae sp.4 
contributing to 100% of total abundance) and temperate Pet-
rosia WAM NG 1 (barnacle Acastinae sp.6 contributing to 
77% of total abundance). In all these cases, these associated 
fauna were never found in substrate samples, demonstrat-
ing that these associations were not only host specific but 
high numbers could be supported by the sponge host, thus 
highlighting the importance of sponges as habitat for some 
marine biodiversity in shallow tropical and temperate reefs. 
Broadly across Ningaloo Reef and Rottnest Island, sponge-
associated fauna were generally dominated by Crustacea 
and Polychaeta, and support the close associations of these 
groups to sponges from other global regions previously stud-
ied (Amsler et al. 2009; Padua et al., 2016; Kersken et al. 
2014; García-Hernández et al. 2019).

The suitability of sponges as habitat for other marine 
diversity could be related to several physical characteris-
tics of the sponge. This study demonstrated that the avail-
ability of internal space offered by the sponge aquifer-
ous canals and the minimum diameter of those canals can 
influence the abundance and species richness of SAF. Spe-
cifically, the high abundance of the mobile snapping Alp-
heid shrimps in sponges having high proportion of internal 
space of minimum internal canal diameter of > 1.3 mm, 
such as in the tropical P. cf. verrucosa, highlights the 
importance of the sponge aquiferous system in providing Te
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refugia for these colony forming decapod crustaceans 
(Duffy 1996; Koukouras et al. 1996). Importantly, the pres-
ence of gravid female shrimps in our samples was consist-
ent to studies that reported sponges as important nurseries 
for SAF communities (Ribeiro et al. 2003; Abdo 2007; 
Padua et al., 2016). Of note, high numbers of copepod 
crustaceans have also been reported to internally inhabit 
sponges that lack a defined aquiferous canal system but 
having some level of internal cavity, such as in the shal-
low water Caribbean calcareous sponge Clathrina lutea 
having a simple asconoid body plan (García-Hernández 

et al. 2019). Likewise, snapping shrimps and polychaete 
worms have been reported to utilise the internal cavities 
of sponges at depths of hundreds of metres in the Mediter-
ranean (Ilan et al. 1994), further highlighting the impor-
tance of sponge internal spaces for marine invertebrate 
diversity across depth and global regions. Due to their 
immense pumping capacity, sponges are important in the 
marine detrital cycle, particularly in shallow ecosystems, 
as they filter and uptake dissolved organic matter that is 
then made available as food source to other marine inver-
tebrates as cellular detritus (through cellular turnover, de 

Table 3   Mean values of morphological characteristics of sponge spe-
cies from Ningaloo Reef (5 species) and Rottnest Island (6 species) 
including wet weight, dry weight, volume, gross complexity index 

(GCI; i.e. surface area/ volume), average, minimum and maximum 
diameter of internal space (aquiferous canals), and % of internal space

Numbers in parentheses after species names represent the number of replicate sponges, and numbers in parentheses after mean values represent 
1 SEM

Sponge spe-
cies

Wet weight 
(g)

Dry weight 
(g)

Volume 
(cm3)

Gross 
complexity 
index (GCI)

Average 
Internal 
space diam-
eter (mm)

Minimum 
Internal 
space diam-
eter (mm)

Maximum 
Internal 
space diam-
eter (mm)

% internal 
space

Ningaloo 
Reef

Rhabdas-
trella glo-
bostellata 
(5), M-s

257.34 
(95.92)

64.06 
(22.24)

252 (93.67) 17.58 (3.92) 0.61 (0.61) 0.38 (0.38) 1.19 (1.19) 0.19 (0.19)

Sphe-
ciospongia 
vagabunda 
cf. (5), 
M-crp

106.76 
(37.45)

48.28 
(13.53)

83 (29.39) 24.48 (3.34) 0 (0) 0 (0) 0 (0) 0 (0)

Pseudocer-
atina ver-
rucosa cf. 
(5), C-b

520.46 
(134.35)

74.64 
(17.43)

467 
(117.36)

12.56 (2.30) 6.34 (1.54) 1.34 (0.25) 25.42 (8.54) 25.06 (2.33)

Haliclona 
sp. 
NTM148 
(5), EN-cr

46.44 
(10.29)

17.28 (2.92) 51.4 (11.87) 21.45 (4.65) 0 (0) 0 (0) 0 (0) 0 (0)

Ceratopsion 
montebel-
loensis (5)

203.4 
(127.46)

45.56 
(26.89)

205 
(129.05)

412.92 
(44.45)

0 (0) 0 (0) 0 (0) 0 (0)

Rottnest 
Island

Tethya 
KMB1 (5)

71.76 
(12.27)

24.18 (2.72) 68 (14.71) 14.25 (3.60) 0 (0) 0 (0) 0 (0) 0 (0)

Mycale 
mirabilis 
cf. (5)

174.92 
(45.77)

15 (2.38) 162 (73.70) 16.57 (2.45) 9.67 (1.04) 5.96 (0.36) 14.89 (1.93) 16.91 (2.66)

Pericharax 
sp. (5)

43.2 (9.03) 14.42 (1.58) 36 (8.12) 40.49 (3.52) 0 (0) 0 (0) 0 (0) 0 (0)

Monanchora 
clathrata 
(4)

237.8 
(87.59)

45.275 
(18.46)

213.75 
(71.51)

17.38 (0.84) 2.54 (0.86) 1.18 (0.43) 5.11 (1.75) 0.98 (0.44)

Cymbastela 
stipitata 
(5)

18.08 (4.27) 9.84 (0.81) 18 (4.06) 57.05 (9.22) 0 (0) 0 (0) 0 (0) 0 (0)

Petrosia 
WAM 
NG1 (5)

573.22 
(171.58)

141.92 
(45.97)

532 
(167.52)

8.35 (0.85) 2.02 (0.13) 1.03 (0.02) 5.67 (1.24) 2.43 (0.70)
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Goeij et al. 2013; Rix et al. 2018; Lesser et al. 2019); thus 
supplying an important source of food for its inhabitants 
(Wulff 2006).

While internal space provided by the sponge aquiferous 
system was ideal for hosting mobile taxa such as shrimps, 
some associated taxa were less reliant on this anatomi-
cal feature. This was apparent in the tropical haplosclerid 
sponge Haliclona (Haliclona) NTM148 which did not dis-
play any large internal habitable space, but harboured high 
numbers of the symbiotic barnacle Acastinae sp. 4 (up to 
114 barnacles in a sponge host). While the precise settlement 
behaviours of sponge-associated barnacles to their hosts 
are presently unknown, it is likely that colonisation occurs 
through direct attachment to the sponge pinacoderm and 
burrowing into the mesohyll where all adult barnacles were 
found. Interestingly, high numbers of a related taxon, Acas-
tinae sp. 6, were found in the temperate haplosclerid sponge 
Petrosia (Strongylophora) WAM NG1 (up to 40 barnacles in 
a specimen of sponge), thus supporting the strong symbiotic 
relationship between acastinid barnacles and haplosclerid 
sponges across broad geographical scales (> 1000 km; Van 
Syoc et al. 2015). In addition, large numbers of sedentary 
spionid polychaetes inhabited the surfaces of the tropical 
Rhabdastrella globostellata and temperate Monanchora 
clathrata (up to 1000 individuals on the latter species) and, 
interestingly, were never found on the surfaces of the other 
co-occurring sponge species investigated. While, the pre-
cise mechanism and specificity of symbiotic associations 
between these polychaete worms to those sponge species 
are unclear from the present study, the effect of sponge-
specific allelochemical interactions that could promote or 
inhibit their host colonisation patterns could not be excluded 
(Jackson and Buss 1975; Koukouras et al. 1992; Chanas and 
Pawlik 1995; Skilleter et al. 2005).

Another important morphological feature of sponges that 
promoted faunal associations and diversity is host volume. 
Here, we found that larger sponges supported higher abun-
dance and diversity of SAF, both at the level of the broader 
sponge assemblage (i.e., when multiple sponge host spe-
cies considered) and within individual sponge species. Of 
note, SAF abundance and diversity to host size associations 
were more apparent for Ningaloo than Rottnest sponges. 
Specifically, at Ningaloo, larger individuals of P. verrucosa 
(~ 900 cm3) can host up to 5 × more individuals of alpheid 
shrimps, and are 4 × more diverse, than smaller conspecifics 
(~ 250 cm3), while larger Petrosia (Strongylophora) WAM 
NG 1 at Rottnest (~ 1200 cm3) could harbour up to 4 × more 
acastinid barnacles than smaller conspecifics (~ 350 cm3). 
Similarly, in a study on the associated assemblages of the 
sponge Spheciospongia vesparia by Westinga and Hoe-
tjes (1981), a logarithmic increase of SAF taxa, and linear 
relationships of taxa abundance and biomass, with sponge 
volume was reported. Logically, a large-sized sponge could 

offer more space, both externally and internally, for SAF 
fauna to colonise. Likewise, a larger sponge that is assumed 
to be older could also be colonised by a broader suite of 
fauna over time, thus explaining the higher diversity of 
SAF that these sponges host. In some sponge species, such 
as Paraleucilla magna, a larger host volume did support 
higher diversity of SAF due to the range of microhabitats 
that were available from having more folds in its growth 
form (Padua et al. 2016). A larger body size, however, did 
not correspond to a higher abundance of SAF in P. magna, 
which was attributed to potential negative interactions of 
certain species occupying larger sponges that may have out-
competed other co-habiting fauna. While these competitive 
interactions were not formally tested by Padua et al. (2016), 
the relatively small individual sizes of P. magna (range of 
0.3‒37 cm3, compared to the mean size range of sponge 
species in this study of 18‒532 cm3) may indicate that the 
total carrying capacity for SAF for this species may have 
been reached across the range of size class sampled, thus 
inter-species interactions (e.g., competition and predation) 
becoming more important at structuring SAF assemblages 
than host physical characters alone. Nevertheless, at the 
sponge-community level, the findings from this present 
study demonstrate the importance of large and potentially 
long-lived sponges as habitat for marine invertebrate diver-
sity, supporting similar reports for sponges globally (Frith 
1976; Koukouras et al. 1992; Duarte and Nalesso 1996; 
Ribeiro et al. 2003; Cerrano et al. 2006; Ávila and Ortega-
Bastida 2015), and highlights their high conservation value 
at both locations.

While larger sponges are better habitats for marine inver-
tebrate taxa, the relationships between SAF abundance and 
diversity to sponge species gross morphological complexity 
were not as clear. Both positive and negative correlations of 
SAF abundance to sponge host morphological complexity 
were detected at the species level for Pericharax sp. and 
Petrosia sp. WAM NG1, respectively, and SAF diversity was 
negatively correlated to gross complexity at the community 
level at Rottnest. This inconsistency was further exempli-
fied in the highly convoluted and multi-lobated erect lami-
nar sponge C. montebelloensis from Ningaloo that recorded 
up to 11 × lower SAF abundance, compared to the barrel 
sponge P. cf. verrucosa and massive R. globostellata that 
were far less morphologically complex. This supports find-
ings in a study by Koukouras et al. (1992), who used a simi-
lar surface area to biomass ratio as a proxy to complexity, 
which found the index to be an unreliable predictor of SAF 
abundance and diversity when inter-species sponge com-
munities were compared. In contrast, several works that have 
utilised qualitative inter- and intra-species host complexity 
have reported positive correlations of SAF abundance and 
diversity to higher morphological complexity (Frith 1976; 
Koukouras et al. 1985; Klitgaard 1995; Neves and Omena 
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2003). These contrasting results suggest that gross morpho-
logical complexity alone may be insufficient as a predictor of 
SAF abundance and diversity at the host assemblage level; as 
the Porifera itself is a relatively diverse phylum (i.e. > 9000 
described species) that possess diverse gross morphologies 
and skeletal construction, and complex metabolic pathways 
that could either promote or inhibit the colonisation by spe-
cific SAF (Bakus et al. 1986; Kubanek et al. 2002).

Compared to other habitat forming taxa such as sclerac-
tinian corals, where the diversity of associated fauna could 
be reliably predicted by the complexity in branching pat-
terns of coral species and colonies (Stella et al. 2010), the 
ecology of habitat utilisation in sponge-dominated habitats 
is evidently more complex, thus requiring further detailed 
assessments into finer aspects of morphology such as 
internal habitable space, and investigations into secondary 
metabolite production and organism interactions. While the 
effects of seasonal and diurnal movements of mobile SAF on 
assemblage compositions were not assessed in this present 
study, we highlight the importance of sponges as habitats 
for marine invertebrates at both tropical and temperate loca-
tions in Western Australia. Of note, novel species are rou-
tinely being discovered in sponges (Musco and Giangrande 
2005; Lattig and Martin 2011; Myers and George 2017) 
and more focus needs to be placed on sponges in biodiver-
sity assessments considering the growing evidence of their 
role in harbouring cryptic diversity. More importantly, this 
study demonstrates the significance of large and long-lived 
sponges as sources of unique associated marine biodiversity 
that are potentially yet to be discovered and highlights the 
importance of protecting these unique sponge gardens and 
beds for the conservation of marine biodiversity.
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