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ABSTRACT

Aim: The Indo-Pacific is the world's largest marine biogeographic region. It is characterised by different degrees of connectiv-
ity among its subregions and harbours the majority of demosponge species currently known to science. Comparisons between
regional sponge faunas have been undertaken in the past, mostly based on morphological species identification. The Sponge
Barcoding Project, in tandem with regional DNA taxonomy campaigns, provides one of the largest DNA-based taxonomic data
collections from sponges of the Indo-Pacific. Here, we utilise the barcoding data in the most extensive molecular biodiversity
study of sponges to date, which reveals patterns of shallow-water demosponge faunal connectivity, endemism and distribution in
the Indo-Pacific with a level of resolution unavailable in prior morphology-based studies.

Location: Demosponge specimens in this study cover 13 marine provinces (MPs) of the Indo-Pacific.

Methods: We classified demosponge barcodes from 1910 sponge samples into 701 molecular operational taxonomic units
(MOTUs) using 28S rRNA. MOTU composition of the MPs was compared based on Jaccard and Serenson dissimilarities and
other biodiversity indices.

Results: Our data corroborated high endemism in MPs (up to 84.1% endemic MOTUs). Faunal overlaps are between the Red
Sea and the Gulf, which displayed small connectivity with other MPs in the Western Indian Ocean. The Western Indian Ocean
is a strong faunistic boundary to the Central Indo-Pacific, to which the Polynesian sponge faunas were comparatively isolated
as well.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Main Conclusions: Our data corroborate case studies on sponges that generally reject the presence of cosmopolitan or other-

wise widespread sponge species, instead revealing high levels of regional endemism. This is consistent with similar observations

and hypotheses in other marine invertebrates, and highlights the need for close regional monitoring to identify biodiversity
changes. Connectivity among Indo-Pacific MPs differs for demosponges in many aspects from that of other marine taxa, hypo-

thetically due to their shorter pelagic larval phase.

1 | Introduction

The Indo-Pacific encompasses an expansive region of tropical and
subtropical waters, extending from the East African coast, includ-
ing the Red Sea in the west, to nearly 240 longitudes eastward
beyond Easter Island. This vast area represents one of the most bio-
diverse marine regions globally (e.g., Briggs 1987; van Soest 1994).
While the West Pacific is regarded as the marine region with the
highest marine diversity worldwide, the Northwestern (Arabia)
and Southwestern Indian Oceans constitute additional biodiver-
sity hotspots, harbouring high proportions of endemic taxa (e.g.,
DiBattista, Roberts, et al. 2016). Due to its extensive size, a compre-
hensive assessment of Indo-Pacific faunal zonation to understand
biogeography and dispersal patterns remains challenging.

The primary drivers of biogeographical differentiation are (1) the
large distances of open ocean difficult to cross for species with
limited dispersal capabilities, and (2) the oceanic currents de-
termining the predominant directions of offspring distribution.
Early studies defined marine biogeographic regions, realms and
provinces in the Indo-Pacific based on zoogeographic barriers
and endemism, while the subdivision into marine ecoregions
aimed to facilitate conservation efforts (Briggs and Bowen 2012;
e.g., Spalding et al. 2007). More taxon-based bioregionalisa-
tion models have been formulated for reef-fishes (Briggs and
Bowen 2012; Kulbicki et al. 2013), corals (e.g., Veron et al. 2015,
and very recently McFadden et al. 2025), and other taxa. In this
context, molecular studies in particular have highlighted fau-
nal heterogeneity, frequently revealing that species previously
thought to be widespread are, in fact, species complexes with
allopatric ‘mosaic’ distributions (e.g., Reid et al. 2013).

The Indo-Pacific is a biodiversity hotspot for Demospongiae, the
largest sponge class that comprises 85% of all described sponge
species (Briggs 1987; van Soest 1994). The assessment of over-
all sponge species richness is challenging (Hooper et al. 2013),
and mostly restricted to smaller-scale geographical studies with
limited spatial or taxonomic range. While the Western Indian
Ocean represents a significant ‘peak of species diversity’ for sev-
eral marine phyla (Obura 2016), it remains comparatively unex-
plored for sponges (van Soest et al. 2012, 2021). Here, our current
understanding of demosponge biodiversity is primarily based on
species lists (van Soest 1994), and a few comparative studies (e.g.,
Barnes and Bell 2002). Our knowledge of Western Indian Ocean
sponges is smaller compared to other marine taxa, despite the in-
creasing use of molecular markers (e.g., Ngwakum et al. 2021).
Better assessments exist for adjacent regions, such as the Red Sea
(see Wooster et al. 2019), the Gulf of Oman (e.g., van Soest and
Beglinger 2002), and are gaining momentum for the Eastern
Arabian Sea (e.g., George et al. 2020), while the Persian Gulf
sponge fauna remains underexplored (see Erpenbeck, Gholami,
et al. 2020). Comparatively more studies are available from the

Malay Archipelago in terms of alpha and beta sponge diversity
(e.g., van Soest 1989; Bell and Smith 2004; de Voogd et al. 2006; de
Voogd and Cleary 2008), although large parts of the Coral Triangle
biodiversity hotspot are yet to be studied. Likewise, several thou-
sand sponge species have been reported from Australian waters,
but a large proportion of them are new to science and awaiting de-
scription (e.g., Hooper and Ekins 2005; Hooper et al. 2013). Many
other regions in the tropical Pacific were studied on a restricted
spatial scale only (e.g., Kelly et al. 2003; Nutiiez Pons et al. 2017),
lack comprehensive data (van Soest et al. 2012), or were only re-
cently the subject of broader scale biogeographic analyses (Galitz
et al. 2023, 2024). Similarly, most of these studies lack data on
cryptobenthic sponges, which represent a considerable portion of
the taxonomic diversity on coral reefs (recently studied in Vicente
et al. 2022).

Our limited understanding of sponge diversity stands in sharp con-
trast to their immense ecological importance. Especially on coral
reefs, sponges take on key functions in several facets: they protect
exposed areas of coral skeletons from boring organisms through
overgrowth, stabilise coral fragments in disturbed reefs and thus
facilitate reef consolidation, and contribute significantly to reef
bioerosion through the activity of excavating sponges (Bell 2008).
Of particular importance for the oligotrophic coral reef habitats, is
the role of sponges in converting dissolved compounds to particu-
late matter, and vice versa (e.g., de Goeij et al. 2013). Knowledge of
sponge biodiversity and biogeography is indispensable for the rec-
ognition of faunal changes. Data on the extent of endemism is key
to plan and conduct meaningful biodiversity monitoring, which
leads to correctly applied conservation measures, and even the im-
plementation of a ‘blue economy’ (Glover et al. 2018).

Unfortunately, reliable and comparable assessment of sponge
species richness has proven difficult, particularly when using
classical (i.e., morphology-based) identification techniques (e.g.,
van Soest et al. 2012; Hooper et al. 2013). Shortcomings are
due to the paucity, homoplasy and plasticity of characters, and
challenges in taxonomy and phylogenetic reconstruction (e.g.,
Céardenas et al. 2011). Likewise, the lack of an objective spe-
cies concept for sponges hampers the classification into mean-
ingful units for faunal comparisons. In the last decades, DNA
sequence-based methods have provided biodiversity assessment
tools that require comparatively little expertise in local fau-
nas, while offering greater objectivity in species identification.
The Sponge Barcoding Project was established as a centralised
platform to gather molecular taxonomic data on sponge spe-
cies worldwide, in order to facilitate unambiguous identifica-
tion methods (Worheide and Erpenbeck 2007). Here, we utilise
sponge barcoding data to investigate patterns of sponge faunal
connectivity across the Indo-Pacific. We aim to gain insight
into endemism and species distribution in the sponge faunas of
marine provinces (MPs) from the Red Sea to eastern Polynesia.
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FIGURE1 | Origin of the samples (yellow dots) within the tropical and subtropical Indo-Pacific MPs (MP boundaries shaded in white). Map gen-

erated with SimpleMappr (simplemappr.net).

Additionally, this most extensive molecular biodiversity analy-
sis, to date, seeks to identify dispersal boundaries for sponges in
the Indo-Pacific in comparison to other marine taxa.

2 | Material and Methods
2.1 | Origin of Data

The basis of the current analysis is shallow water (mostly
SCUBA collected) material from various biodiversity collec-
tions spanning from the far Western (Red Sea, Mayotte) to the
Eastern (Polynesia) Indo-Pacific. Barcoding data were gener-
ated in the course of the Sponge Barcoding Project (Wdorheide
and Erpenbeck 2007) or during independent, ongoing barcod-
ing studies. All sequences are retrievable from the European
Nucleotide Archive (see Appendix S1), metadata of specimens
sequenced in the course of the Sponge Barcoding Project are
available in the Sponge Barcoding Database (www.spongebarc
oding.org).

All specimens were allocated to their respective MPs following
Spalding et al. (2007, i.e., ‘distinct biotas that have at least some
cohesions over evolutionary time frames’). These MPs were used
as a geographic baseline for biodiversity comparison. Data from
the Red Sea (MP Red Sea and Gulf of Aden) originated from biodi-
versity surveys along the Saudi Arabian coastline conducted 2012-
2014 (published in Erpenbeck et al. 2016). Persian Gulf samples
(MP Somali/Arabian) were collected during several campaigns in
Iran using SCUBA diving from 2015 to 2017 (Erpenbeck, Gholami,
et al. 2020). Maldives (MP Central Indian Ocean Islands) samples
were obtained during fieldwork in 2017 and 2022 in Magoodhoo

(Fafuu Atoll). Mayotte (MP Western Indian Ocean) samples were
collected during the ANR-Netbiome project in May 2013, and
retrieved from the collections of Naturalis Biodiversity Center
(Leiden, the Netherlands). Eastern Indo-Pacific samples origi-
nated from French Polynesia (MP South East Polynesia) and Wallis
Island (MP Central Polynesia), and were recently published by
Galitz et al. (2023, 2024). Samples from MPs Northeast Australian
Shelf, East Central Australian Shelf, Tropical Southwestern Pacific,
and most samples from MP Sahul Shelf constituted collection ma-
terial from the Queensland Museum, Brisbane, and the Australian
Institute of Marine Science, and were added to the Sponge
Barcoding Project (e.g., Vargas et al. 2012), as was comparative
material from MP Southeast Australian Shelf. Sequence data from
Papua New Guinea (MP Eastern Coral Triangle) were provided for
this project from yet unpublished biodiversity surveys. Material
for MP Sunda Shelf was assembled from pre-2014 collections
(Figure 1).

2.2 | Sequence Generation and Alignment

Analyses were based on the C-region of the nuclear large ribo-
somal subunit (28S), a ~450 base-pairs (bp) standard marker for
sponge DNA barcoding and biodiversity assessments. This frag-
ment has previously been shown to differentiate demosponge
species more effectively than the ‘Folmer’ region of CO1, which
is the standard barcoding fragment for many metazoans but is
too conservative in demosponges (Erpenbeck et al. 2006, 2016).
The high resolving power of 28S, combined with the extensive
availability of comparative data from different regions in the
Indo-Pacific, makes this marker particularly suitable for the
present analysis.
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DNA was extracted in the course of different barcoding proj-
ects with various methods: the plate extraction method devel-
oped for sponge barcoding (Vargas et al. 2012) has been used
for the samples from Northeast Australian Shelf, East Central
Australian Shelf, Tropical Southwestern Pacific and South East
Polynesia, CTAB extractions for the samples from Central
Polynesia (Wallis), and spin columns (NucleoSpin Tissue Kit,
Machery & Nagel or Qiagen Blood and Tissue Kit) were used for
samples from other marine provinces. Subsequently, for all sam-
ples, 28S-C region fragments were amplified and purified, fol-
lowing previously published protocols (Erpenbeck et al. 2016),
Both strands of the PCR products were sequenced with a BigDye
Terminator v3.1 (Applied Biosystems) following the manufac-
turer's protocol at the Sequencing Service of the Department
Biology, LMU—Genomics Service Unit (Martinsried, Munich,
Germany) on an ABI 3730 capillary sequencing machine.
Raw sequences were basecalled, trimmed, and assembled in
CodonCodeAligner v3.7 (www.codoncode.com) under default
settings, and subsequently manually checked. Positions where
potential intragenomic polymorphisms (IGPs) were detected as
characteristic double peaks in forward and reverse sequences
were coded with the respective TUPAC ambiguity codes, which
in DECIPHER resulted in their ignorance during sequence
length calculation and the subsequent clustering into molecular
operational taxonomic units (MOTUs).

2.3 | MOTU Delineation

Sequences were divided with respect to their respective marine
provinces sensu Spalding et al. (2007) using QGIS 3.10. (QGIS
Development QGIS Development Team 2019, http://www.qgis.
osgeo.org). Sequences longer than 340bp were aligned with
ClustalW as implemented in the msa package for R (Bodenhofer
et al. 2015), which facilitates an unambiguous alignment of se-
quences with low genetic distances in a data set consisting of
highly variable sequences from a broad phylogenetic range. In
this approach, the performance of ClustalW was insensitive to
differences in sequence length and presence of ambiguity codes.
DECIPHER 2.0 (Wright 2016) was used to cluster sequences
into the respective MOTUs using the unweighted pair group
method with arithmetic mean (UPGMA) algorithm (as applied
in Cowman et al. 2017; Hadiyanto et al. 2021), which has been
shown to have the best performance in hierarchical cluster anal-
yses (see Kreft and Jetz 2010 for details).

We apply the stringent MOTU cut-off of 0.3%, which has been
shown to account for genetic differences detected in several
case studies between selected sympatric shallow water demo-
sponge species in the Indo-Pacific (e.g., Erpenbeck et al. 2017;
Erpenbeck, Galitz, et al. 2020; Ekins et al. 2023). This cut-off was
subsequently used in smaller-spatial biodiversity studies (Galitz
et al. 2023, 2024). As this stringency demands high-fidelity of
the sequencing, no external sequences without obtainable chro-
matograms (e.g., NCBI Genbank sequences published by other
authors) have been used, as we could not verify the correctness
of basecalling. In addition to these precautionary measures, we
verified our results in a second analysis, in which MOTUs were
restricted to contain at least two sequences (i.e., excluding sin-
gletons). This approach was intended to eliminate potential bi-
ases arising from undetected sequencing or base-calling errors

and should therefore strengthen the robustness of the results,
albeit based on a reduced MOTU set.

2.4 | Biodiversity Analyses

We compared MPs in terms of their beta diversity, and the
measurement of species composition difference between spe-
cies assemblages. Rarefaction analyses on species richness and
the sampling completeness of the respective marine provinces
were conducted with iNEXT online (https://chao.shinyapps.io/
iNEXTOnline). Biodiversity analyses were performed with the
‘picante’ (Kembel et al. 2010) and ‘vegan’ (Oksanen et al. 2013)
packages for R (see Appendix S2 for results). As sampling has
been predominantly qualitative, that is without measurement of
abundance data, the only visible differences between sites are in
species identities.

From the large number of beta-biodiversity indices for absence-
presence data, we used the Jaccard index as it is comparatively
invulnerable to errors of taxonomy and enumeration, and has
relatively low error rates for potential geographic undersampling
(see Koleff et al. 2003) as evident from the rarefaction analyses.
In parallel, the Serensen index was calculated; it is closely re-
lated to the Jaccard index, but gives double the weight to shared
species, thereby reducing the errors caused by false negatives
(Hadiyanto et al. 2021; Schroeder and Jenkins 2018). Data and R
scripts can be retrieved from https://github.com/PalMuc/Barco
ding-inferred-Indo-Pacific-demosponge-biodiversity, archived
in Zenodo (https://doi.org/10.5281/zenodo.18740328).

The significance of the beta diversity indices was subsequently
verified with PERMANOVA (permutational multivariate analy-
sis of variance) using a custom variation of the adonis function
of ‘vegan’ for pairwise comparison of regions, with 999 permu-
tations and false discovery rate (FDR) adjustments taken into
account (Anderson 2017). Visualisation of MOTU overlap was
conducted using UpSetR (Conway et al. 2017). The cryptoben-
thic fauna of coral reefs, however, has a different taxonomic
composition, and has been disregarded in this analysis for this
reason (e.g., Vicente et al. 2022). Likewise, other factors poten-
tially affecting the taxonomic composition, such as temporal
variability in sponge coverage percentages are not expected to
bias the overall taxonomic pattern as they do not influence the
absence/presence pattern as relevant to the current analysis.

3 | Results

A total of 1910 28S sequences from 12 marine provinces were
analysed (see Figure 2). iNEXT rarefaction and extrapolation
analyses showed high (up to 84%) sample completeness for most
MPs (e.g., Central Polynesia, Central Indian Ocean Islands, Red
Sea and Gulf of Aden), moderate sample completeness for few
(e.g., East Central Australian Shelf, Western Indian Ocean) with
Tropical Southwestern Pacific displaying the lowest sample com-
pleteness (Appendix S2, Figure S2).

The 28S barcoding region is of variable length and had an aver-
age of 386bp in our data set (median 388 bp, maximum 481 bp;
short fragments are due to restrictive clipping in the case of
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current analysis.

ambiguous basecalling at the 5 or 3’ terminus). After restric-
tion to a sequence length >340bp, the data set comprised 1823
sequences (average 402bp, median 399bp). Sequence numbers
per region ranged from 306 (MPs Red Sea and Gulf of Aden) to
57 (Tropical Southwestern Pacific). These sequences fell into 701
MOTUs with the maximum again from MP Red Sea and Gulf
of Aden (126), and a minimum from MP Somali/Arabian (31).
A total of 414 MOTUs (59.1%) were singletons, comprising only
one specimen in the entire collection. Taxonomically, the 701
MOTUs are dominated by 169 Dictyoceratida (24.1%) and 144
Haplosclerida (20.5%); all other orders were less abundant.

Comparison between MOTU distribution indicated a high per-
centage of MOTUs (86.3%) restricted to a single marine province
(=endemic MOTUs, see Figure 2). Levels of endemism ranged
from 53.3% (MP East Central Australian Shelf) up to 84.1% (MP
Red Sea and Gulf of Aden), with an average of 70.43% per MP.
Quantification of the shared MOTUs for every MP can be deduced
from Figure 3. MOTUs spanning over most MPs were #214 (8 MPs),
#79 (7), #176 (5), #231, #180 and #34 (each 4, see Appendix S1 for
MP details). All other MOTUs spanned over three or fewer MPs.

Jaccard dissimilarity indices between the marine provinces
recover MP pairs without MOTU overlap (=dissimilarity
of 100) and those with MOTU overlaps to different degrees
(Figure 4). Jaccard dissimilarities were also plotted on a map

of the Indo-Pacific (Figure 5). We recovered several distinct
MP clusters, three of them with Jackknife support >60: (i)
Central Polynesia with South East Polynesia; (ii) Central Indian
Ocean Islands with Western Indian Ocean and Sunda Shelf;
(iii) Somali/Arabian with Red Sea and Gulf of Aden; (iv) East
Central Australian Shelf with Northeast Australian Shelf and (to
a lesser extend) Tropical Southwestern Pacific. Analyses based
on Serensen indices revealed congruent results (Appendix S3,
Figure S3.2). Analyses excluding singletons consisted of con-
siderably fewer MOTUs (297; 40.9%), but differed only in the
Jackknife-unsupported position of the Sahul Shelf or the Eastern
Coral Triangle fauna (Appendix S3, Figures S3.1 and S3.3). This
indicates that the main findings are free from bias by potential
undetected sequencing errors.

4 | Discussion

4.1 | High Demosponge Endemism due to Limited
Dispersal Potential

Our study, the most extensive molecular analysis on shallow
water demosponge biodiversity to date, shows a high percentage
of non-overlapping MOTUs between the marine provinces, indi-
cating a high degree of endemism within MPs (with up to 84.1%
endemic MOTUs) throughout the Indo-Pacific region. This
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FIGURE 4 |
Figure 5 plus black in case of complete dissimilarity (100). Diagram bottom right: False discovery rate (FDR) adjusted p-values of respective 28S

Diagram top left: 28S Jaccard dissimilarities of the studied marine provinces. Cell colour corresponds to the legend depicted in

Jaccard indices generated through pairwise PERMANOVA. The dendrogram on the left depicts faunal similarities between two given regions based
on their respective Jaccard dissimilarity indices. Numbers on nodes are for Jackknife support (1000 replicates).
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FIGURE 5 | Jaccard dissimilarities between the samples of the twelve Indo-Pacific marine provinces, including singletons. Tropical and sub-
tropical MP areas and boundaries are shaded in white, temperate in light blue. Colour and thickness of the connecting lines between tropical and

subtropical marine provinces indicate the degree of dissimilarity between them. Colours are similar to Figure 3. Jaccard dissimilarities of 100 (i.e.,

no shared MOTUs) are not indicated by a line. Jaccard dissimilarities between 99.5 and 99.9 were not present. Map generated with SimpleMappr

(simplemappr.net).

pattern parallels earlier molecular studies that repeatedly re-
jected the frequent occurrence of widespread sponge (and other)
species (e.g., Worheide, Degnan, et al. 2002; Worheide, Hooper,
and Degnan 2002; Xavier et al. 2010). Our results are therefore
consistent with earlier hypotheses, which projected a generally
high rate of endemism among other marine invertebrates (e.g.,
Barnes and Bell 2002; Klautau et al. 1999; Palumbi et al. 1997). In
this respect, several genetic studies on sponges and other marine
organisms have found genetic structure at large spatial scales,
suggesting that long-distance panmixia and dispersal are rare
(e.g., Benestan et al. 2021, Worheide, Hooper, and Degnan 2002;
Worheide et al. 2008), with only few demosponge species cur-
rently being discussed as widespread (e.g., Carballo et al. 2013),
or even cosmopolitan (e.g., Turner 2020). Nevertheless, our de-
cision to refrain from using sequences from public databases
lacking base-calling verification may have reduced the detection
of additional widespread MOTUs; however, this conservative ap-
proach minimised the risk of falsely identifying endemic MOTUs.
Our study identified only a few MOTUs occurring in the western
and eastern extensions of the analysed Indo-Pacific MPs. The
most frequently occurring MOTUs are MOTU 214 (in 8 of the 12
MPs), and MOTU 79 (in 7 MPs, see Figure 1 and Appendix S1).
Both MOTUs have previously been identified as Stylissa carteri
Dendy and ‘Hyrtios cf. erectus’, with the former including speci-
mens frequently misidentified as Stylissa massa Carter, and the
latter being a cryptic, but widespread sister lineage of H. erectus
Keller (Erpenbeck et al. 2017). Our data underline that, in con-
trast to most other MOTUs, both taxa are abundant in the Indo-
Pacific (see de Voogd and Cleary 2008).

Crandall et al. (2019) argued that physical or environmental
barriers play a limited role in the broad, spatial genetic differ-
entiation of the Indo-Pacific. Therefore, dispersal capabilities
for larvae constitute a significant factor for the biodiversity
patterns of demosponges (Maldonado 2006). In most shallow-
water demosponge species, the larva is a planktonic, lecith-
otrophic parenchymella with a short life-span of only a few
days, during which it must find and settle onto a suitable sub-
strate for the sessile adult stage. This contrasts with the hop-
litomella larvae of some deeper water tetractinellids, which
can survive several weeks (see Maldonado 2006). The plank-
tonic parenchymella larva is the predominant larval type in
the orders Dictyoceratida and Haplosclerida, which together
constitute the taxonomic majority in (sub-) tropical shallow-
water habitats as analysed here (Erpenbeck et al. 2016, 2020;
Galitz et al. 2023). Benthic crawling larvae as described from
a few other demosponge lineages (see Ayling 1980; Bergquist
et al. 1970; Borojevic 1967) are unlikely to contribute signifi-
cantly to the MOTU composition. Here, the absence of suit-
able stepping stones across the vast oceanic distances reduces
distribution success for sponges, resulting in pronounced
range fragmentation (see Mora et al. 2012). Other demosponge
lineages possess benthic, rather than planktonic larvae, which
crawl on the substrate for several days and consequently pos-
sess even more limited dispersal capacities (Maldonado 2006).
Passive means of transport were conclusively reported in only
a few instances, for example by ballast water, hull fouling
or attachment to debris (e.g., Elvin et al. 2018). Propagules,
clonal fragments or enduring bodies have been described
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from only a few marine species including sponges (Worheide
et al. 2008), but their exact contributions to demosponge dis-
persal processes in the Indo-Pacific are not fully known yet.

4.2 | Demosponge Connectivity in
the Northwestern Indian Ocean

We found MOTUs overlapping between the Red Sea (MP Red Sea
and Gulf of Aden) and the Gulf (MP Somali/Arabian). Both water
bodies constitute northern marginal seas of the Indian Ocean,
and have shared physical similarities. Both are semi-enclosed
seas in arid regions with scarce freshwater influx and high
evaporation (Ludt et al. 2017), potentially favouring settlement
and growth of similar demosponge species, as is found for reef-
building corals (Obura 2012). However, both seas have only a
narrow and particularly shallow connection to the Arabian Sea,
hindering the exchange of species already adapted to moderate
depths (Ludt et al. 2017). In this respect our data parallel find-
ings from, for example shark populations, which show shared
haplotypes between both marine provinces, but unshared
in others (Spaet et al. 2015). Likewise, cold upwellings in the
northern Arabian Sea form a barrier for temperature-sensitive
species and prevent a connection of coral reef stepping-stones to
the other marine provinces (e.g., Kemp 1998; DiBattista, Choat,
et al. 2016), resulting in the high degree of demosponge ende-
mism as observed previously (Erpenbeck, Gholami, et al. 2020)
and in the present study.

4.3 | Low Connectivity Between Northwestern
and Western Indian Ocean

The demosponge distributions, as recovered from our mo-
lecular analyses, indicated a distinct pattern of considerably
few MOTU overlaps between the northwestern Indian Ocean
MPs (Somali/Arabian and Red Sea and Gulf of Aden) and
the MPs of the remaining Indian Ocean. The MPs Central
Indian Ocean Islands, Western Indian Ocean and Sunda Shelf
formed a triangle with a higher internal MOTU overlap iso-
lated from the northwestern Indian Ocean MPs. Our findings
matched earlier faunistic analyses on sponges of the Indian
Ocean that favoured East—West connectivity of sponge fau-
nas over North-South (e.g., Indonesia to East Africa, see van
Soest 1994; van Soest et al. 2012; Erpenbeck et al. 2017). This
boundary divides the tectonically inactive western Indian
Ocean and the active northern Indian Ocean seas. The cold
upwelling currents in the Gulf of Aden and along the Somali
coast prevent the formation of shallow-water coral reefs as
stepping-stones for sponges along the coast, and there is lim-
ited other habitat suitable for larval settlement alongside the
Somali coast (e.g., Kemp 1998). The sponge larvae would have
to cover vast distances in the open ocean to reach other MPs
(e.g., the distance between Socotra near the Gulf of Aden to
the Maldives, southwest of India, is ~2000km). In most cases
these distances exceed the survival capabilities of the sponge
larvae. For corals, which frequently possess a considerably
longer pelagic larval duration than sponges (e.g., Nozawa and
Okubo 2011), the northern Indian Ocean Gyre and the revers-
ing Somali Current are important dispersal vectors between
the northwestern and the remainder of the Indian Ocean

(Obura 2012). These current systems appear less significant
for the distribution of sponges.

We observed MOTU overlaps between the MPs Central Indian
Ocean Islands, Western Indian Ocean and Sunda Shelf, indi-
cating a degree of connectivity between far western and east-
ern Indian Ocean MPs. Exchange is facilitated by the stepping
stones of the Chagos Archipelago (called ‘Chagos Stricture’
for corals, see Veron 1995) in combination with the South
Equatorial Current and the Equatorial Countercurrent, rather
than north-southernly currents. We did not find a division
between Western Indo-Pacific and Central Indo-Pacific fau-
nas, contrary to Spalding et al. (2007, based on multiple taxa
and biophysical conditions), Kulbicki et al. (2013, reef fish),
Briggs and Bowen (2012, based mostly on reef fish), or a sim-
ilar boundary suggested for corals (Obura 2012, 2016; Veron
et al. 2015). In multispecies analyses, no boundary in that
region has been found to be significantly different from ran-
dom distributions either (Crandall et al. 2019). Instead, more
demosponge MOTUs of MP Sunda Shelf are shared with the
Western Indo-Pacific realm than with other MPs of its Central
Indo-Pacific realm. In this respect, demosponge MOTU distri-
bution follows the Indo-Pacific Barrier along the western edge
of the Sunda Shelf, which strengthened during low sea-level
stands at the Last Glacial Maximum of the Pleistocene (see
Crandall et al. 2019).

Several coral reef organisms of the MP Sunda Shelf have also
been found to conform to the genetically differentiated “Western
Province’ of the Indo-Malay Archipelago (to the west of
Makassar Strait), which has more resemblance to Indian Ocean
faunas than to those of the Central Indo-Malay Archipelago
(see Ducret et al. 2022 and references within). These findings
are consistent with our observation that MP Sunda Shelf demo-
sponges resemble (Western) Indian Ocean faunas more closely
than any of the geographically closer MPs further east examined
in this study.

4.4 | A Marine ‘Wallace's Line’ for Demosponges

Our analyses suggest a deep split of demosponge MOTU over-
laps between MPs Sunda Shelf and Sahul Shelf (including all
other MPs of the Central Indo-Pacific and Eastern Indo-Pacific
realms), despite their spatial proximity. This separation is
congruent with cluster analyses of species lists by van Soest
et al. (2012). The Makassar Strait is a remnant of the biogeo-
graphic separation of Indian and Pacific Ocean marine pop-
ulations during the Pleistocene emergence of the Sunda and
Sahul shelves (occasionally termed ‘marine Wallace's Line’,
Barber et al. 2000; Reid et al. 2013), and marks a boundary.
The current genetic distinctiveness of marine taxa still reflects
the historical separation of Indian and Pacific Ocean basins,
which was physically far greater during the glacial max-
ima (Barber et al. 2000). Several currents of the Indonesian
Throughflow (ITF) contribute to the present separation. They
pass through the Makassar and the Lifamatola Passage, even-
tually forming the South Equatorial or Leeuwin Current fur-
ther west, therefore hampering larval and propagule exchange
between habitats on both sides of the ITF (e.g., Kochzius and
Nuryanto 2008; Reid et al. 2013).
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4.5 | High Connectivity Within the Central
Indo-Pacific Realm ... and Beyond

Our data found a comparatively high overlap of MOTUs be-
tween MPs East Central Australian Shelf, Northeast Australian
Shelf, Sahul Shelf, Tropical Southwestern Pacific, and to a lesser
extent, the Eastern Coral Triangle. Despite being a biodiversity
hotspot, the Eastern Coral Triangle was included here in a com-
parative sponge biodiversity analysis for the first time (see van
Soest et al. 2012). The observed MOTU overlaps were a result of
both spatial proximity and the presence of numerous stepping
stones in this area that are connected by the East Australian
Current.

Sponge species richness and taxonomic distributions of
Australia have been the subject of several studies (e.g., Hooper
and Ekins 2005). These identified a major faunal transition zone
at Cape York, which separates the MP Sahul Shelf at the Gulf of
Carpentaria from the adjacent eastern MPs Northeast Australian
Shelf (from Torres Strait to the Great Barrier Reef). Hooper and
Ekins (2005) discussed this boundary as being ecologically (hab-
itat) related rather than biogeographic. Our present analysis cor-
roborated this boundary, showing a higher Jaccard dissimilarity
of MP Northeast Australian Shelf to MP Sahul Shelf than to MP
Tropical Southwestern Pacific, which comprises the Coral Sea
habitats on the Queensland Plateau and western Pacific Islands
adjacent to the Great Barrier Reef.

Our study also observed a high MOTU overlap between MP
Northeast Australian Shelf and MP East Central Australian
Shelf to its south, displaying the lowest Jaccard dissimilarity
between MPs in our analysis. Both MPs, however, are classi-
fied as different marine realms (realm Central Indo-Pacific and
realm Temperate Australasia, respectively; Spalding et al. 2007).
We therefore expect a comparatively high Jaccard dissimilar-
ity between these MPs, at least higher than between MPs of
the same realm. However, Hooper and Ekins (2005) previously
noted that a ‘well-recognised biogeographic transition zone’ for
sponges exists, along with a subsequent hard faunistic bound-
ary to the temperate regions, but located further south of the
current Central Indo-Pacific realm limits. For this reason, we
included the available barcoding data of the more southerly
MP Southeast Australian Shelf, which is classified in realm
Temperate Australasia, similarly to MP East Central Australian
Shelf (Appendix S4, Figure S4.1). We recovered a comparatively
strong Jaccard dissimilarity of >0.98 between MP East Central
Australian Shelf to MP Southeast Australian Shelf, while the dis-
similarity to MP Northeastern Australian Shelf in the north was
considerably lower (0.88) and among the lowest dissimilarities ob-
served in this study (Appendix S4, Figure S4.2). The results of our
molecular genetic analyses therefore corroborated the findings of
Hooper and Ekins (2005), indicating a strong faunistic boundary
separating tropical from temperate faunas, located further south
than suggested in the realm definitions of Spalding et al. (2007).

4.6 | Eastern Indo-Pacific in ‘Splendid Isolation’?

In the Eastern Pacific coral reefs, the abundance of macroscopic
epibenthic sponges has been discussed as gradually decreasing

in eastward direction due to different primary productivity re-
quirements in the oligotrophic waters (van Soest et al. 2012;
Vicente et al. 2022; Wilkinson 1987). Sponge molecular bio-
geographic connectivity in that region has recently been anal-
ysed by Galitz et al. (2023), whose data are incorporated here to
compare the Eastern Indo-Pacific realm MPs (Central Polynesia
and Southeast Polynesia) with the other Indo-Pacific MPs in the
study. Our data revealed that sponge faunas of both MPs of the
Eastern Central Pacific Realm are more similar to each other
than to any MP of the Central Indo-Pacific or any other realm.
This aligns with the hierarchical classification of Spalding
et al. (2007), and corroborates the findings of Galitz et al. (2023)
with a larger data set. Nevertheless, MP Central Polynesia still
shows a considerable degree of MOTU overlap with adjacent
MPs of the neighbouring Central Indo-Pacific realm, which
characterises MP Central Polynesia as a ‘melting pot of biodiver-
sity’ Galitz et al. (2023).

Crandall et al. (2019) identified spatial distance as the predominant
factor reducing genetic exchange in the South Pacific, and only to
a lesser extent the geologic history—continental and uplifted is-
lands of the Central Indo-Pacific realm and volcanic islands of
the Eastern Indo-Pacific realm, respectively. Here, the numerous
small gyres of the South Pacific Current facilitate connectivity be-
tween demosponge faunas of Fiji and Tonga (MP Tropical South
Pacific) with Wallis, Futuna and Samoa (MP Central Polynesia)
across the realm boundaries (see Galitz et al. 2023 for further de-
tails). Drivers of genetic exchange within the Eastern Indo-Pacific
realm MPs are the South Pacific Current and South Equatorial
Current. However, the vast distances (>3000km), in combination
with the short pelagic larval duration of most shallow-water demo-
sponges, hypothetically hamper a higher MOTU overlap between
its MP Central Polynesia and MP Southeast Polynesia.

In conclusion, our data comprises the to date most comprehen-
sive molecular biogeographic analysis on shallow-water Indo-
Pacific demosponges. It corroborates earlier case studies that
reveal high levels of regional endemism and generally reject
the presence of cosmopolitan or otherwise widespread sponge
species. It documents relatively limited faunal connectivity
between marine provinces, which is consistent with similar
observations and hypotheses in other marine invertebrates.
The fragmented distribution of demosponges is province-
specific and is likely attributed to their low dispersal potential
and the influence of oceanographic and historical barriers.
Conservation and blue economy approaches therefore need to
consider that sponge diversity is richer and more spatially con-
strained than previously recognised.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: Worksheet ‘Sample and
MOTU List List of samples included in the present analysis with lo-
cation information, source or ENA accession number respectively and
resulting MOTU. Worksheet ‘Sequence and MOTU counts’: Overview
of MP sequence yield and MOTU numbers in the current analysis.
Worksheet ‘MOTU >3 MPs”: List of the MOTUs with >3 marine prov-
inces. Appendix S2: Left panels: Rarefaction, extrapolation of biodi-
versity and sample completeness for each marine province analysed
in the present MS. Appendix S3: Jaccard and Serensen dissimilarity
for sponges of the studied marine provinces. Appendix S4: Analyses
of faunistic boundaries for sponges from the Central Indo Pacific and
Temperate Australasia realm around Australia.
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