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Abstract
Coral abundance is declining on many coral reef ecosystems worldwide, which in some locations
has resulted in regime shifts where coral has been replaced by other benthic organisms. Although
transitions to sponge-dominated states have been reported from a number of locations across the 
world after coral declines, they are typically dominated by only one or few species. However, 
there is increasing evidence that high diversity sponge-dominated reefs may persist in the future 
as reefs experience ocean warming and acidification, as sponges appear generally more resilient 
than corals. Here we quantify spatial variation in a highly unusual shallow water (<5 m and 
deeper) coral reef system at Jaco Island in Timor-Leste that is dominated by diverse sponge 
assemblages and has little coral. We found a total of 33 sponge species (based on Operational 
Taxonomic Units) in a total sampling area of 15 m2. We found that sponges were the dominant 
biological group at this site and covered approximately 29% of the benthos, with live coral, algae
and dead substrate cover at 7%, 7% and 54%, respectively. Multivariate analysis identified that 
sponge assemblages varied significantly over a small spatial scale (100 m). Our findings differ 
from the generally low diversity sponge reefs that have been reported elsewhere as coral has 
declined, and may be more typical of future sponge-dominated reefs. Therefore, future studies to 
understand how this reef functions may provide insights into how future high diversity sponge 
reefs might function.

*Corresponding Author E-mail: james.bell@vuw.ac.nz

Pacific Science, vol. 72, no. 2
November 8, 2017 (Early view) 

mailto:james.bell@vuw.ac.nz


Introduction

Coral reefs are complex ecosystems whose structure plays a vital role in the ecological function

of tropical environments (Dumas et al. 2007). While occupying only 1% of the global ocean,

coral reefs are known for their high productivity and biodiversity (Soulé 1991). In addition, coral

reefs are critically important to local human populations as a result of the ecosystem services and

goods they provide (Knowlton and Jackson 2008, Hoegh-Guldberg 2007, 2011). However, as a

result of localised anthropogenic impacts (Bellwood et al. 2004), as well as global changes in sea

surface temperature (Carpenter et al. 2008) and ocean acidification (Manzello 2008), coral reefs

have been degraded globally and coral cover is generally declining (Pandolfi et al. 20ll, De’ath et

al. 2012). Declines in coral can result in so-called ‘regime shifts’ where coral is replaced by other

benthic organisms (Norström et al. 2009).

Sponges  are  one  benthic  group  that  have  been  identified  as  potential  ‘winners’ as  coral

abundance declines (Bell et al. 2013, Fang et al. 2013), at least in the short-term. Sponges  are

important structural and functional components of reef systems. They contribute to the delicate

balance of substrate accretion (Glynn and Manzello 2015) and erosion (Rutzler 2002) on reefs,

while directly and indirectly enhancing overall biodiversity (Hooper and Van Soest 2002; Hogg

et  al.  2010).  Sponges also facilitate primary production,  aid in  nutrient cycling,  nitrification,

cementation, and mineralization (Rutzler 2002, De Goeij et al. 2013). Recent studies have shown

that  many  sponges  display  higher  resilience  to  ocean  warming  and  particularly  ocean

acidification compared to corals (Duckworth et al. 2012, Duckworth & Peterson 2013, Kelmo et

al.  2013,  Bennett  et  al.  2016),  as  well  as  sedimentation  (Powell  et  al.  2014),  and pollution

(Simister et al. 2012). 

Reefs  exhibiting  low  coral  cover  are  generally  considered  to  have  been  impacted  by  an

environment perturbation, with this general perception that low coral cover is a proxy for poor

ecosystem health being based on long-term data sets from the Caribbean and Indo-Pacific, where

widespread regime shifts have been reported on highly impacted reefs (Francini- Filho 2013).

However, recent studies of low-impacted reefs have changed this perception, and the presence or

dominance  of  non-coral  species  is  not  always  indicative  of  decreased  ecosystem  health

(Norström et  al.  2009).  Examples  of  such reefs  include  those found in  the  Northernwestern

Hawaiian Islands, which exhibit an intact trophic structure characteristic of a healthy ecosystem,
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but have a high diversity and abundance of algae rather than coral (see Vroom and Braun 2010).

These natural reefs, dominated by organisms that are not coral and likely to be resilient to ocean

acidification  and warming,  may offer  insights  into  how future  reefs  might  function  if  coral

declines continue. Sponges have been proposed as future ‘winners’ on coral reefs (see Bell et al.

2013 for  full  discussion)  and given  the  increasing  number  of  tolerant  sponge species  being

reported, future sponge-dominated reefs are likely to be comprised of many species. While a

number of sponge-dominated reefs have already been reported, they are typically dominated by

one or a few species (e.g. Aronson et al. 2002, Powell et al. 2014), and while such reefs may

provide insights into how sponge reefs function, they may not represent more diverse sponge

assemblages. Our study focused on a shallow water (<20 m) reef habitat in the East Reefscape of

the Ninos Konis Santana National Park in Timor-Leste. This reef environment is unusual as a

diverse  sponge  assemblage  dominates  in  shallow  water  and  coral  abundance  is  very  low.

Furthermore,  the  environment  contains  several  large  long-lived  sponge  species  suggesting

sponges  have  dominated  the  environment  for  some time.  In  this  study we aimed  to  collect

baseline data for sponge abundance and assemblage structure at three sites to assess patterns of

spatial variation and heterogeneity. 

MATERIALS AND METHODS: 

Study Site 

Timor-Leste occupies the eastern portion of Timor Island, which is comprised of geographically

and oceanographically diverse habitats. The region is bordered by the Banda Sea to the north and

the Timor Sea to the south (Figure 1), and is within the highly biodiverse Coral Triangle region.

While Timor-Leste has a large total area of fringing reefs, they are relatively narrow with an

average width of only 20-100 m, beyond which they drop off sharply to deep water. The near

shore  communities  of  Timor-Leste  are  strongly influenced by the  Indonesian  Through Flow

(ITF) and local  upwelling,  which may make them more resilient  to  high temperature events

(Boggs et al. 2009). On the eastern tip of Timor-Leste is Jaco island and the Jaco Strait, which

contains fringing reefs that are dominated by corals in most places. Although there have been

rapid biological and ecological assessments conducted on corals (Ayling et al. 2009; Boggs et al.
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2009) and general descriptions of the benthic community in Timor Leste, there have been no

specific studies on the sponge assemblages. This study focused on an area that is at least 1 km

long extending to at least 30 m depth in the Jaco Strait where the substrate is coral rock, yet the

benthic fauna is dominated by sponges (Figure 1; 8 25’ 08.88” S, 127 18’ 08.82” E). The

area between 0-5 m is dominated by large  Porites colonies (3-5 m diameter),  but coral then

becomes rare within increasing depth. 

Benthic sampling

Sampling  was  conducted  on  SCUBA  using  stratified  quadrats  at  three  separate  sites

approximately 50 meters apart in June 2016. Five 1 m2 quadrats were haphazardly selected at

each site (all  at a depth of 10-12 m) giving a total of 15 quadrats  The number of quadrats

sampled was based on the very limited time available to sample the site, but is consistent with

earlier  studies  characterising  entire  sponge  assemblages  (e.g.  Bell  and  Smith  2004).   Each

quadrat was divided into 25 sections with an area of 0.04 m2 per section, which were individually

photographed to provide high resolution imagines of the seabed using a digital  SLR camera

(Nikon D200 in a Ikelite Housing and 20 mm lens) and GoPro. This provided a total of 25

photographs per quadrat, 125 photographs at each site, and 375 photographs in total across all

three sites. With the exception of some well-known, and easily distinguishable sponge species,

specimens were identified as Operational Taxonomic Units (OTUs). OTUs were distinguished in

the  field  and  through  subsequent  photographic  assessment  (see  Figure  2)  based  on  gross

morphological  characteristics.  This  included  color,  gross  morphology,  surface  texture  and

structure, compressibility, positioning, shape and structure of the oscules, presence of mucous

and any other defining characteristics.  Since sponges can be difficult to identify in situ due to

the high morphologic plasticity and variation in  their  characteristics  (Woerheide et  al.  2012,

Erpenbeck et al. 2016) it is possible that the OTU approach may have overestimated diversity.

However, in cases where there was any doubt, OTUs were combined. While this approach is not

ideal, we did not have permission export specimens or access to laboratory facilities at this very

remote location to explore skeletal characteristics. However, based on the characters used and the

experience of the authors in the sponge fauna in the Indo-Pacific region, we are confident in our

OTUs. Other macro organisms were classified into a number of other functional groups (see

Table 1).
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Estimating benthic cover

The  CPCe  software  (Kohler  and  Gill  2006)  was  used  to  facilitate  a  random  point  count

methodology. Individual photographs were overlaid by a randomly distributed matrix of points,

and the organism or substrate underneath each point was visually identified.  For our study, a

custom CPC coding file was created that assigned every sponge OTU to an individual number,

while classifying other organisms into their functional groups and subcategories (Tables 1 and 2.

For this study 10 individual photographs (of the 25 photographs taken of each quadrat) were

randomly selected per quadrat for analysis and overlaid with 165 points (150 photographs in

total). This number of photographs was chosen as a preliminary analysis showed no significant

changes (P<0.05) in percentage cover beyond the analysis 10 photographs. The number of points

used on each photograph for the CPCe analysis was derived through preliminary trials. Point

accuracy was tested for different point intervals between 50–200 points in 10-point intervals and

the abundance of sponges was plotted. When the slope of plot approached zero, the threshold

was set to the average of those trials, which was 165 points per photograph. The organism under

each point was then recorded in each photograph (1650 points sampled per 1 m2 quadrat).

Statistical Analyses

Data  were  analysed  within  the  PRIMER  V6  analysis  suite.  Sponge  species  richness  was

estimated for each site.  The CPCe data was used to estimate Simpson’s biodiversity indices,

which measures the probability that two sponges taken at random from the dataset of interest are

the same (Simpson 1949). Sponge assemblage data were fourth root transformed to reduce the

importance  of  common  and  rare  sponge  species.  A  Bray  Curtis  resemblance  matrix  was

calculated to determine the similarity between quadrats. From the resemblance matrix an MDS

plot was created to visually display any inter- and intra-site relationships. PERMANOVA, which

is  a  permutation based test,  was  used  to  determine  if  there  were any significant  differences

between sites and quadrats. SIMPER analysis was used to determine the contribution of different

sponge OTUs to the differences between sites and quadrats.
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RESULTS 

Overall benthic cover

Averaged across all three sites, sponges were the dominant biological taxa making up 29% (± SE

4%) of the total benthic coverage, although the percentage cover varied between sites. Site 2 had

the highest average sponge cover at  33% ± 8%, but had a large variation between quadrats,

followed by Site 1 with 31% (± 5%) cover, and Site 3 with 25% (± 7%) cover. Live coral cover

was similar between sites; Site 1 (7± 6%), Site 2 (6± 6%), and Site 3 (8±  6%). Across all sites,

live coral was more abundant than dead coral; dead coral abundance, Sites 1 (5± 5%), 2 (4± 4%),

and 3 (2± 3%).  Algae only accounted for approximately 4± 2% of the total percentage cover in

the quadrats with Crustose Coraline Algae (CCA) being the dominant group.  Site 3 had the

greatest cover ofCCA at 8 ± 2%. Bare substrate dominated the majority of the quadrats at 51±

5%  of  total  coverage  and  was  a  mostly  coral  rock  but  also  patches  of  rubble  and  sand.

PERMANOVA identified that differences between the benthic composition at the three sites was

statistically significant at the p<0.001 level (Table 3). Pair-wise testing revealed that the benthic

composition was significantly different between Sites 1 and 3 (p<0.01) and 2 and 3 (p<0.05), but

not between 1 and 2 (p>0.05).

Sponge abundance and species richness 

A total of 33 sponge OTUs were identified at our study sites based on external morphological

characteristics (Table 1). The majority of OTU’s were found across all the sites. A presence-

absence analysis revealed Site 1 had the lowest species richness with only 24 of the total 33

identified sponge OTU’s present and a Simpson’s Biodiversity index of 0.72.  Site 2 had the

greatest species richness with 28 of the 33 sponge OTU’s and a Simpson’s Biodiversity index of

0.73. Site 3 had 25 out of 33 OTU’s present and the highest Simpson Biodiversity index of 0.80,

but had the lowest sponge coverage overall. Sponge species with the highest percentage cover

were Tetilla sp. and Lamelladysidea herbacea, which represented over 50% of the total sponge

assemblage.  Tetilla sp. and  Lamelladysidea herbacea accounted for 8 ± 2% each of the total

benthic coverage across all sites and were present in all quadrats. All other sponges represented

2% or less of the total benthic coverage across all three sites.  Seventeen sponge OTU’s were
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present in all sites, 10 were only present at two sites, and 6 were only present at one site.  The

dominant  sponge  species  varied  by  site,  the  most  abundant  sponges  found  at  Site  1  were

Lamelladysidea herbaea (12±  3%), Tetilla sp. (9±  3%), and OTU 22  (3±  1%). For Site 2 the

most abundant species were Tetilla sp. (8± 2%), Lamelladysidea herbacea (6± 3%), and Cliona

sp.  (5± 8%).  Lastly,  for  Site  3  the most  abundant  sponge species  were  Tetilla sp.  (6± 3%),

Lamelladysidea herbacea (6± 3%), and Aaptos sp.  (2± 2%). 

Sponge assemblage differences between sites

The sponge assemblage structure varied between sites and quadrats. From the MDS plot a clear

separation was observed between the sponge assemblages at Sites 1 and 3 with a high similarity

between quadrats at these sites (Figure 3). Site 2 had more variable sponge assemblages with two

outlier quadrats. One of these quadrats had a particularly high presence of  Aaptos sp. (2± 1%)

and hard coral (13± 7%), while the other was dominated by Cliona sp., which covered 26± 10%

of this quadrat and was not found in any other quadrat. SIMPER analysis of sponge coverage

revealed  that  the  largest  dissimilarity  in  cover  occurred  between  Site  1  and  3  (Average

dissimilarity= 49%). For Sites 1 and 2 the discriminating sponges were Aaptos sp., and Cliona

sp.  Differences  between  Sites  1  and  3  were  attributed  to  the  presences  of  Sponge  OTU3.

Spheciospongia sp., OTU3, and OTU24 contribute to the dissimilarity between Site 2 and Site 3.

PERMANOVA  found that sponge assemblages (Table 4) were significantly different between at

least  some  sites  (p<0.001).  Subsequent  pairwise  PERMANOVA  revealed  that  sponge

assemblages were significantly different between Sites 1 and 2 (p<0.05) and 1 and 3 (p<0.01) but

not between  2 and 3 (p>0.05). 

DISCUSSION 

This  is  the  first  study to  provide  quantitative  estimates  for  sponge richness,  abundance  and

assemblage  composition  from a  Timor-Leste  coral  reef,  although  the  reef  is  highly  unusual

compared to local coral reefs. Despite the relatively small scale of our study, our results indicate

that these reefs found near Jaco Island host diverse and heterogeneous communities dominated

by sponges and have comparatively low hard coral abundance. While each study site had similar

sponge species richness and diversity, there were some differences in assemblage compositions
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over small spatial scales (100 m). It is hoped that further study of the ecology and function of

this reef might provide insights into how future sponge-dominated reefs might function.

It is unclear whether the sponge-dominated reef that we sampled is a natural state, or if not then

how long it  has  persisted.  Given  the  primary substrate  is  coral  rock,  coral  must  once  have

dominated  this  site.  Virtually  nothing  is  known about  the  short  or  long-term history of  the

sampling site, but it is very remote and likely removed from most anthropogenic stressors, with

the  exception  of  fishing.  Furthermore,  coral  dominates  the  reefs  adjacent  to  this  sponge-

dominated reef with much lower sponge abundance (Bell personal observation). Therefore, it is

unclear if this state is a recent phenomenon, or something that has occurred sometime ago. The

system contains many larger sponges, including large barrel sponges of the genus Xestospongia

(although these were not found in any of our quadrats) that are likely decades old, and which are

not  found  commonly  at  other  local  sites,  with  provides  some  evidence  of  a  longer-term

persistence  of  a  sponge-dominated  state.   However,  without  historical  information  or  future

monitoring it will be difficult to assess the long-term stability of this sponge-dominated state.

It  is  interesting that  Lamelladysiea herbacea was found in relatively high abundance in this

study, as this species has also been found in high abundance in the Wakatobi Marine National

Park,  and particularly at  a site that has experienced a transition to a sponge-dominated state

(Powell et al. 2014). Little is known about the second most dominant species, Tetilla sp., but it is

comprised of small spherical individuals that grow in high densities, and may be the result of

recent massive recruitment  events.  We found small-scale  variation in  the sponge assemblage

structure  between  some  groups  of  sites,  although  without  collecting  further  biological  and

physical data it  is not possible to explain these differences. In the future, environmental and

biological  data  should  be  collected  to  examine  if  abiotic  or  biotic  factors  impact  sponge

assemblage structure,  since a range of factors can be responsible for small-scale variation in

sponge assemblages (e.g. Barnes 1999, Bell and Smith 2004). 

Sponges appear to be more resilient to ocean acidification and to a lesser extent ocean warming,

compared to corals, and Bell et al. (2013) proposed that some coral reefs may become dominated

by sponges in the future. This reef at Timor Leste differs from other reefs where transitions to

sponge-dominated reefs have been reported as it contains a highly diverse sponge assemblage
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more typical of other reefs in the Indo-Pacific (but without coral).  Although, this preliminary

study only reports abundance and diversity information, this reef may provide insights into how

future high diversity sponge-dominated reefs might function. 
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Table 1. Percentage cover of all observed sponge OTUs outlining key morphological features of

each OTU. 

Sp. Shape Surface Color Genus T 1 (%) T 2 (%) T 3 (%) Total (%) 

1 S Sm Brown Tetilla sp. 9± 3 8± 2 6± 3 8± 2

2 E Sm Orange Unknown <1 <1 1± 1 <1

3 E Sm Dark Orange Unknown 0 <1 1± 1 1± 0.3

4 E Sm Purple/ Grey Lamelladysidea 
herbacea  

12± 3 8± 4 6± 3 8± 2

5 E Bu Purple Unknown 1± 1 2± 2 1± 1 1± 1

6 V Bu Purple Unknown 0 1± 2 1± 2 1± 1

7 Br Sp Pink Unknown <1 <1 <1 <1

8 E Sm Brown Unknown <1 <1 1± 1 <1

9 Br Sp Orange Unknown 0 0 1± 1 <1

10 B Sm Red/ yellow Aaptos sp. 2± 3 1± 2 2 ± 4 2± 2

11 C Sm Brown Unknown <1 <1 <1 <1

12 V Bu Dark Orange Unknown <1 <1 0 <1

13 S Sp/ MO Brown Unknown <1 1± 1 <1 <1

14 E Sp Dark Red Unknown 0 <1 <1 <1

15 E Sm Bright Red Unknown <1 <1 <1 <1

16 E Sm Yellow/white Unknown 1± 1 <1 <1 1± 0.3

17 E Ps White Unknown 0 <1 <1 <1

18 V Sp Yellow Unknown 0 <1 <1 <1

19 B Sm/ 
MO

Grey Unknown 0 1± 3 <1 1± 1

20 E Sm Green Cliona sp. <1 5± 8 0 2± 3

21 E Sm Black Unknown 1± 0.4 1± 1 1± 1 1±0.4

22 Br Sp Grey Unknown 3± 1 1± 1 <1 1± 1 

23 E Bu Tan Unknown 1± 1 <1 <1 <1

24 E Ps Yellow/Green Unknown <1 <1 2± 1 1± 0.4 

25 E Sm Grey/Brown Unknown <1 1± 1 <1 <1

26 E/ V Ha White Liosina sp. <1 <1 0 <1

27 E Bu Green/Brown Unknown 1± 1 <1 <1 <1

28 E Sm Yellow/Brown Unknown <1 0 0 <1

29 E/ B Sm Orange/ 
Brown

Spheciospongia sp. 1± 0.4 <1 2± 2 1± 1

30 E Sm/ IO Brown Unknown 0 <1 0 <1

31 E Sm/ IO Tan Unknown <1 0 0 <1

32 E Sm/ IO Green Unknown <1 0 0 <1

33 E/ B Sm Yellow/White Unknown <1 0 <1 <1

Key: Shape; Branching (Br), Bulbous (B), Cylindrical (C) Encrusting (E), Spherical (S), Vase (V) Surface;
Bumpy (Bu), Protruding spicules (Ps), Smooth (Sm), Spiky (Sp), Irregular osculum (IO), Multiple Oscullum

(MO)
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Table 2. Coverage of different benthic groups at the three sites 

Description S1 (%) S2 (%) S3 (%) Total(%)

SPONGES 

All Sponges 31± 5 33± 8 25± 7 29± 4

CORALS

Hard Coral 6± 6 5± 5 6± 2 6± 3

Soft Coral 1± 1 2± 1 2± 1 1± 1

Live Coral with bleaching 0 <1 <1 <1

Coral with Algal Growth 2± 2 3± 2 3± 2 3± 2

Recently Dead Corals 2± 3 1± 2 1± 1 1± 1

Long Dead Coral 3± 2 3± 3 1 ± 0.3 2± 1

ALGAE

Macroalgae  (Green,  Red  and
Brown)  

1± 1 1± 1 <1 1± 0.3

Crustose Coraline Algae 1± 1 2± 1 8± 2 4± 1

OTHER

Echinoderms,  Tunicates,  and
Annelids

1±  1 3± 1 1± 1 2± 1

Pavement, Rubble, and Sand 51± 7 49± 8 52 ± 9 51± 5

13



Table 3. PERMANOVA results to compare the overall benthic assemblages between sites. 

Source Degrees  of

Freedom

Sum  of

Squares

Mean

Square

Pseudo-F P (perm) Permutations

Treatment 2 4403 21202 14.6 0.001 999
Residual 146 212490 1455
Total 148 216893
Pair-wise  Test

between site

t-value p-Value

1,2 2.0741 0.003
1,3 5.1661 0.001
2,3 3.9202 0.001

Table 4. PERMANOVA results to compare the sponge assemblage between sites.

Source Degrees  of

Freedom

Sum  of

Squares

Mean

Square

Pseudo-F P (perm) Permutations

Treatment 2 8138 4069 15.1 0.001 999
Residual 146 39279 259
Total 148 47418
Pair-wise  Test

between sites

t-value p-Value

1,2 2.7647 0.001
1,3 5.1683 0.001
2,3 3.1813 0.001
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Figure 1. Map of Timor-Leste and geographic location of the study site.

15



Figure 2. Sample photographs used in analysis  of benthic coverage. (a) Shows a frame with

Tetilla sp., OTU 10, and hard coral, (b) Shows a quadrat dominated by encrusting sponges and

CCA. 
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Figure 3. Percentage cover (±SE) of benthic groups from all three sites (substrate excluded from

percentages).  The  ‘other’  invertebrates  category  includes  the  percentage  coverage  of

echinoderms, tunicates, and annelids.
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Figure  4.  Multidimensional  scaling  (MDS) plot  to  compare  sponge  assemblage  composition

between sites and quadrats. Similarity contours from cluster analysis are shown.
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