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Abstract 

Life on earth depends on the constant cycle of nutrients that keep ecosystems in equilibrium 

and maintain ecosystem functioning, which might be disrupted due to the major and rapid 

environmental changes we are currently facing. Sponges are a  major component of benthic 

communities in many marine ecosystems worldwide. Most sponges are heterotrophic and gain 

their nutritional needs from filter feeding dissolved organic carbon and particulate organic 

carbon from the water column. However, some sponges also form symbioses with 

photosynthetic symbionts and are autotrophic under some circumstances. These two different 

nutritional modes may play different roles in the movement of energy flow through benthic 

systems. Here I studied the sponge assemblages in a seagrass meadow at two spatially separated 

sites at three tidal zones, located in the Wakatobi National Park, Indonesia, which is 

representative of shallow-water seagrass ecosystems in the Southeast Asian Indo-Pacific 

bioregion. My thesis aims to increase our understanding of the importance of these two different 

sponge nutritional modes in seagrass ecosystems to better understand how environmental 

change might impact sponge assemblages. 

In my first data chapter, I conducted sponge and seagrass surveys to investigate the seagrass 

and sponge community structure and the potential drivers of the observed distribution patterns. 

For the identification of the sponges, I combined morphological and molecular techniques, 

using four DNA markers (18S, 28S, ITS, and CO1-ext). I identified ten sponge species: Spongia 

sp., Spheciospongia sp, Phyllospongia foliascens, Haliclona koremella, Amphimedon sp., 

Dactylospongia elegans, Axinella sp., Clathria reinwardti, Rhopaloeides sp., and 

Siphonodictyon mucosum. Sponges were found in all tidal zones of the studied seagrass 

meadow, including at the high-shore zone that regularly experiences aerial exposure during low 

tide. I propose that sponge morphological adaptation is important for sponge survival in the 

different seagrass zones. 

My second data chapter determined the dominant nutritional mode of seagrass sponges by 

measuring in situ gross primary production (GPP) to dark respiration (P:R) ratios. I measured 

the P:R ratios for eight sponges out of the ten found in the studied seagrass meadow. I found 

that six sponges were autotrophic and net oxygen producers over a full 24 hour period. Based 

on their high biomass, autotrophic sponges contributed considerably to the total sponge 

assemblage biomass at all tidal zones and sites. While the high-shore and middle-shore zones 



 

 

 

had more similar abundances of heterotrophic and autotrophic sponges, autotrophic sponges 

dominated the sponge assemblage in the near-reef-flat zone of the seagrass meadow by 

contributing up to 98% of the total sponge biomass.  

In my third data chapter, I measured the sponge-mediated organic carbon flux in situ to 

investigate the influence of sponges on the carbon flow from the water column to benthos. The 

five most abundant sponge species, comprising two heterotrophic sponges and three autotrophic 

sponges, representing 75.1–99.8% of the total sponge biomass at my studied seagrass meadow, 

were investigated. I found that in dark incubations (representing night-time), the heterotrophic 

and autotrophic sponges did not show significant differences in sponge-mediated carbon flux 

(p > 0.05). However, in light incubations (representing daytime), autotrophic sponges released 

organic carbon to the water column, while heterotrophic sponges removed organic carbon from 

the water column. Overall, at the seagrass meadow level, the sponge assemblage was still a net 

remover of organic carbon over a 24-hour cycle at all tidal zones, including where autotrophic 

sponges contributed 98% of the total sponge biomass (the near-reef-flat zone).  

In my fourth data chapter, I measured the sponge-mediated picoplankton flux of the six most 

abundant sponges (representing 75.1–99.8% of the total sponge biomass) in situ to investigate 

the influence of sponge assemblages on picoplankton abundance. I found diel variability in all 

picoplankton observed and for the sponge-mediated fluxes. I found that heterotrophic sponges 

removed significantly more picoplankton-derived organic carbon than the autotrophic sponges, 

removing 40–60 times more carbon than the autotrophic sponges over 24 hours. This chapter 

supports the hypothesis that autotrophic sponges are gaining supplementary nutrition from their 

hosted photosynthetic symbionts, reducing their need to suspension feed for their nutritional 

needs.  

In summary, autotrophic sponges dominated the sponge assemblages in the seagrass ecosystem 

I studied in the Southeast Asian Indo-Pacific bioregion. This thesis has shown that autotrophic 

sponges can be net oxygen producers, releasing organic carbon to the water column (during 

daytime) and thus are not so dependent on picoplankton feeding. Variation in bentho-pelagic 

interactions due to autotrophic sponges compared to heterotrophic sponges will influence the 

impact of any increase or decline in sponges as a result of changing environmental conditions. 
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A changing world 

The world faces major and rapid environmental changes as human activities have reached the 

level that is altering the Earth (Vitousek et al. 1997). Back in 1997, Vitousek et al. reported that 

human actions had transformed one-third to one-half of Earth's terrestrial surface, where 

humans fixed more nitrogen than all natural terrestrial sources combined, and had caused a 30% 

higher carbon dioxide concentration in the atmosphere than at the beginning of the Industrial 

Revolution. These changes and those since have led many authors to describe this current era 

as the Anthropocene – the geological epoch of mankind (Crutzen 2002). Any major 

environmental change will potentially cause biodiversity loss, affecting ecosystem stability and 

may lead to the loss of ecosystem function and services (Hooper et al. 2005; Worm et al. 2006; 

Cardinale et al. 2012; Hautier et al. 2015). 

Currently, 690 million people (about 10% of the world's population) live in coastal areas that 

are less than 10 m above sea level, and nearly 2.4 billion people (about 40% of the world's 

population) live within 100 km of the coast, creating tremendous pressure on the marine 

environment (IPCC 2019). Urban development, aquaculture, fishing activities, and land 

conversion to agriculture, including rice farming and timber over-exploitation, are the main 

pressures on tropical coastal regions. These activities have already resulted in major 

degradation of the marine environment. For example, global mangrove forests lost 35% of their 

global cover from 1980 to 2000 (Valiela et al. 2001). The world had already lost 19% of its 

original coral reef areas by 2008 (Wilkinson 2008), and the rate of loss remains high due to 

ongoing climate change and other local stressors (Hughes et al. 2017). The median return time 

between severe bleaching events has declined steadily since 1980 and is now only six years, 

which is not long enough to full recovery of mature coral assemblages (Hughes et al. 2018). 

Seagrass beds have also experienced significant declines in recent decades (Duarte et al. 2008), 

with the world loosing 33 million ha of its seagrass area or about 18% of the documented global 

seagrass area from 1988 to 2008. 

Sponges 

Sponges (phylum Porifera) are the oldest extant metazoan group (i.e. animal) and are 

considered the sister group of all other extant animals (reaffirmed by Pisani et al. 2015). 

Sponges are found across all marine environments (Figure 1.1) from the tropics (e.g. Bell and 

Smith 2004) to polar regions (e.g. Starmans et al. 1999) and from shallow water (e.g. Barnes 
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1999) to the deep oceans (McIntyre et al. 2016). Sponges can be found in rocky or reef 

environments, to sandy and muddy substrates (e.g. Becking et al. 2013), and some sponges 

have colonized a wide variety of freshwater habitats (Manconi and Pronzato 2008). Based on 

the World Porifera Database to date (accessed on 8 April 2022), there are 9,227 marine sponge 

species that have been validated (de Voogd 2022). With this number of species, sponges are 

considered one of the most species-rich marine assemblages. 

 

Figure 1.1. The global distribution of sponge richness (Van Soest et al. 2012), noting some 

area have been much more extensively studied than others. 

Sponges are exclusively aquatic animals (Bergquist 1978). They are divided into four classes 

(based mainly on the composition of their skeletons), which are Demospongiae, Hexactinellida 

(glass sponges), Calcarea (calcareous sponges), and Homoscleromorpha (de Voogd 2022). 

Demospongiae is the most diverse class in Porifera; it lives in both marine and freshwater 

environments, and comprises about 80% of all sponge species, grouped into 14 orders (de 

Voogd 2022). Hexactinellida, also known as glass sponges, are exclusively marine with more 

than 600 species (in five orders) and are mostly found in deeper water (200 to >6000 m). 

However, there are also reports that glass sponges occur in shallow water sub-marine caves in 

the Mediterranean (Vacelet 1996) and at shallower than 50 m in Fiordland, New Zealand 

(Battershill and Bergquist 2010). Calcareous sponges are restricted to marine environments, 

where most of them are found in shallow waters and are characterized by calcium carbonate 
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spicules. There are about 700 sponge species in the class Calcarea, or 8% of the total sponge 

species. Homosclemorpha is the most recently recognized class of Porifera and the smallest 

one, with less than 100 species that are exclusively marine (Gazave et al. 2011). They are the 

only Porifera class with a true basement membrane and are generally found in shallow water. 

The sponge body structure comprises internal water canals and chambers, through which a 

unidirectional current flows. The water is drawn in through many small inhalant pores (ostia) 

that bring nutrients and oxygen, and expelled through larger exhalant pores (osculum) that carry 

out waste and reproductive elements. Most sponges have three body layers. The outer layer, or 

the "skin" of the sponge, is called the pinacoderm and is formed by pinacocytes cells. The 

middle layer or mesohyl consists of a collagen matrix and skeleton material responsible for the 

shape of the sponge. The inner layer or choanoderm is where the feeding cells are located 

(called choanocytes), which line the canals and chambers and are also responsible for 

generating a water current. Sponges have a relatively small number of cell types, and each cell 

type may have several functions and have a high capacity for cell trans-differentiation (Renard 

et al. 2013). This is an important feature since sponges do not have organs but have specialized 

cells that perform various functions. The most important cell type is the archaeocyte, which can 

transform into other cell types when needed and is considered the stem cell of sponges (Muller 

2006). 

Sponges can reproduce sexually and asexually (Ayling 1980; Maldonado and Riesgo 2009). 

With respect to sexual reproduction, most sponges are sequential hermaphrodites where they 

produce sperm and egg cells at different times for cross-fertilization with other sponges of the 

same species (Goudie et al. 2013). However, sponges can also reproduce asexually through 

budding or fragmentation (e.g. Wulff 1991; Ereskovsky and Tokina 2007). Some freshwater 

sponges have gemmules – internal buds resistant to extreme conditions for long periods, and 

when the environment becomes less hostile, they can develop into new sponges (Simpson and 

Gilbert 1973).  

The functional roles of marine sponges 

Sponges are an essential component of many marine benthic communities (Bell et al. 2020). 

Diaz and Rützler (2001) highlighted three ecological properties of sponges that make sponges 

critical to ecosystem function. First, sponges are one of the most diverse benthic components 

and promote diversity through their associated infauna. Second, sponges are one of the most 
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abundant (in terms of area occupied) organisms. Third, sponge biomass (weight and volume) 

may exceed that of other reef epibenthos. 

Sponges play a wide variety of functional roles. Bell (2008) categorized sponge functional roles 

into three main categories: their impacts on the substrate, linkages between benthic and pelagic 

environments, and their association with other organisms. The impacts of sponges on substrate 

include bioerosion, reef creation, and substrate stabilization, consolidation and regeneration 

(reviewed by Schönberg et al. 2017). These roles are based on the capability of some sponges 

to break down solid calcium carbonate into smaller fragments and fine sediments (Rützler 

1975), which is expected to accelerate in the future as ocean acidification progresses (Wisshak 

et al. 2014). Sponges also affect the substrate by 'glueing' together corals rubble, resulting in a 

more stable substrate necessary for coral recruitment and recovery (Wulff 1984). 

Sponges can pump large quantities of water with high filtering efficiency and particle retention 

(Reiswig 1971a; Reiswig 1971b; Reiswig 1974). This means that sponges can strongly 

influence the water column and often link pelagic and benthic environments. Sponges link the 

benthic environment with the pelagic environment through carbon cycling and energy flow, 

silicon cycling, nitrogen cycling, and localized oxygen depletion in the water column (see 

review by Maldonado et al. 2012). Sponges are involved in carbon cycling through their feeding 

activity, with sponges feeding on ultraplankton – planktonic organisms sized less than 10 μm 

(e.g. Perea-Blázquez et al. 2013), dissolved organic carbon (DOC; Yahel et al. 2003), and also 

viruses (e.g. Hadas and Marie 2006), and also by providing fixed carbon to higher trophic levels 

through the 'sponge loop' (de Goeij et al. 2013). Since most sponges build skeletons (spicules) 

from biogenic silica, sponge populations are one of the major silicon sinks in the marine 

environment (Maldonado et al. 2005). Sponges also mediate nitrogen cycling by hosting a wide 

diversity of microbes (e.g. Jiménez and Ribes 2007; Hoffmann et al. 2009). In some 

circumstances where sponges are dominant (either in coverage area or biomass), sponges might 

affect the local dissolved oxygen concentration of the water column. Richter et al. (2001) 

reported that in coral reef framework cavities, when 60% of the cavity-dwellers were sponges, 

the community respiration rate caused a small but significant reduction of oxygen level 

compared to water overlying the reef. 

Sponge interactions with other organisms also facilitate several functional roles. Sponges 

contribute to the primary production by having symbiosis with photosynthetic organisms (e.g. 

Wilkinson 1983). Sponges are also 'home' for many macrofaunae and support biodiversity. For 
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example, Koukouras et al. (1996) reported that Agelas oroides had 135 associated species, 

Aplysina aerophoba had 184 associated species, and Axinella cannabina had 84 associated 

species (Koukouras et al. 1996). Sponges also protect some organisms from predation. For 

example, the bivalve Arca noae lives in association with with the demosponge Crambe crambe 

making use of the sponge's secondary metabolites to deter predators (Marin and López Belluga 

2005). Some sponges also as act as secondary settlement substrates for other organisms and 

may also influence near-boundary and reef level water flow regimes due to their often three-

dimensional and erect morphologies (Bell 2008). 

Sponge nutritional modes 

Heterotrophy in sponges 

Filter feeder 

Most sponges are filter-feeders. They feed by trapping organic matter filtered from the water. 

Owing to their specialized aquiferous system, sponges can pump and filter large quantities of 

water. For example, a study on the tropical sponge Aplysina lacunosa reported that a sponge 

with 500 ml body volume is able to pump 1–6 litres per hour (Gerrodette and Flechsig 1979). 

Weisz et al. (2008) reported that 1 kg dry weight of Callyspongia plicifera can pump 6.48 litres 

of seawater per second. The water enters the sponge body through ostia distributed over the 

body surface, flows down the canals and then through choanocyte chambers, and is finally 

expelled through the osculum. Ostia size is the first filter for the edible particle size of sponges. 

Large particles (> 50 m) are filtered by the ostia and taken up by epithelial pinacocytes at the 

sponge body surface; particles with a size below 50 m will go through the ostia and are taken 

up by the pinacocytes lining the canals; and finally, the small size particles (< 5 m) will reach 

the choanochambers and are engulfed by the choanocytes (feeding cells). After being captured 

by pinacocytes and choanocytes, the food particles are then passed to the mesohyl cells by 

transcytosis. In the mesohyl, food particles are phagocytosed mostly by archaeocytes, resulting 

in an assimilable compound transported throughout the sponge by archaeocytes. 

Sponges ingest plankton or living particulate organic carbon (LPOC), detritus or detrital 

particulate organic carbon (POCdet), and dissolved organic carbon (DOC). For LPOC, sponges 

prefer nano- and picoplankton, with the highest retention efficiencies found for 0.1–10 μm sized 

particles, withfiltering efficiency up to 93% (e.g. Pile et al. 1996; Ribes et al. 1999). Hadas et 
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al. (2009) claimed that detritus is also a significant carbon source since detritus contributes 54% 

of POC, based on their observation of the nearly-symbiont-free sponge, Negombata magnifica. 

However, sponge consumption of detritus depends on proportion of detritus in the total 

available food composition (Coma et al. 2001). DOC is another important part of the sponge’s 

diet. de Goeij et al. (2008) found that tropical encrusting sponges take up DOC, which 

accounted for 90% of their total organic carbon (TOC) removal. Mueller et al. (2014) also 

reported that the main diet of coral-excavating sponges is DOC, which represented 81–83% of 

the sponge TOC uptake. 

Carnivorous sponges 

There are 130 carnivorous sponge species, or less than 2% of the total described sponge species 

to date (de Voogd 2022). This feeding strategy has long been considered an evolutionary 

adaptation to the extremely oligotrophic environments of the deep sea, which makes filter-

feeding unsuitable (Vacelet and Boury-Esnault 1995). However, Vacelet and Boury-Esnault 

(1996) also found a carnivorous sponge in shallow water (17–22 m depth) in a Mediterranean 

cave, occurring between 15–60 m from the cave opening. The aquiferous system of carnivorous 

sponges is completely absent or is partially reduced and is devoid of choanocytes. Carnivorous 

sponges use filaments or inflatable spheres with adhesive Velcro-like surfaces to catch their 

prey. Devoid of a true digestive tract, carnivorous sponges use their entire cells to engulf their 

prey. The sponge moves its cells towards the prey, concentrates around it, and finally engulfs 

the prey. This process takes a few hours to finish. After being engulfed, the prey is 

phagocytosed by archaeocytes and bacteriocytes, which need 8–10 days to complete the entire 

process. 

Autotrophy in sponges 

Many marine benthic invertebrates form symbioses with photosynthetic algae and microbes 

that facilitate photosynthesis, such as the Cnidaria (e.g. Stat et al. 2006; Davy et al. 2012), 

Platyhelminthes (Serôdio et al. 2010), Mollusca (Trench et al. 1981), Ascidia (Hirose 2015), 

and also Porifera (sponges). For example, about 85% of all intertidal sponge species examined 

in Zanzibar (western Indian Ocean) were photosynthetically active (Steindler et al. 2002). 

Erwin and Thacker (2007) also reported that one third of the sponge species in the Caribbean 

contain photosynthetic symbionts. Food availability is one factor that led to the development 
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of sponge relationships with photosynthetic symbionts (Wilkinson 1987a; Wilkinson and 

Cheshire 1990).  

Cyanobacteria are the most common photosymbiont hosted by the sponges (Diaz et al. 2007), 

but some sponges also form associations with filamentous algae (Carballo and Ávila 2004) and 

dinoflagellates (Hill et al. 2011). Photosynthetic symbionts can benefit host sponges by 

providing supplemental nutrition in the form of glycerol and other small organic molecules 

(Arillo et al. 1993), and by fixing nitrogen (Wilkinson and Fay 1979). Wilkinson (1983) 

reported that six of the ten most common sponges on the Great Barrier Reef are net primary 

producers, producing three times more oxygen than they respire, suggesting that phototrophic 

sponges could provide a significant contribution to reef productivity . 

Sponge-mediated energy pathways 

There is a growing discussion about the so-called 'sponge-loop' – the pathway where sponges 

mediate the transfer of the energy from dissolved organic matter (DOM) in the water column 

to higher trophic levels on coral reefs through the production of mucus (de Goeij et al. 2013; 

Rix et al. 2016a; Rix et al. 2016b). de Goeij et al. (2013) hypothesized that sponges might play 

an important role in maintaining productivity in nutrient-poor environments like coral reefs. 

There are two pathways proposed for how sponges might fuel higher trophic levels. For cryptic 

and encrusting sponges, the sponge-loop pathway occurs via sponge detritus production fuelled 

by DOM and consumed by detritivores (reconfirmed by Rix et al. 2018). However, this pathway 

is not found in all massive and erect sponges since they do not always produce significant 

quantities of detritus (McMurray et al. 2018). McMurray et al. (2018) proposed an alternative 

sponge-loop pathway where sponges might fuel higher trophic levels via the predation on 

sponges by fish, turtles, and invertebrate spongivores since sponges are likely to retain their 

assimilated carbon as biomass. 

The Indo-Pacific: Centre of the global biodiversity 

The Indo-Pacific region has long been recognised as supporting the highest concentration of 

global marine biodiversity, with a gradient in richness linked to longitudinal and latitudinal 

distance from its centre (Bellwood and Wainwright 2002; Mora et al. 2003; Carpenter and 

Springer 2005; Tittensor et al. 2010). This region supports about 3000 species of shallow 
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marine fish, while the next richest region (the Western Atlantic) having only approximately 

1200 species (Helfman et al. 2009). There are 100 genera with 758 species of zooxanthellate 

corals in this region, compared with 28 genera with 73 species in the Western Atlantic (Veron 

et al. 2016). Among other marine groups, there are about 1000 species of bivalve mollusc 

(including all the giant clams, Tridacnidae), twice that of the Western Atlantic; and 49 of the 

50 species of sea snakes (Hydrophiidae), compared to only one species in the Eastern Pacific 

(Helfman et al. 2009). 

Many theories have tried to explain this phenomenon. They can be classified into three main 

hypotheses: (1) centre of origin; (2) area and refuge; and (3) region of overlap (Bellwood and 

Wainwright 2002; Bowen et al. 2013; Cowman 2014). The centre-of-origin theory assumes that 

the centre of diversity is also the centre of origin, with each speciation radiating from this centre. 

The second hypothesis is that the Indo-Pacific's extensive shallow habitats may reduce faunal 

loss and have acted as a refuge or area of species accumulation during global environmental 

change (e.g. sea-level changes). Rosen (1988) added that more species may have evolved in the 

Indo-Pacific due to the region's large size compared with other regions. The third hypothesis is 

that the Indo-Pacific region is the area where the faunal distribution of several biogeographic 

realms overlaps. Obviously, one theory alone cannot entirely explain this centre of global 

biodiversity, but it could be explained by a combination of these hypotheses. 

Beside sandy or soft-sediment habitats, coral reefs, seagrass beds, and mangroves are the three 

main marine ecosystems in the Indo-Pacific (see Figure 1.2–4 for the distribution and species 

richness). Generally, but not always, these can be found in close proximity and are connected 

through ecological and biophysical processes (Nagelkerken et al. 2000; Unsworth et al. 2008; 

Saunders et al. 2014), and provide many environmental services (Field et al. 1998a; Moberg 

and Folke 1999; Guannel et al. 2016). Early researchers also recognized a triangular region 

within the Indo-Pacific described as the Coral Triangle region that stretches from the Philippine 

Archipelago across the Indonesian Wallacea region and West Guinea; this is the area where 

corals, fish and other organisms have their highest global biodiversity (Allen 2000; Veron et al. 

2009). Six hundred and five zooxanthellate coral species, or 76% of the world's total species, 

have been reported from the Coral Triangle region (CTR; Veron et al. 2009). About 50–60 

species out of a total of 73 true mangrove species are also found in the CTR (Duke and Schmitt 

2015), and the CTR is considered to be the centre of global seagrass biodiversity, with 12 

seagrass species that occur in this region (Spalding et al. 2003). 
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Figure 1.2. (A) Coral Triangle boundaries with coral ecoregions and the zooxanthellate coral 

species richness. Area north of Australia. Source: Veron et al. (2009); (B) Global distribution 

and species richness of mangroves. Source: Duke and Schmitt (2015); (C) Global distribution 

and species richness of seagrass. Source: Short et al. (2007). 
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Wakatobi National Park 

Within the Coral Triangle region, off the south coast of Southeast Sulawesi province of 

Indonesia, lays the Wakatobi National Park (WNP; 05o 29.6S, 123o 45.26E). It is also a 

UNESCO World Biosphere Reserve. With about 1.4 million ha and 100,000 inhabitants, the 

WNP is Indonesia's third-largest and most populated marine national park (BPS-Statistics 2019; 

Wakatobi 2019). 

Three hundred and ninety-six hermatypic scleractinian coral species and 590 reef-fish species 

have been recorded in the WNP (Pet-Soede and Erdmann 2004). However, the WNP has 

experienced dramatic declines in coral reef and the mangroves habitat cover from 2002 to 2016. 

Using Landsat satellite images, Firmansyah et al. (2016) showed that WNP's coral reef habitat 

area has dropped from 27,968 ha in 2002 to 12,458 ha in 2016 (about 55% drop), while the 

mangrove area has also dropped from 2,499 ha in 2002 to 1,052 ha in 2016 (about 58% drop). 

The WNP mean hard coral cover in 2016 was approximately 25.11%, compared to 46.7% in 

2002 (McMellor and Smith 2010; Firmansyah et al. 2016). Human-induced activities such as 

sand and coral mining, along with mangrove logging and destructive fishing practicing (e.g. 

blast and cyanide fishing) have been identified as the major factors causing this environmental 

degradation in the WNP (Firmansyah et al. 2016). 

Sponges in Wakatobi 

One of the earliest oceanographic expeditions in Indonesia, the Snellius II expedition (1984–

1985), collected 355 distinct sponge species and estimated that a total of 830 sponge species 

existed in the eastern part Indonesia including Wakatobi (Van Soest 1989). However, only 100 

sponge species across Indonesia have currently been described and validated (de Voogd 2022). 

In the Wakatobi, Bell and Smith (2004) reported that within two sites with a total observed area 

of 52.5 m2, 100 sponge species were found. More recently, 140 sponge species were 

documented on the fringing reef of Hoga Island, Wakatobi (Rovellini et al. 2019). 

Lamellodysidea herbacea is the most common sponge in Wakatobi reefs: it occurred in 42% of 

the total observed sponge patches (Powell et al. 2014). Powell et al. (2014) also found that 

sedimentation rate was the key driver of sponge abundance patterns in the WNP. In WNP, L. 

herbacea harbours photosymbionts that have the ability to photo-acclimate to light availability, 

which could explain their survival in turbid environments (Biggerstaff et al. 2015). Biggerstaff 

et al. (2017) discovered that L. herbacea could survive high sedimentation by reducing its 
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respiration rate and removing settled sediment by producing mucus. Mucus production as a 

sediment clearance mechanism was also observed in the giant barrel sponge (Xestospongia 

testudinaria) in WNP (McGrath et al. 2017). These findings support the hypothesis of Bell et 

al. (2013) that there is the possibility for a regime shift from coral- to sponge-dominated reefs 

as sponges and corals have different responses to environmental change. 

Goals and aims 

Like all tropical regions, the Indo-Pacific bioregion has experienced considerable 

environmental change, and one of the most understudied ecosystems are the seagrass meadows. 

In order to understand the ecosystem dynamics and predict the impact of environmental change, 

we need to understand the role of each organism in the flow of matter and energy. Sponge 

assemblages are essential benthic organisms in tropical marine ecosystems. While most 

sponges are heterotrophic, some are autotrophic. The sponges with different nutritional modes 

might play different roles in the energy flow through marine systems. The primary goal of my 

thesis is to increase our understanding of the importance of these two different sponge 

nutritional modes in seagrass ecosystems in order to better understand how environmental 

change might impact on sponge assemblages.  

The specific aims of this thesis are to: 

1. Determine the structure of seagrass sponge assemblages and explore their potential drivers 

of abundance and diversity patterns by conducting a sponge and seagrass survey on the 

west side of Hoga Island, Wakatobi. Sponges will be identified by utilizing both a 

morphological and molecular approaches. Sponge biomass (abundance) in the seagrass bed 

will be quantified and assessment made of the seagrass and sponge assemblage structure 

and spatial distribution. 

2. Determine the sponge nutritional mode: autotrophic or heterotrophic, and their variation 

across the seagrass bed. The net primary productions and dark respiration of the sponges 

will be measured, and use the P:R ratios as a proxy for their nutritional mode along with  

the photosynthetic pigment concentration. I will use the information from the sponge 

survey to assess the variation in sponge nutritional modes across the studied seagrass bed.  

3. Assess how sponges with different nutritional modes may impact on water column carbon 

dynamics. I will measure the sponge-mediated organic carbon flux in dark and light 
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incubations (representing night and daytime) and how sponges might influence the water-

column at the assemblage level in the studied seagrass bed will be assessed.  

4. Assess how sponges with different nutritional modes may influence the picoplankton 

abundance in the water column. I will measure the sponge-mediated flux for the observable 

picoplankton groups and their ambient abundance in the water column in dark and light 

incubations. Then, the sponge assemblage influence on the picoplankton at the habitat level 

will be assessed by utilising the sponge survey information. 
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Abstract 

Sponges are major components of benthic marine ecosystems across the world. Although 

seagrasses are one of the key ecosystems in tropical environments, their associated sponge 

assemblages have been poorly studied. In this study, I investigated seagrass and sponge 

assemblage composition in an Indo-Pacific seagrass meadow, located at Hoga Island in the 

Wakatobi National Park, Southeast Sulawesi, Indonesia. I examined a continuous seagrass 

meadow, spatially separated into two sites, categorised into three tidal zones: high-shore, 

middle shore, and near-reef-flat zones. I investigated the species richness, composition, and 

abundance of both seagrass and sponge species across zones and sites. For sponge 

identification, I combined morphology and molecular technique where four DNA markers 

(18S, 28S, ITS, and COX-1) were used. Ten sponge species found in the seagrass meadow were 

identified and I found that the sponge assemblage composition was significantly different 

among sites and zones, while the seagrass assemblage was not. This suggests that the seagrass 

and sponge assemblages have different ecological drivers. Based on my observations, I propose 

that sponge adaptation to the prevailing environmental conditions in different seagrass zones 

may be aided by sponge morphology. Furthermore, seagrass ecosystem management strategies 

should consider the different drivers of seagrass and sponge distribution patterns; they might 

be differentially affected by specific anthropogenic stressors. 

Keywords: Porifera, Wakatobi, ecological drivers, morphology  
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Introduction 

Global marine biodiversity is declining at an alarming rate as a result of many human impacts, 

which has resulted in a reduction in the provision of ecosystem services (Sala and Knowlton 

2006). As biodiversity supports the stability of ecological functions and services (Cardinale et 

al. 2012; Lefcheck et al. 2015), appropriate environmental management and conservation 

efforts are urgently needed. However, before such measures can be implemented, we need to 

understand the drivers of organism abundance and distribution patterns, since these patterns 

strongly influence ecosystem dynamics (Balmford and Gaston 1999). 

The Indo-Pacific biogeographic region is an important global biodiversity hotspot, particularly 

the Indonesia–Philippine archipelago (Mora et al. 2003; Tittensor et al. 2010). Algae, molluscs, 

fishes, arthropods, and corals all have their maximum diversity in this region (Hoeksema 2007). 

However, despite considerable research efforts in this area, not all ecosystems have been 

equally studied. Seagrasses in particular have been the least studied (Waycott et al. 2009; Ooi 

et al. 2011), despite the Indo-Pacific region having the highest seagrass diversity in the world 

(Short et al. 2007) and being hypothesised as the centre-of-origin for tropical seagrasses (Short 

et al. 2001). 

Seagrass meadows have a wide range of functional roles, including supporting extensive 

primary and secondary production (Duarte and Cebrián 1996), habitat provision (Heck et al. 

2003), facilitating sediment accumulation and stabilisation (Orth et al. 2006), and nutrient 

cycling (Romero et al. 2006; McGlathery et al. 2007). As a result, human food security is very 

dependent on seagrass health, particularly for industrial- and small-scale fisheries production 

(Unsworth et al. 2019). For example, in the Indo-Pacific, more than 50% of the fish landed by 

small-scale fishers in the Coral Triangle region are seagrass-associated (Unsworth et al. 2014). 

Seagrass meadows are also very important for carbon sequestration (Duarte et al. 2005). In the 

Indonesia Archipelago, seagrass meadows have an average carbon sequestration capacity of 

about 5.62–8.40 ton C ha-1 y-1 (Wahyudi et al. 2020), more than double the global average (2.78 

ton C ha-1 y-1; Duarte et al. 2013). Therefore, it is critical to maintain the ecological function 

of seagrass meadows, particularly in the Indo-Pacific. However, despite the importance of these 

seagrass meadows, they are under widespread threat because of continued population growth 

and coastal development (Unsworth et al. 2018). 
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The resilience of seagrass ecosystems is influenced by the interaction of three main factors: the 

biological features of the seagrass, the supporting ecosystem, and the biophysical environment 

(Unsworth et al. 2015). Unsworth et al. (2015) identified seagrass species diversity, seagrass 

cover, macroalgal cover, epiphyte cover, and water transparency as the five most-used 

resilience parameters that have been incorporated into seagrass monitoring guidelines (e.g. 

McKenzie et al. 2001; Short et al. 2015), since this data are easy and cheap to collect. Seagrass 

species diversity is essential to seagrass resilience, with Kilminster et al. (2015) suggesting that 

each seagrass species has specific disturbance responses. Therefore, higher seagrass diversity 

likely provides functional redundancy and a better chance of recovery following a disturbance. 

Seagrass is also more resistant to disturbances when more abundant, making seagrass cover an 

important resilience assessment parameter (Fonseca and Bell 1998; Duarte et al. 2006). 

Macroalgal cover and epiphyte presence provide an assessment of the susceptibility of seagrass 

to being outcompeted and have seagrass blade photosynthetic activity disrupted, respectively 

(Unsworth et al. 2015). Lastly, water transparency is indicative of the amount of 

photosynthetically available light reaching the seagrass, thereby affecting photosynthesis and 

influencing overall seagrass productivity (O'Brien et al. 2018).  

Seagrass species life-history traits have also been used to classify seagrass resilience modes 

(e.g. Carruthers et al. 2002; Carruthers et al. 2007; Waycott et al. 2011). Based on seagrass 

growth forms and reproductive strategies that may contribute to resilience, seagrass species 

have been categorised into colonising, opportunistic and persistent species (Kilminster et al. 

2015). Colonising species have a short turnover time (< months) of ramets, quickly reach (< 1 

month) sexual maturity and produce dormant seeds. In contrast, persistent species have a long 

turnover time (months–years) of ramets, a very long time to reach sexual maturity (years), and 

do not typically form seed banks. Opportunistic seagrass species combine the core features of 

the two groups to colonise quickly, produce seeds or seedlings and maintain persistent biomass, 

and rapidly recover from seeds if needed. These sets of traits lead to different responses of 

seagrass species to disturbance. Colonising seagrasses feature low physiological resistance but 

have a rapid ability to recover after a disturbance. Persistent seagrasses have high physiological 

resistance but a slow recovery ability, while opportunistic seagrass species are intermediate 

between the other two groups. 

Despite the identification of resilience features of seagrass species, little is known about the 

role of seagrass-associated benthic communities (Unsworth et al. 2015). Sponges are major 
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components of benthic communities across the globe, including seagrass meadows (Van Soest 

et al. 2012; Bell et al. 2020). For example, Barnes (1999) reported that sponges were the 

dominant sessile form in the seagrass meadows of the Quirimba Archipelago in East Africa. 

Sponges were also reported as one of the dominant benthic organisms in a Posidonia australis 

seagrass meadow in southeastern Australia (Demers et al. 2015). However, the ecology of 

seagrass sponges has generally been poorly studied compared to coral reef sponges, and 

particularly whether the drivers of sponge and seagrass assemblage composition are the same. 

It is important to determine the drivers of seagrass and sponge distribution patterns in 

developing appropriate and scale-dependent management strategies. 

Sponges are sessile suspension feeders that have many functional roles (Bell 2008), including 

impacts on the substrate (see review by Schönberg et al. 2017), carbon and nitrogen cycling 

(e.g. Jiménez and Ribes 2007; Hadas et al. 2009; Hoffmann et al. 2009; Hoer et al. 2018), and 

facilitating primary production (e.g. Wilkinson 1983; Erwin and Thacker 2008). A number of 

biotic and abiotic factors have been identified as controlling spatial and temporal variability in 

sponge assemblages and species, although these drivers are often species-specific (e.g. Ramsby 

et al. 2017; Beepat et al. 2020) due to the adaptive plasticity of sponges to environmental and 

physical factors (Carballo et al. 1994). For example, type and availability of substrate have been 

reported to influence sponge assemblages in shallow-water ecosystems (Hunting et al. 2013; 

Marlow et al. 2018), along with competition with other taxa, such as macroalgae (e.g. Ávila et 

al. 2015; Ramsby et al. 2017) and corals (e.g. Kelmo and Attrill 2013; Glynn and Manzello 

2015). Morphological variation is also an important adaptation mechanism shown by sponges 

to environmental conditions, which can determine their survival success in a particular habitat 

(Palumbi 1984). For example, Bell and Barnes (2000) reported that massive and encrusting 

morphologies dominated high-energy sites at Lough Hyne in Ireland, while pedunculate, 

papillate, and arborescent morphologies dominated low current sites. In another example, 

elephant-ear and vase-like morphologies were reported to strongly correlate with local water 

movement and sedimentation rate (Pronzato et al. 1998).  

Few studies have described spatial variation in sponge abundance and diversity in the Indo-

Pacific region, and most of the available studies have been on coral reefs sponges and have 

highlighted the importance of environmental conditions as the major drivers (e.g. de Voogd et 

al. 2006; Cleary and de Voogd 2007; de Voogd et al. 2009; Madduppa et al. 2015; Utami et al. 

2018). For example, Bell and Smith (2004) reported that depth, surface angle and sedimentation 
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rates were important drivers for sponge assemblages at two reefs in Wakatobi National Park, 

Indonesia. Meanwhile, from the western part of the Indonesia Archipelago, de Voogd and 

Cleary (2008) reported 118 sponge species inhabited the reefs across Jakarta Bay to the north 

part of Seribu Islands (60 km away from the mainland Jakarta). They observed increased sponge 

diversity further offshore from the Jakarta mainland, where the environmental conditions and 

water quality improved. Furthermore, a longitudinal pattern was described in a study from the 

south coast of Java Island, where sponge species and morphological diversity gradually 

increased from the west to the east of the island (Hadi et al. 2018). We have less information 

about the drivers of temporal variation in Indo-Pacific sponge assemblages. Over a 13 year 

study on a reef in Wakatobi National Park, sponge assemblages had dramatic temporal changes 

driven by species-specific population variability, although the drivers could not be identified 

(Rovellini et al. 2019). 

Despite the paucity of information on the ecology of seagrass sponge assemblages in the Indo-

Pacific, some studies have revealed what might drive abundance and diversity patterns. For 

example, Wulff (1995) suggested that top-down processes prevent reef-sponges from 

occupying the adjacent seagrass meadows in San Blas Islands, Republic of Panama. However, 

sponges can also form intra-phyletic mutualistic relationships to overcome predators and 

increase sponge diversity in seagrass meadows (Wulff 2008). Biophysical features may also be 

important drivers of seagrass abundance and diversity patterns. Attrill et al. (2000) suggested 

that seagrass structural complexity did not determine the size and composition of the associated 

macroinvertebrates, including sponges, but the abundance of the seagrass plants did. 

Furthermore, a study in the Gulf of Mexico suggested that the proportion of coarse particles in 

the substrate was the best variable to explain sponge distribution in seagrass meadows (Ávila 

et al. 2015). Finally, ambient nutrient availability has also been reported as the driver for the 

outcome of the sponge–seagrass interactions in the Bahamas (Archer et al. 2018).  

In the Indo-Pacific region, particularly in the Indonesia Archipelago, ecological studies on 

seagrass sponges are scarce, and are all concentrated on Java Island. Ismet et al. (2017) reported 

that a total of 18 sponge species inhabited a multispecies seagrass meadow in the Seribu Islands 

National Park, Jakarta, which had a species-specific level of correlation with each seagrass 

species' cover in the meadow. Meanwhile, 16 sponge species were recorded in two seagrass 

meadows in the Gulf of Pacitan, East Java, where the assemblages were dominated by the 

boring sponge Spheciospongia inconstans (Setiawan et al. 2021). There are still major gaps in 
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our knowledge on the ecology of sponge assemblages in the seagrass ecosystems, especially in 

this important biogeographic region. 

Detailed surveys are the first step in understanding ecological processes and the drivers of 

abundance and diversity patterns, which is crucial for effective management plans. Based on 

sites and zones within my studied seagrass meadow, I recorded the seagrass species diversity, 

seagrass cover, canopy height, macroalgal cover, epiphytes cover, and water transparency. For 

the sponge assemblage, I recorded the sponge diversity and abundance, and determined the 

growth form for each sponge species. In this chapter I aim to: (1) determine the ecological status 

of the seagrass meadow and its resilience capacity by measuring the habitat resilience 

parameters (utilizing  Seagrass Ecological Quality Index developed by Hernawan et al. 2021) 

and by classifying the seagrass species composition (grouped by their response to disturbances; 

after Kilminster et al. 2015); (2) investigate spatial distribution patterns of the seagrass and 

sponge assemblages in the seagrass meadow; (3) consider the importance of sponge 

morphology in driving distribution and abundance patterns; and (4) explore the potential drivers 

of sponge seagrass assemblages. 

Materials and methods 

Study site and design 

My study was conducted in a seagrass meadow on the western side of Hoga Island in the 

Wakatobi National Park, Indonesia, which lies within the Coral Triangle region. The fieldwork 

was carried out during June – July 2019. The Wakatobi National Park (WNP) experiences 

semidiurnal tides with a maximum amplitude of 2.3 m, whereby much of the seagrass in the 

area is exposed to air during a low spring tide (Unsworth et al. 2008; personal observation). 

The region's seagrass meadows are dominated by Thalassia hemprichii and Enhalus acoroides, 

with minor floral coverage (i.e. under 5% coverage) of three other seagrass species – 

Cymodocea rotundata, Halophila ovalis, and  Halodule uninervis (Unsworth et al. 2007). A 

seagrass survey in 2006 reported that the studied seagrass meadow had an average seagrass 

cover of 70  3.2 %, and 1.8  0.1 mm sized coral sand substrate (Unsworth et al. 2008). Across 

the study area, the seagrass and substrate were visible through the water column from the 

surface, which is likely due to the very shallow water depth (especially at the high-shore zone). 
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Figure 2.1. Location of the two study sites on the west side of Hoga Island's seagrass meadow, 

Wakatobi National Park, Southeast Sulawesi – Indonesia. 

The seagrass meadow was a continuous meadow, and as a spatially separated replicate, I 

categorised the study area into two sites and three zones. The sites were separated into Hoga-1 

(5o 28' 27" S, 123o 45' 57" E) and Hoga-2 (5o 28' 07" S, 123o 45' 35" E), and the zones within 

each site were categorised as high shore (HS), middle shore (M), and near-reef-flat (NRF) zones 

(Figure 2.1). Hoga-1 was at the southern part of the meadow, close to the channel between 

Kaledupa Island and Hoga Island, while Hoga-2 was further north. The categorisation of the 

zones was based on the distance to shore, whereby during high tide, the water depth of high-

shore, middle and near-reef-flat zone was approximately 0.5, 1.2, and 1.9 m depth, respectively. 

Three transects were used at each zone at each site, and a tape measure was laid perpendicular 

to the shoreline, resulting in nine transects (n = 9) at each site (across all zones), and six transects 

(n = 6) in each zone (across both sites). The transect length was 50 m, and the distance between 

the parallel transects in the same zone was approximately 150 m and 300 m for Hoga-1 and 

Hoga-2, respectively. In the high-shore zone, the transect began at 5 m after the seagrass started 

to grow, perpendicular to the shoreline towards the sea. In the near-reef-flat zone, the transect 

began at approximately 5–10 m from the reef-flat boundaries towards the island (i.e. shore). In 

the middle zone, the transect was placed approximately halfway between the two other zones. 



 

 

 39 

Estimation of site area 

I used aerial images to calculate the areal coverage of the sites and zones following the methods 

of Subhan et al. (2018). A drone (DJI Mavic Air 2) shot multiple vertical aerial images from 

150 m height in the morning (before 10 am) to avoid glare. I used Pix4Dcapture (PIX4D 2018) 

to create a route for the drone to take orthophotos for building up an orthomosaic map of the 

study site. I set the route to take images resulting in an overlap of 80% to merge the pictures 

afterwards. All the pictures were merged using Agisoft Metashape, and then I calculated the 

area covered by seagrass from the merged image with QGIS 3.18 (QGIS 2002). 

Hoga-1 was a seagrass meadow between two jetties, while the meadow between the north jetty 

and the national park's field office was considered Hoga-2 (see Figure S.2.1, App. A). The high-

shore zone covered the area where the seagrasses started to occur to the point where there was 

a depth change. The zone was always exposed to air during low tide. The boundary was 70 m 

from the shoreline, confirmed by the orthophotos, where a change in seagrass density was 

observed. The near-reef-flat (NRF) zone was the seagrass-dominated area just behind the reef 

flat. From the orthophoto, I drew the boundaries from the point where seagrasses started to 

dominate the reef-flat, extrapolated to the point where coral reef was no longer observed. The 

middle zone was between the high-shore and near-reef-flat zones, where seagrasses entirely 

dominated the meadow. 

Sponge identification 

Except for one rarely found sponge species (n = 1 and only a very small sample), five specimens 

from each of the distinct sponges that inhabited the studied seagrass meadow were collected for 

identification purposes (n = 5). A small piece of the sponge (approx. 2 cm in length and 2–5 

mm in thickness) was cut and placed in 2 ml cryovial tube, preserved in 98% ethanol, and stored 

in a -20℃ fridge. The vials were stored in an insulated thermos when transporting the samples 

from the study site at WNP to Bogor (Indonesia), and finally to Wellington, New Zealand. In 

situ photographs of the sponges were taken, along with their gross external morphological 

characteristics. Molecular analyses were used to assist with the identification. I used the 

morphological characteristics and original descriptions of the likely species, coupled with the 

genetic data, to confirm final identification. Only three out of five collected specimens (n = 3) 

were used for both the molecular and morphological identification process.  
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Molecular identification 

Sponge tissue of approximately 1 mm3 was cut and washed with distilled water, then dried on 

tissue paper to minimize ethanol content in the sponge as this could potentially interfere with 

the DNA extraction process. The sponge DNA was extracted using a DNeasy Blood & Tissue 

Kit (Qiagen, Germany), following the manufacturer’s protocols. Four primer sets were used: 

18S (18S_2F/18S_5R as in Mortimer et al. (2021)), 28S (C2/D2 primer set designed by 

Chombard et al. (1998)), ITS (RA2/ITS2.2 primer set as in Adlard and Lester (1995)), and 

CO1-ext (COX1-R1/COX1-D2 primer set developed by Rot et al. (2006)). See Table 2.1. for 

the detailed primer information and product sizes. 

Table 2.1. Primer information for marker used (18S, 28S, ITS2, and CO1-ext). 

Region Primer Size 

(BP) 

Reference 

Forward Reverse 

18S 18S_2F 

5'-GGC TCA TTA AAT CAG 

TTA T-3' 

18S_5R 

5'-CTT GGC AAA TGC TTT 

CGC-3' 

893 Mortimer 

et al. 

(2021) 

28S C2 

5′-GAA AAG AAC TTT GRA 

RAG AGA GT-3′ 

D2 

5′-TCC GTG TTT CAA GAC 

GGG-3′ 

450 Chombard 

et al. 

(1998) 

ITS RA2 

5'-GTC CCT GCC CTT TGT 

ACA CA-3' 

ITS2.2 

5'-CCT GGT TAG TTT CTT 

TTC CTC CGC-3' 

680 Adlard 

and Lester 

(1995) 

CO1-ext COX1-R1 

5′-TGT TGR GGG AAA AAR 

GTT AAA TT-3′ 

COX-D2 

5′-AAT ACT GCT TTT TTT 

GAT CCT GCC GG-3′ 

425 (Rot et al. 

2006) 

Polymerase chain reaction (PCR) were carried out in a total volume of 25 µL including the 

following: 8.4 µL of RedMix (Bioline, Taunton, MA, USA) PCR Mastermix, 0.8 µL of each 

primer (10 mM; forward and reverse), 2 µL of bovine serum albumin (BSA; 100 mg/mL), 3 µL 

of DNA template, and 10 µL of H2O. The amplification profiles for 28S and CO1-ext primer 

sets were as follows: a 3-minute initial denaturification at 95℃; 36 cycles of 95℃ for 30 s, 

50℃ for 55 s, 70℃ for 90 s; and a final extension step at 72℃ for 10 min. For the 18S, the 

amplification profile was as follows: 94℃ for 5 min; then 35 cycles of 94℃ for 30 s, 58℃ for 

55 s, 72℃ for 45 s; and a final extension step of 72℃ for 7 min. Meanwhile, the ITS region 

was amplified as follows: 94℃ for 2 min; 35 cycles of 94℃ for 30 s, 45℃ for 20 s, 65℃ for 

60 s; and a final extension step of 72℃ for 10 min. Products were visually checked on a 1.5% 
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agarose gel stained with RedSafe Nucleic Acid Staining Solution (20,000x) and sequenced 

using an automated DNA sequencing service at Macrogen Inc (Seoul, South Korea).  

Forward and reverse sequences were trimmed, assembled, and edited manually with Geneious 

Prime version 2022.0.2 software (Kearse et al. 2012). The derived consensus sequences were 

exported as fasta files and checked in the NCBI GenBank Database by running the online Basic 

Local Alignment Search Tools (BLAST) searches. The sequence with the highest Bit Score, 

accompanied with the best E-value, query cover (%), and sequence similarity (%) was selected 

as the identity for every DNA marker, while still considering the top 20 BLAST results to 

identify any possible errors (following Yang et al. 2017). The top 20 sequences based on their 

Bit Score were downloaded for constructing phylogenetic trees for each marker, utilizing the 

Maximum Likelihood and Neighbor Joining methods, to determine the closest sequence match 

from the phylogenetic analysis.  

Morphological analysis 

I used the sponge identification guide ‘Sponguide’ by Hooper (2000) as the basis of my sponge 

morphological analysis. The sponge characteristics that can be observed in situ, such as growth 

form, point of attachment, live coloration and hue, oscule shape and distribution, texture, 

surface and the surface sculpturing, was recorded using the description format provided in the 

‘Sponguide”. For spicule preparations, a ~5 mm3 tissue sample were dissolved in bleach for at 

least 24 h at room temperature. The remaining spicules were washed and rinsed 3x with distilled 

water. One millilitre of the spicule solution was mounted on a microscope slide and examined 

using a compound light microscope (Leica DM 2500 LED) with an on-board camera system 

(Leica DMC 4500) for photographing and measuring (length or diameter) the spicules. I 

measured 20 replicates for each spicule type or as many as I could find under the microscope. 
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Seagrass and sponge assemblage composition and abundance 

I surveyed the seagrass meadow following the methods of Seagrass Watch (McKenzie et al. 

2001). Using a 0.25 m2 metal quadrat, I recorded the seagrass species and measured the seagrass 

cover and canopy height, and macroalgal and epiphyte cover at 5 m intervals along the transect, 

resulting in 11 observations for each transect. I used the seagrass guidebook produced by the 

Indonesia National Institute of Sciences (Rahmawati et al. 2014) to identify seagrass species, 

which was based on Kuo and Hartog (2001). I used the percentage cover standards provided by 

Seagrass Watch  (McKenzie et al. 2001) for seagrass and macroalgal cover. In each quadrat, 

which was placed haphazardly, I measured the length of five leaf-blades and averaged the 

measurements for the quadrat's canopy height. The epiphyte cover was estimated as the 

percentage of covered blades. For the seagrass composition, I assigned each species into one of 

the three groups based on its life-history traits: colonising, opportunistic, and persistent species 

(after Kilminster et al. 2015) to understand how the meadow might respond to disturbance. 

For the sponge survey, I recorded the sponges that I encountered within 2.5 m on either side of 

the transect, resulting in total coverage of 250 m2 per transect. I measured the volume of every 

sponge that I found in my belt area with the water-displacement method (after Rützler 1978). 

For sponge volume measurements, I used either a graduated cylinder or measuring cup, 

depending on the size and shape of the sponge, with a volumetric resolution of 10 ml. I put the 

sponge in the cylinder or cup and topped it up with seawater to the full volume scale. Then, I 

took the sponge out and recorded the volume lost as the sponge volume. Sponge volume is the 

best abundance metric for sponge assemblages with diverse morphologies as it provides a more 

appropriate measure of the sponge-related ecological process (e.g. feeding rate, respiration rate, 

and gross productivity) compared to other sponge abundance metrics (Bell et al. 2017).  

To better understand sponge adaptations to living in seagrass ecosystems, I qualitatively 

assessed sponge morphological variation. I determined the morphology of each sponge species 

based on the classification of Schönberg (2021). Schönberg (2021) divided sponge growth 

forms into four basic morphologies: crusts, massive, cups, and erect sponges. For finer 

resolution, these basic morphologies were further divided into: 1) crust – true crusts, endolithic-

bioeroding, and creeping sponges; 2) massive – simple massive, globular massive, composite-

massive, and fistular sponges; 3) cups – cups, tubes, and barrels; 4) erect – one-dimensionally, 

two-dimensionally and three-dimensionally erect forms, stalked, and carnivorous sponges. Not 

all of these morphologies were found in my study system. 
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Data analysis 

Habitat and sponge assemblage structure 

I averaged the abundance of each seagrass and sponge species in all areas (i.e. every zone in 

both sites) and used the mean to calculate the species composition in each area. I also averaged 

the five habitat resilience parameters: the seagrass species richness, seagrass cover, canopy 

height, macroalgal cover, and epiphytes cover. I did not average the water transparency since 

all the areas experienced the same conditions. 

The state of seagrass meadow 

I used the seagrass Ecological Quality Index (SEQI) to describe the health status of my studied 

seagrass beds, allowing me to make comparisons with other locations, especially in Indonesia. 

I calculated the index following the methods described by Hernawan et al. (2021). The index 

uses five parameters standardised to each maximum possible value; the parameters are the 

seagrass species richness, seagrass cover, macroalga cover, epiphyte cover and water 

transparency. The equation to calculate the SEQI was as follows: 

𝑆𝐸𝑄𝐼 =  (
𝑆𝑡

𝑆𝑟𝑒𝑓
) × 0.2 +  (

𝐶𝑡

𝐶𝑟𝑒𝑓
) × 0.2 +  (

𝑊𝑡

𝑊𝑟𝑒𝑓
) × 0.2 +  (1 − (

𝑀𝑡

𝑀𝑚𝑎𝑥
)) × 0.2 +  (1 − (

𝐸𝑡

𝐸𝑚𝑎𝑥
)) 

where, 

▪ St = seagrass species richness observed 

▪ Sref = max value of seagrass species richness (9) 

▪ Ct = seagrass per cent cover observed 

▪ Cref = max value of seagrass cover (100) 

▪ Wt = water transparency observed  

▪ Wref = max value of water transparency (2) 

▪ Mt = macroalga per cent cover observed 

▪ Mref = max value of macroalga per cent cover (100) 

▪ Et = epiphyte per cent cover observed 

▪ Emax = max value of epiphyte cover (100) 

Since I could see the seagrass and the seafloor on all my transects, according to the scoring 

guide by Hernawan et al. (2021), the water transparency score for all stations was two (Wt = 2; 
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i.e. the max possible value). Based on SEQI values, seagrass ecological status can be 

categorised into five levels: bad, poor, moderate, good, and excellent (see Table 2.2. for the 

SEQI threshold value). 

Table 2.2. The seagrass ecological state category based on the value of SEQI (after Hernawan 

et al. 2021). 

SEQI Value Ecological status 

0 – 0.36 Bad 

0.37 – 0.52 Poor 

0.53 – 0.68 Moderate 

0.69 – 0.84 Good 

0.85 – 1 Excellent 

Statistical analysis 

Permutational multivariate analysis of variance (PERMANOVA) was used to determine any 

differences between zones, sites, and their interactions, for the seagrass and sponge assemblage 

composition data. The sponge and seagrass abundance data were log-transformed to reduce the 

effect of rare species. Meanwhile, square-root transformation was applied to the habitat 

resilience parameter data to reduce the effect of the wide range of values among the parameters. 

Differences in the assemblage structure were graphically plotted using non-metric 

multidimensional scaling based on Bray-Curtis similarities. When I found any differences in 

the multivariate data (i.e. significantly different in PERMANOVA analysis), similarities 

percentage (SIMPER) analyses were run to identify the species that characterised the 

differences between zones and sites. All statistical analyses were performed by the software 

PRIMER v6 (with the PERMANOVA+ add-on; Anderson et al. 2008). 
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Results 

Seagrass sponge identification 

Ten morphologically distinct sponges were found in the studied seagrass meadow, coded as 

Sponges A – J. Good quality PCR products were successfully obtained from all distinct sponge 

groups with DNA markers 18S, 28S, and ITS. However, the CO1-ext marker only gave clear 

PCR products for five sponges (Sponges D – H). For Sponge H, I was only able to get clear 

PCR products for two specimens, out of five collected specimens, probably due to DNA 

degradation. For Sponge J, I was able to produce a clear PCR product from only one collected 

specimen. See Table S.2.1 (Appendix A) for the summary of BLAST results and phylogenetic 

analysis with every DNA marker for each acquired sponge DNA sequences.  

Sponge A 

Sponge A is an endopsammic sponge whose body is mostly buried  in the sand (substrate) of 

the seagrass bed. Oscules were irregularly dispersed on the apex of the sponge, forming a short 

fistule that protruded through the substrate. Its colour while alive was dark, black on the surface, 

and light gray or light brown on the inside. The average size of the sponge was up to 25–30 cm 

in width. The sponge texture was firm and rubbery. 

Spicules were rare (Figure 2.2C). However, three spicule types were observed: oxea (~100 µm 

in length; Figure 2.2D), tylostyles (~150 µm in length; Figure 2.2E), and sigma (~70 µm in 

length; Figure 2.2F). 

The BLAST results for Sponge A were similar across the three specimens for each marker. The 

18S data showed Petrosaspongia nigra and Spongia zimocca as the sponge species highest 

matches (Bit Score, % query cover, % sequence similarity, and E-value), while Hippospongia 

ammata and Spongia zimocca matched with the 28S marker, again with identical scores, but 

the Bit Score was not as high as for the 18S data. The ITS data matched with Hippospongia 

ammata. Phylogenetic analysis for this sponge species gave different results for each marker, 

whereby Spongia zimocca and Hippospongia ammata were the most frequent sponge IDs that 

showed the closest proximity with the Sponge A sequences. 
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Figure 2.2. Pictures of Sponge A in situ at the studied seagrass bed (A and B) and the observed 

spicules (C–F). Spicules were photographed in different scale, please look at the scale bar for 

reference.  

The morphological characteristics of Sponge A matched most closely with those of Spongia 

zimocca and Hippospongia ammata, but not those of Petrosaspongia nigra. Based on the 

original description by Bergquist (1995), the texture of Petrosaspongia nigra is hard and 

incompressible, and also the oscules are flush with the surface, which differed from the 

characteristics of Sponge A. Since Spongia zimocca had higher scores from the BLAST results 

than Hippospongia ammata, the identity of Sponge A most strongly aligns with Spongia 

zimocca. However, there is no record of either Spongia zimocca or Hippospongia ammata in 

the Indonesia archipelago or wider Indo-Pacific bioregion (de Voogd 2022). Due to no record 

of occurrence for this particular species in my study site’s bioregion, I assign Spongia sp. as the 

identity for Sponge A. 
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Sponge B 

Sponge B is a massive endopsammic sponge, where most of the body was buried in the sand 

(substrate), leaving only its apex on the sand surface (see Figure 2.3A). The average size of an 

sponge was about 25–30 cm in width, and the largest specimens could reach about 50–70 cm 

in diameter. The external colour of the living sponge was brownish orange, while the internal 

colour was beige. Conspicuous and discrete oscules of various sizes were scattered over the 

exposed side of the sponge(Figure 2.3A). The texture of the sponge was firm and 

incompressible.   

 

Figure 2.3. In situ photograph of Sponge B (A) and the spicules found (B–F). Note: spicules 

were photographed at different scales.   

Sponge B contained many spicules, and tylostyle (Figure 2.3B–C; 200–300 µm long), bended 

oxea with extended conule-like shape at both ends (Figure 2.3E; length about 150 um), and 

styles (Figure 2.3F; ~250 µm long), were observed. No microscleres were observed. 

The BLAST results of the three DNA markers gave different species as the sponge ID but all 

were from the same genus Spheciospongia: Spheciospongia vesparium from 18S; 

Spheciospongia inconstan from 28S; and Spheciospongia solida from ITS. The sequence 
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similarity in 28S and ITS DNA markers was relatively low (< 96%), compared to the results 

from the 18S marker that gave sequence similarity of 99.9%. However, the morphological 

characteristics of Sponge B were closer to Spheciospongia inconstan, than to Spheciospongia 

vesparium, based on their original descriptions (Dendy 1887; Vicente et al. 1991). Furthermore, 

there is no record of Spheciospongia vesparium occurring in the Indo-Pacific, as the sponge 

only has been recorded on the eastern coast of the tropical America continent (de Voogd 2022). 

It is important to note that BLAST results with the 18S DNA marker also showed 

Spheciospongia sp. as the top hit with identical scores for Spheciospongia vesparium. Given 

these conflicting results I have assigned Spheciospongia sp. as the sponge identity for Sponge 

B. 

Sponge C 

Sponge C is a lamellate sponge, 10–40 cm in diameter or height, with the external colour of 

living specimens being yellowish green or brown (Figure 2.4A). The outer surface is verrucose, 

with conspicuous punctate raised oscules. Sponge texture is firm, flexible, but not easily 

compressible. 

Spicules were very rare (Figure 2.4B), and may represent contaminants. However, I observed 

two groups of oxea (40–50 µm and 80-100 µm long), tylostyles (~300 µm long), euasters (20–

30 µm in diameter), and oxyspherasters (40–50 µm in diameter). See Figure 2.4.C-F for the 

spicule photographs. 

The molecular identification with the three DNA markers gave different results at the species 

level, but they all belong to the same sub-family of Phyllospongiinae (Family Thorectidae). 

The 18S data consistently showed Strepsichordaia lendenfeldi as the top hit based on the Bit 

Score across the three specimens, but it also showed that Phyllospongia papyracea and 

Phyllospongia lamellosa have more than 99% sequence similarity with a 100% query cover, 

although the Bit Score was slightly lower. The 28S showed Carteriospongia foliascens as the 

sponge identity for the three specimens. Carteriospongia flabellifera and Carteriospongia 

foliascens were identified as the sponge ID with the ITS marker. It is important to note that 

Phyllospongia lamellosa and Carteriospongia foliascens are actually the same sponge species, 

and the accepted species name for these two sponges is Phyllospongia foliascens. So, 

Phyllospongia foliascens was the sponge that consistently came out as the top hit BLAST 

searches across the three DNA markers. 
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Figure 2.4. In situ photograph of Sponge C (A) and the contained spicules (B–F). Spicules 

were photographed in different scale, please look at the scale bar for reference.   

With respect to the morphological characteristics, the oscules on Strepsichordaia lendenfeldi 

and Carteriospongia flabellifera (for which the accepted name is Polyfibrospongia flabellifera) 

are flush with the sponge surface (Bowerbank 1877; Bergquist et al. 1988), which does not 

match with the characteristics of the Sponge C. The sponge Phyllospongia papyracea has an 

extremely thin body – about 1–2 mm thick ); this feature also does not match with Sponge C’s 

characteristics. All observed characteristics of Sponge C matched with the morphological 

description of Phyllospongia foliascens by Bergquist et al. (1988). In addition, there are records 

that Phyllospongia foliascens occurs in the Banda Sea (de Voogd 2022), where my study site 

is located. Considering all of this information, I conclude that the identity of Sponge C is 

Phyllospongia foliascens. 
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Sponge D 

Sponge D is a bushy sponge (i.e. a ramose growth form) that lays on the canopy of the 

seagrasses (Figure 2.5A). The colour of the living sponge is bright blue-green and appears 

heavily pigmented. The surface is smooth and not shiny. Oscules are small, dot like structures. 

The texture is spongy but easily torn. Strongyle spicules were often observed (Figure 2.5B-C), 

between 70–80 µm in length. Toxa (~40 µm long) were also observed but were rare (Figure 

2.5D); possibly a contaminant.  

 

Figure 2.5. In situ photograph of Sponge D (A) and its spicules (B–D). Note: spicules were 

photographed with different scale. 

The BLAST results with the 18S DNA marker consistently showed Callyspongia sp. as the 

sponge identification across the three specimens. BLAST search with the 28S DNA marker 

only gave a result at the Class level, which showed the identity of Sponge D as a member of 

Demospongiae. The ITS marker showed Haliclona sp. as the identity of Sponge D, but the 

query cover was below 50%. The CO1-ext marker showed that the sequence of Sponge D has 

a 100% similarity with Haliclona koremella. From the phylogenetic analysis, only the 18S 

marker showed Callyspongia sp. as the closest identity. Both ITS and CO1-ext showed the 

Haliclona genus as being the closest match, and in particular Haliclona koremella, based on 
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the CO1-ext marker. The observed morphological characteristics of Sponge D matched with 

the original description of Haliclona koremella (De Laubenfels 1954). There are also several 

records for its occurrence in the wider Indo-Pacific region (de Voogd 2022). Therefore, I 

conclude that Haliclona koremella is the identity of Sponge D. 

Sponge E 

Sponge E is a grey bulb-like sponge that was attached a limestone base in the seagrass bed 

(Figure 2.6A). The height of the bulb is about 5–10 cm. Oscules are large and prominent at the 

top of the bulb, with a slightly elevated membranous lip surrounding each oscule. Sponge 

texture is compressible but it returns to its initial shape quickly when compressed (i.e. it is 

resilient). Spicules are numerous (Figure 2.6B) with straight or slightly bent oxeas, size ~100 

µm in length (Figure 2.6C). Euaster size was ~20 µm in diameter, but they were observed in 

very low numbers (Figure 2.6D). 

 

Figure 2.6. In situ photograph of Sponge E (A) and its spicules (B–D). Note: spicules were 

photographed with different scales.  
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Molecular identification with the four DNA markers consistently showed Amphimedon 

queenslandica across three specimens. Moreover, the observed morphological characteristics 

of Sponge E matched the description of Amphimedon queenslandica by Hooper and Van Soest 

(2006). However, Amphimedon queenslandica has only been recorded from the Great Barrier 

Reef, Australia, but not anywhere else in the wider Indo-Pacific bioregion (de Voogd 2022).  

Therefore, I assign Amphimedon sp. as the sponge identity for Sponge E. 

Sponge F 

Sponge F is an arborescent cylindrical digitate branching sponge (Figure 2.7A). The external 

colour of a living specimen is bright yellowish green, and the texture is firm and barely 

compressible. The sponge surface is conulose, with scattered oscules across the surface. A few 

spicules (Figure 2.7B) were observed in only one of the specimens, along with oxyspherasters, 

size ~40 um in diameter were observed (Figure 2.7C–D). The other two specimens did not have 

any spicules.  

 

Figure 2.7. In situ photograph of Sponge F (A) and its spicules (B–D). Note spicules were 

photographed with different scales. 
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Dactylospongia elegans showed the closest match from the BLAST searches with the 18S, 28S, 

and ITS DNA markers, consistently across all three specimens. The sequences of Sponge F had 

100% query cover and 99.9 and 100% similarity with Dactylospongia elegans at the 18S region. 

However, the CO1-ext DNA marker gave each specimen a different possible sponge identity. 

All observed morphological characteristics of Sponge F matched with the description of 

Dactylospongia elegans in Hooper et al. (2004). Furthermore, Dactylospongia elegans is 

common in the my study area (de Voogd 2022). Therefore, I conclude that Sponge F is 

Dactylospongia elegans. 

Sponge G 

Sponge G is an erect massive composite sponge that attaches itself to a limestone base in the 

seagrass bed. The external living colour is bright orange, with an irregular conulose surface. 

Oscules are conspicuous, with slightly membranous lips that are scattered all over the surface. 

The texture is firm but compressible. Straight and bent spicules (200–300 µm in length) as well 

as oxea (~100 µm long; see Figure 2.8B-D) were observed. 

 

Figure 2.8. In situ photograph of Sponge G (A) and its spicules (B–D). Spicules were 

photographed with different scales. 
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Axinella verrucosa and Axinella corrugata had the closest matches from the BLAST search 

with the 18S marker; both species showed a sequence similarity of 99.9% from 100% query 

cover. BLAST results from the ITS and CO1-ext marker gave Axinella corrugata as the sponge 

identity across the three specimens, with sequence similarity of 97.5–99.1 % from ~100% query 

cover. Meanwhile, BLAST results with 28S gene gave three different hits with identical scores: 

Stylissa carteri, Axinella sp., and Timea lowchoyi. My morphological observations of Sponge 

G cannot differentiate the BLAST result top hits. However,Axinella appeared to be the common 

genus that matched across all three DNA markers. However, based on the World Porifera 

Database (de Voogd 2022), Axinella verrucosa and Axinella corrugata do not occur in the Indo-

Pacific bioregion. Therefore, I assign Axinella sp. as the identity of Sponge G. 

Sponge H 

Sponge H is a cylindrical finger-like sponge that was usually found creeping on limestone 

boulders in the seagrass bed (Figure 2.9A). The external colour of living specimens is reddish 

brown. Oscules are discrete, with a slightly raised membranous lip, and are located mainly at 

the tips of the digits. Texture is firm and barely compressible, and the surface is smooth and 

even.  

Subtylostyles in several size groups (~100, 200, and 400 µm in length) were observed, both in 

a straight and slightly bent form. Acanthostyle spicules in the size of about 40 µm in length 

were also observed( Figure 2.9B-E). 

Clathria reinwardti was the strongest match for the two observed specimens based on the four 

DNA markers. Sponge G had 96.9% sequence similarity with Clathria reinwardti with 100% 

query cover for the 18S marker. The other markers either gave a query cover below 50% (ITS), 

or a sequence similarity below 96% (28S and CO1-ext). Based on the morphological 

characteristics, the description of Genus Clathria in Hooper et al. (2004) and the species C. 

reinwardti (Vosmaer 1880) matched Sponge G’s characteristics. Regarding the sponge 

distribution, Clathria reinwardti is known to occur in my study site (de Voogd 2022). 

Therefore, I conclude that Clathria reinwardti is the identity of Sponge G. 
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Figure 2.9. In situ photograph of Sponge H (A) and its spicules (B–E). Spicules were 

photographed at different scales. 

Sponge I 

Sponge I is a massive sponge that can be found living on the bottom of the seagrass bed, not 

attached to the substrate. The sponge can be easily picked up, as if it is a “free living” sponge 

(see Figure 2.10A). The size of the sponge is about 20 cm in length. The external  colour of the 

living upward surface is black, in various colour hues. The bottom part (i.e. the side that is 

facing/touching the substrate) is yellowish-green. The sponge surface is opaque and even, and 

oscules are not visible. Sponge texture is firm and rubbery. Spicules are very rare. Two 

specimens showed only a few spicules (Figure 2.10B); the other specimen had more spicules 

but still low numbers (Figure 2.10C). I found thin bent oxea (~400 µm long) and tylostyle (~300 

µm long). See Figure 2.10D-F for the photographs of spicules. 

The BLAST results of the three specimens with three DNA markers were different for each 

specimen. One specimen (specimen #1) showed similar BLAST results with Sponge A across 

three DNA markers (18S, 28S, and ITS), while Petrosaspongia nigra and Spongia zimocca. 

came out as the sponge's identity, based on the 18S marker; Hippospongia ammata and Spongia 

zimocca based on the 28S marker; and Hippospongia ammata based on the ITS marker. The 
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sponge identity for this specimen appears to be Spongia zimocca, having a 99.9% sequence 

similarity out of 100% query cover. 

 

Figure 2.10. In situ photograph of Sponge I (A) and its spicules (B–F). Spicules were 

photographed at different scales. 

The other specimen (specimen #2) only had a good quality 18S sequence, which yielded 

Axinyssa topsenti as the sponge's identity with a 99.7% sequence similarity out of 100% query 

cover. But the third specimen (specimen #3) gave Rhopaloeides sp. as the sponge's identity 

with a 100% sequence similarity out of 100% query cover in the 18S marker.  

Based on the observed morphological characteristics, Sponge I is most likely a keratose sponge 

as it does not contain spicules (or only in very low numbers). Therefore, Axinyssa topsenti could 

not be the sponge’s identity as it is not a member of the keratose sponge group. So that leaves 

Spongia zimocca. and Rhopaloeides sp. as the possible identity for Sponge I. However, since 

my morphological observations cannot differentiate those two sponges (Spongia zimocca and 

Rhopaloeides sp.), I have relied on the BLAST results. I conclude that Rhopaloeides sp. is the 

most likely identity of Sponge I. 
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Sponge J 

Sponge J is an endopsammic sponge and only the protruding fistules are visible in the seagrass 

bed. The fistules have a chimney-like shape, and the colour of living specimens is dark black. 

Oscule shape is simple and located at the top of the chimney-like fistules. The sponge excreted 

a lot of mucus, even after being preserved in the ethanol. The fistules contain a lot of spicules, 

where the straight and bent oxeas (~150 um in length) were observed (Figure 2.11B-D). 

 

Figure 2.11. In situ photograph of Sponge J (A) and its spicules (B–D). Spicules were 

photographed at different scales. 

BLAST searches with the 18S sequence did not yield the specimen’s identity as a member of 

Porifera. Meanwhile, the 28S and ITS markers gave the same BLAST results for the sponge's 

identity, namely Siphonodictyon mucosum. In addition, Siphonodictyon mucosum has been 

reported in the wider area of Indo-Pacific bioregion (de Voogd 2022). Since I only collected 
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and observed the fistules of Sponge I, I do not have any knowledge of the morphological 

characteristics of its main body. For this reason, I base my sponge identification decision on 

the molecular technique, which gave Siphonodictyon mucosum as the possible identity of 

Sponge J.   

Sponge assemblage structure 

I recorded ten sponge species across the studied seagrass meadow: Spongia sp., Spheciospongia 

sp., Phyllospongia foliascens, Haliclona koremella, Amphimedon sp., Dactylospongia elegans, 

Axinella sp., Clathria reinwardti, Rhopaloeides sp., and Siphonodictyon mucosum, which had 

a species-specific abundance at each site and zone (Figure 2.12a-b). I found all ten sponges at 

both sites. However, while I found all ten sponges in the middle and near-reef-flat zones, only 

five sponge species inhabited the high-shore zone: Spongia sp., Spheciospongia sp., 

Amphimedon sp., Siphonodictyon mucosum, and the Rhopaloeides sp. species.  

The most sponge-abundant (sponge volume per m2) zone in Hoga-1 and -2 were the high shore 

and middle zone, respectively (Figure 2.12c-d). As the zone covered the largest area of the 

meadow, the middle shore zone was estimated to have the highest total sponge biomass in 

Hoga-1 and -2, where sponge biomass was estimated at 1458 and 6181 litres, respectively (see 

Table S.2.3, App. A). 

I found all four basic growth forms in the sponge assemblage, whereby six sponges had a 

massive growth form, two sponges had an erect growth form, one had a sponge cup-like, and 

there was one sponge crust-like growth form (Table S.2.4, App. A). In the more refined 

classification, I found seven morphologies out of 14 growth forms. There were three sponges 

with fistular–endopsammic morphology, two sponges with massive composite morphologies, 

and the other five morphologies were only represented by one sponge species. 
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Figure 2.12. Sponge abundance (top) and species composition (down) at each zone at Hoga-1 and Hoga-2. Sponge species key: A= Spongia sp.; 

B= Speciospongia sp.; C= Phyllospongia foliascens; D= Haliclona koremella; E= Amphimedon sp.; F= Dactylospongia elegans; G= Axinella sp.; 

H= Clathria reinwardti; I= Rhopaloeides sp.; J= Siphonodictyon mucosum.  
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Figure 2.13. Sponge morphology composition at Hoga-1 (A and B) and Hoga-2 (C and D) in 

basic (A and C) and more refined (B and D) resolution based on the classification by Schönberg 

(2021). 

Based on the basic growth form classification, I found that massive morphologies dominated 

the seagrass meadow at all sites and zones (Figure 2.13A–B). However, its contribution 

decreased further away from the shore. At the high-shore zones (both sites), almost 100% of 

the sponges were massive morphologies, declining to 60% and 80% at Hoga-1 and -2, 

respectively, in the middle zone. The abundance of this morphology further decreased to 44 

and 63% in the near-reef-flat zone at Hoga-1 and -2, respectively. The massive morphologies 

were dominated by endopsamnic sponges at both sites and all zones (Figure 2.13C–D). I also 

observed an increase in erect growth forms, dominated by erect-laminar morphology, towards 

the near-reef flat zone shore at both sites. Meanwhile, cup-like growth forms, represented only 

by the amphora morphology, were most common in the middle zone at both sites. 
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Figure 2.14. Ordination of sponge assemblage structure for each site and zone based on non-

metric multidimensional scaling (n-MDS). 

The sponge assemblage in my studied seagrass meadow varied with each combination of site 

and zone (Figure 2.14). The two-way PERMANOVA test showed that the sponge composition 

was significantly different between sites (Pseudo-F = 2.7285, p < 0.05), zones (Pseudo-F = 

5.2376, p = 0.001), and there was an interaction between sites and zones (Pseudo-F = 3.4014, 

p = 0.003). The significant zone–site interaction for the sponge composition means that the way 

the factor zone influenced the sponge assemblages was different between sites. Therefore, 

sponge assemblages at Hoga-1 and -2 had different zonation patterns. The n-MDS plot (Figure 

2.14) showed that while the sponge assemblage at every zone in Hoga-1 was different, the 

sponge assemblage in the high-shore and middle zone of Hoga-2 were much more similar to 

each other. 

The similarities percentage (SIMPER) analysis showed that Spongia sp. characterized Hoga-1 

similarities (44 %), while at Hoga-2, both Spongia sp. and Spheciospongia sp. were similarly 

representative of the site (35% and 34%, respectively). Based on zones (across sites), Spongia 

sp. contributed 62% to the high-shore zone's similarities (across sites). Spongia sp. contributed 

40% in the middle zone, followed by Spheciospongia sp. by 19% to the zone's similarities. In 

the near-reef-flat zone, Phyllospongia foliascens and Rhopaloeides sp. were the most 

contributing sponges to the zone's similarities by 36% and 22%, respectively (see Table S.2.5, 

App. A for full results of SIMPER). 
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Habitat and Seagrass assemblage structure 

The total area of the two studied seagrass meadows were 0.151 km2 and 0.213 km2 for Hoga-1 

and Hoga-2, respectively. Meanwhile, the high-shore, middle and near-reef-flat zone coverage 

across both sites was 0.064, 0.213 and 0.087 km2, respectively.  

Table 2.3. Seagrass species richness, cover, canopy height, macroalgal and epiphyte cover, and 

seagrass ecological quality index (SEQI) of Hoga Island's seagrass meadow, Wakatobi National 

Park, Indonesia. Means are expressed  SE. 

Site/Zone Species 

Richness 

Seagrass  

cover 

(%) 

Canopy 

height 

(cm) 

Macroalgal 

cover 

(%) 

Epiphyte 

cover 

(%) 

SEQI 

 

Site (all zones)             
 

Hoga-1 8 57.01 ± 4.90          0.76 ± 0.04  

Hoga-2 7 49.69 ± 2.83          0.74 ± 0.04  

        
 

     

Zone (all sites)              

High Shore 7 58.11 ± 4.21          0.77 ± 0.03  

Middle 8 47.80 ± 5.75          0.74 ± 0.05  

Near Reef Flat 8 54.14 ± 4.83          0.73 ± 0.05  

               

               

Total area (all 

transects) 

8 53.35 ± 2.89          0.76 ± 0.03 
 

The seagrass cover of the studied meadow ranged between 48–58 %, with an overall average 

of 53 ± 3 % (see Table 2.3). I recorded eight seagrass species at my study sites, which included 

two persistent species (Enhalus acoroides (Linnaeus f.) Royle and Thalassia hemprichii 

(Ehrenberg) Ascherson in Petermann); four opportunistic species (Cymodocea rotundata 

Ehrenberg et Hemprich ex Ascherson, Cymodocea serrulata (R.Brown) Ascherson et Magnus, 

Halodule uninervis (Forsskål) Ascherson, and Syringodium isoetifolium (Ascherson) Dandy); 

and two colonising species (Halophila minor (Zollinger) den Hartog, Halophila ovalis 

(R.Brown) J. D. Hooker). I found all the seagrass species at all sites and all zones, except for 

Syringodium isoetifolium, which was only found in the middle and near-reef-flat zones of Hoga-

1. Opportunistic species dominated the seagrass assemblage, contributing 77–84 % of the total 

seagrass cover (Figure 2.15). Both sites were dominated by Cymodocea rotundata, which 

contributed 48  8 and 65  9 % of the seagrass cover at Hoga-1 and Hoga-2, respectively.  
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Figure 2.15. The seagrass species composition of the studied seagrass meadow, grouped into 

three categories based on its life-history traits: colonising, opportunistic, and persistent species 

(after Kilminster et al. 2015). 

 

Figure 2.16. Non-metric Multidimensional Scaling (n-MDS) plot of seagrass assemblage 

structure for both sites and all three zones using.  

The macroalgal cover in the seagrass sites was relatively low, ranging between 10–16 % with 

an average of    for the entire meadow. The epiphyte cover in the seagrass meadow 

ranged between 39–61 % with an average of    %. Based on the five measured 

parameters, the SEQI of the meadow ranged between 0.73–0.77, with an average of 0.76 ± 0.03 
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for the entire meadow. Based on SEQI, the studied seagrass meadow was categorised as being 

in good condition. 

Seagrass assemblages were highly variable among sites and zones (Figure 2.16). However, the 

two-way PERMANOVA test did not show significant differences in seagrass assemblage 

composition between sites, zones, and their interactions (see Table S.2.2, App. A). Of the 

seagrass habitat's resilience parameters (i.e. seagrass cover, seagrass diversity, canopy height, 

macroalgal cover, and epiphytes cover), I did not observe any significant difference between 

sites and zones, or for any interactions (see Table S.2.2, App. A), suggesting a homogenous 

seagrass meadow. 

Discussion 

Very little is known about the ecology of sponge assemblages in Indo-Pacific seagrass 

ecosystems, including the drivers of abundance and distribution patterns, their interactions with 

seagrass species, and whether the drivers of seagrass and sponges are the same and co-

dependent. This information is important for developing effective conservation and 

management plans. My study is the first to show how sponge assemblages change across 

seagrass zones from the shore to the reef. I found that even though seagrass beds were generally 

homogenous between sites and zones, the sponge assemblage compositions were significantly 

different between the zones, suggesting they have different drivers. I propose that these patterns 

are at least partly driven by morphological adaptation to the local environmental conditions. 

My study also revealed that the sponge assemblages varied significantly between two sites in a 

continuous seagrass meadow with little spatial separation (i.e. based on sites across all zones), 

suggesting that water depth or level of aerial exposure area not the only drivers of sponge 

assemblage patterns. 

Sponge identification 

Sponges are notoriously difficult to identify based on their morphology since the taxa have 

relatively few morphological traits and yet have been able to develop so many  distinct sponge 

species (Hooper et al. 2004). I used a combination of molecular techniques and morphological 

approaches to identify ten sponges found in my studied seagrass meadow.  However, some care 

needs to be taken in the use of molecular tools for sponge identification. 
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First, primer selection is important since no single pair of DNA markers worked across all 

specimens (see Table 2.1, App. A). The same issue was also reported by Yang et al. (2017), 

who examined the use of multiple DNA markers to identify sponges and reported that different 

markers had different amplification success rates. From my results, the COI-ext DNA marker 

had the worst PCR success rate of all the other markers that I used. The COI-ext marker only 

produced good PCR products for five sponge species out of ten (i.e. 50% success rate). 

However, the 18S, 28S, and ITS-2 markers produced clear PCR results for all ten sponge 

species, although some did not yield the target organism (i.e. did not identify the sample as a 

sponge) on the BLAST searches. The low success rate for the amplification of COI-ext from 

my specimens is consistent with previous studies. For example, Vargas et al. (2012) reported 

an average of 27 ± 17 % (ranging from 0–55 %) success rate in amplification of the COI region 

out of 3,360 specimens. Vargas et al. (2012) suggested that the age of the samples and the 

existence of thiocyanate salts (indicated by a low 260/230 ratio) were the reasons behind the 

amplification failure. This might also explain my results, since my samples were analysed 

almost 1.5 years after being collected in the field, so they might have degraded to some extent.  

Second, the results of the BLAST searches for the sequences are only as good as the database 

being used. Currently, there are 326,932 records of nucleotide sequences, resulting in 5347 

sponge species identifications in the NCBI database (NCBI 2022). The number of sponge 

species recorded in the NCBI database is only slightly above 50% of the total valid sponge 

species (9490 valid species of marine and non-marine sponges; de Voogd 2022). Therefore, 

there is still a high probability  that the BLAST searches did not give the true match to my 

sponge sequences. The different records for each of the different DNA markers might also 

strongly affect the BLAST search results. In the NCBI database, the number of sponge species 

recorded via DNA markers 28S, COX-1, 18S, and ITS-2 is 2159, 1641, 1311, and 417 species 

respectively (NCBI 2022). As expected, the ITS-2 DNA marker had the worst sequence 

similarity percentage among all DNA markers. Ten BLAST searches out of 22 sequences (i.e. 

almost half) amplified with the ITS-2 marker came out with a similarity percentage below the 

threshold used (96%). Surprisingly, it was the 18S marker that consistently had the highest bit 

score and sequence similarity across all specimens, not the 28S marker that has the highest 

number of database records.  

It is important to acknowledge that there have not been many sponge sequence submissions 

from my study area – Indonesia, which covers a vast area of the Southeast Asian Indo-Pacific 
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bioregion. Currently, only 488 nucleotide records from Indonesia covering 84 sponge species 

are found in the NCBI database (NCBI 2022). The number of records is small, considering the 

vast area of Indonesia's archipelago and when compared to the global records (326,932 

nucleotide sequences). This means the number of sponge sequence records from Indonesia is 

only about 0.15% of the global records of nucleotide sequences. The deficiency of database 

records potentially limits the identification resolution only to the genus level, not down to the 

species level.  

My results highlighted the importance and usefulness of combining morphological and 

molecular approaches for sponge identification , although  different markers have their strength 

and limitations (Duran et al. 2004; Wörheide 2006; Redmond and McCormack 2009; Voigt et 

al. 2012). More importantly, there is an urgent need to do taxonomic work on sponges in 

Indonesia. 

The state of the seagrass meadow 

My survey found that the meadow had 53.35 ± 2.89 % seagrass cover, and I recorded eight 

seagrass species. This is considerably different from the results from previous studies on the 

same seagrass meadow approximately 13–14 years earlier, where the meadow had been 

reported to have approximately 70% seagrass cover and was occupied by only five seagrass 

species (Unsworth et al. 2007; Unsworth et al. 2008). The sampling effort is likely the reason 

for the higher seagrass diversity in my study since my sampling effort was about ten times the 

sampling effort of the previous study. My study showed a decline of almost 20% seagrass cover 

from these previous studies across 2005 and 2006 (i.e. Unsworth et al. 2007; Unsworth et al. 

2008). Even though my study is only a snapshot of the seagrass meadow condition, it still 

suggests a large decline in seagrass cover over the last 13–14 years. 

My study also showed that the meadow had experienced a shift in assemblage composition. 

The seagrass bed was dominated by Thalassia hemprichii and Enhalus acoroides in 2005-2006 

(Unsworth et al. 2007; Unsworth et al. 2008), but is now dominated by Cymodocea rotundata 

(the present study). Based on seagrass life-history traits, Thalassia hemprichii and Enhalus 

acoroides are persistent seagrass species, while Cymodocea rotundata is an opportunistic 

seagrass (Kilminster et al. 2015). Coupled with Cymodocea serrulata, Halodule uninervis, and 

Syringodium isoetifolium, opportunistic seagrasses dominated the meadow consistently across 

sites and zones accounting for over 80% of the cover. The decline in seagrass cover and the 
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shift in assemblage composition may have resulted from environmental pressures on the 

seagrass meadow. With respect to local disturbances, there has been no intensive local coastal 

development that might have directly affect the seagrass meadow in my studied area. The clear 

water transparency that I observed during my survey reflected this condition. However, I did 

observe considerable invertebrate gleaning activities in my studied seagrass meadow. 

Invertebrate gleaning is a small-scale fishery that is mostly unreported and unregulated 

globally, including Indonesia (Unsworth et al. 2019). Therefore, the impacts of this fishing 

method are mostly unknown despite its direct effect on the seagrass habitat (Nordlund et al. 

2011). Nordlund et al. (2011) reported that the people who have been doing this fishing method 

for 5–10 years observed a 30% decline in harvest and approximately 60% decline after three 

decades. This indicates how severe and chronic invertebrate gleaning impacts could be to the 

seagrass and its inhabitant macrofauna. 

The seagrass cover of my studied meadow fell in the range of the Wakatobi National Park's 

average seagrass cover. The periodic monitoring programme by the Indonesian Institute of 

Sciences reported an average of 55.28% and 53.28% seagrass cover in 2015 and 2018, 

respectively, across the Wakatobi National Park (Sjafrie et al. 2018; Hernawan et al. 2021). My 

studied meadow's seagrass ecological quality index (SEQI) score ranged between 0.73–0.77, 

similar to the national park's SEQI score (SEQI = 0.75; Hernawan et al. 2021), and was 

therefore categorised as a 'good' seagrass meadow. Indonesia's national average SEQI is 

currently 0.68  0.02 with 39  4 % seagrass cover, which puts my seagrass meadow's condition 

as one of the less impacted seagrass meadows. However, the considerable decline in seagrass 

cover (approximately 20%) and the shift in seagrass composition in about a decade experienced 

in my studied meadow, suggests that the SEQI score does not necessarily reflect a high 

resilience capacity that might be expected from a 'good' seagrass meadow. In the future, I 

suggest applying different weights to each parameter to give a better indication of the seagrass 

condition, such as those used the calculation of coral reef and mangrove health indices 

(Kaufman et al. 2011; Faridah-Hanum et al. 2019). I also argue that the seagrass composition 

based on life-history traits categories (i.e. persistent, opportunistic, and colonising seagrass) 

may better describe seagrass meadow condition, rather than the seagrass diversity (i.e. the 

number of seagrass species) alone. In addition, water transparency did not differentiate my 

seagrass sites and may not be that useful as an assessment parameter for intertidal seagrass 

meadows with relatively very shallow water depth. 
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Seagrass assemblage patterns 

My studied meadow was a 1.1 km long continuous seagrass meadow that covered 

approximately 0.364 km2 area. The two-way PERMANOVA test did not show any significant 

differences in the abundance or assemblage composition between zones or sites (Table S.2.2, 

App. A), suggesting that the meadow was a homogenous seagrass meadow. The spatial scale 

of seascape studies is critical to understanding the ongoing physical and biological processes 

that drive the organism distributions (Boström et al. 2011). In my case, the scale of spatial 

separation between sites and zones was not large enough to capture any major drivers of 

biological patterns for the seagrass species. 

Sponge species richness and abundance 

I found ten sponge species in my studied seagrass meadow, similar to other studies. For 

example, 9 to 11 sponge species were reported inhabiting seagrass meadows in East Java – 

Indonesia (Setiawan et al. 2021). One to ten sponge species were also found in sub-temperate 

seagrass meadows on the southeastern Australia coast (Demers et al. 2015). However, 

compared with the adjacent coral reefs in the Wakatobi, the sponge species richness in my 

studied seagrass meadow was much lower. There are over 140 sponge species reported on the 

coral reefs adjacent to my studied seagrass meadow (Rovellini et al. 2019). A similar ratio was 

observed in Seribu Islands National Park – Jakarta, where 118 sponge species were recorded in 

the coral reefs (de Voogd and Cleary 2008), while the seagrass meadows were inhabited by 

only 13 to 15 sponge species (Ismet et al. 2017). The extreme condition of salinity, temperature, 

sedimentation, and air exposure that seagrass meadows experience likely explain the much 

lower species richness of sponges in seagrass beds compared to coral reefs (Pawlik et al. 2007). 

Despite much lower sponge species richness than on the local coral reefs, my studied seagrass 

meadow had considerable sponge biomass. I estimated that the total sponge biomass across the 

entire meadow (in volume) was 2938 and 7681 litres at Hoga-1 (0.151 km2) and Hoga-2 (0.213 

km2), respectively (Table S.2.5, App. A; see Figure 2.12 for the average sponge biomass per 

m2). This sponge biomass would be expected to have a substantial impact on the seagrass 

meadow environment. Sponges can efficiently remove particulate (POM) and dissolved organic 

matter (DOM) from the water column (e.g. de Goeij et al. 2008; Hadas et al. 2009) and 

potentially affect the picoplankton abundance (e.g. Pile et al. 1996; Perea-Blazquez et al. 2012). 

Some sponges also facilitate primary production by hosting phototrophic symbionts that can 
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support their nutritional needs (Wilkinson 1983; Erwin and Thacker 2008). These interactions 

have the potential to affect the flow of energy in seagrass beds. Sponges could also potentially 

contribute to nitrogen cycling, since the sponges may harbour a high abundance of microbes 

(Southwell et al. 2008; Ribes et al. 2012). 

Unfortunately, only a few studies have reported sponge biomass (Bell et al. 2020), making it 

difficult to compare my results. The one study that did record sponge volume in seagrass 

meadows was Demers et al. (2015) in Jervis Bay, southeastern Australia. These authors 

reported that the total sponge volume at their most abundant site was 4.4  0.8 ml m-2. 

Meanwhile, in the middle zone of Hoga-2, the sponge abundance (expressed in volume) was 

about 30 ml m-2 (Figure 2.12), about six times higher. Further research will be required to 

understanding these biogeographical patterns. 

Sponge assemblage patterns and morphological variation 

Sponges had conservable biomass at both sites and all zones of my studied seagrass (Figure 

2.12).  I found that sites, zones, and their interactions affected sponge assemblage distribution 

(see full PERMANOVA in Table S.2.4, App. A). Five sponge species inhabited the high-shore 

zone, while the other two zones had ten sponge species. The high-shore zone is likely only 

habitable for sponges that can survive extended periods of aerial exposure. The zonation down 

the shore is likely based on the water depth during low tide, resulting in a different period of 

air exposure.  

Morphological adaptation plays an important role in the survival of sponges to different 

environmental conditions (e.g. Palumbi 1984; Bell and Barnes 2000; Rützler et al. 2007). The 

high-shore zone was characterised by Spongia sp. and Speciospongia sp. (see full SIMPER in 

Table S.2.4, App. A), with their biomass contributing more than 90% of the total sponge 

biomass (Figure 2.12). These two species were endopsamnic sponges and are mostly buried in 

the sediment, which is thought to be an adaptation to aerial exposure (e.g. Schönberg 2000; 

Vinod et al. 2009). By having most of their tissue buried in the sediment, the sponges can reduce 

water loss due to aerial exposure and prevent overheating. The convex or erect parts of the 

sponge (i.e. fistules) also avoid sediment build-up on their surfaces and prevent blocking of the 

sponge's aquiferous system. The middle zone was characterised by Spongia sp., Speciospongia 

sp., and Amphimedon sp. (Table S.2.5, App. A). While Spongia sp. and Speciospongia sp. are 

endopsamnic sponges, Amphimedon sp. occurs in an amphora or sack-like morphology, hollow 
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inside, with a narrowed apical osculum that increases the oscular size and prevents sediment 

settlement (Krautter 1998; Bell 2004). Schönberg (2021) suggested that amphora or sack-like 

morphology is suited to moderate sedimentation levels. Meanwhile, the near-reef-flat zone was 

characterised by erect-laminar sponge Phyllospongia foliascens, which dominated the sponge 

biomass (Figure 2.12). This sponge has a flexible and vertically flattened morphology with high 

spongin content that can bend when it experiences strong water movement. These features are 

well suited to areas that experience considerable water movement, which is often experienced 

in this zone as waves break over the reef crest (Schönberg and Fromont 2011). 

Sponge assemblages were also significantly different between sites.  However, no single sponge 

species contributed substantially to this difference (i.e. more than 30% of contribution) (see 

Table S.2.5, App. A for SIMPER results). I also found a significant difference in the interaction 

between site and zone, meaning the way that zones influence the sponge assemblage varied 

between the sites. The sponge biomass in each zone at each site showed different patterns. At 

Hoga-1, the high-shore had the highest sponge biomass, followed by the middle and near-reef-

flat zones. In contrast, the high-shore zone at Hoga-2 had the lowest sponge biomass among 

the three zones. The pattern at Hoga-2 was similar to what was reported from a seagrass 

meadow in the Gulf of Mexico, where sponge abundance and biomass was relatively higher at 

the most distant sites from shore (> 150 m; Ávila et al. 2015). However, this was not the case 

at Hoga-1. This shows that the zonation based on shore height is not the only driver of the 

sponge assemblages in the studied seagrass meadow. Other factors that might explain these 

patterns include differences in shore slope, seafloor sediment composition, and nutrient supply 

(Bell and Smith 2004; Hunting et al. 2013; Archer et al. 2018). These should be a focus of 

future studies. 

Conclusion 

My studied seagrass meadow was in good condition based on the SEQI despite having 

undergone a major loss of seagrass cover over the last 15 years. Sponges appeared to have 

considerable biomass across the seagrass meadow and are an important component of the 

benthic community. Importantly, while I found no difference in seagrass assemblages between 

sites or zones, sponge assemblage compositions were significantly different, suggesting these 

assemblages have different environmental or biological drivers. I propose that the degree of 

aerial exposure is an important driver of the differences between zones to which sponges show 
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some degree of morphological adaptation. The differences between sites are harder to explain 

and will require a further detailed examination of the differences in the physical conditions at 

the two sites. 
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CHAPTER 3. 
Variation in autotrophic and heterotrophic 

sponge abundance in a shallow water seagrass 

system 
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Abstract 

Sponges are well known to feed heterotrophically through suspension feeding, but their 

relationships with photosynthetic symbionts means they also have the potential to utilise or 

release photosynthetically-derived carbon. Here I determined the nutritional mode of abundant 

seagrass sponge species at two sites in the Wakatobi National Park, Indonesia from the near-

reef flat (d = 1.9 m), middle-shore (d = 1.2 m) and the high shore (d = 0.5 m) to assess the role 

they might play in nutrient fluxes. I measured in situ net primary production (NPP) to dark 

respiration (P:R) ratios and photosynthetic pigment concentrations of eight sponge species 

representing 75–100% of the total sponge assemblage biomass in the meadow, and  estimated 

the sponge-mediated primary production across the seagrass bed.. I found that six out of eight 

sponge species were autotrophic, based on their instantaneous P:R ratios and daily carbon 

budget. The proportion of autotrophic sponge biomass in the sponge assemblage in the high- 

and middle-shore of the seagrass meadow ranged between 40–70%, and accounted for 98% and 

81% of the biomass in the near-flat-zone of Hoga-1 and -2, respectively. At the assemblage 

level, sponges were net oxygen consumers in the high-shore and middle-shore zones, but net 

oxygen producers in near-reef-flat zone of the seagrass meadow over a 24 h cycle. My findings 

challenge the current view that sponges are generally consumers of carbon from the water 

column, as autotrophic sponges may be releasing more photosynthetically-derived carbon to 

the environment than they consume. 

 

Keywords Porifera, P:R ratio, photosynthesis, symbiont, Wakatobi, gross primary production  
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Introduction 

Determining trophic relationships are important for understanding ecosystem dynamics and this 

requires an understanding of the nutritional mode of community members (Krebs 2009). It is 

important to determine which species are autotrophic – organisms that are able to meet their 

nutritional needs through photosynthesis or chemosynthesis (Allan 1995), and which ones are 

heterotrophic – organisms that obtain their nutrition from the external acquisition of organic 

carbon (Lazcano 2016). These distinctions can be more complicated for animals that form 

symbioses with photosynthetic organisms, and thereby interact with the environment as one 

entity (Bosch and McFall-Ngai 2011; McFall-Ngai et al. 2013). A single entity that is 

comprised of a host organism with associated microorganisms has been termed a ‘holobiont’ 

(Knowlton and Rohwer 2003; Bordenstein and Theis 2015), which interacts with the 

environment as a single organism (Webster and Taylor 2012; Webster and Thomas 2016). In 

such cases, one way to determine the overall nutritional mode of the holobiont is to measure 

the gross primary productivity to respiration (P:R) ratio. Odum (1956) first introduced the P:R 

ratio as a simple index to determine the relative dominance of autotrophic or heterotrophic 

metabolism in ecosystems. When gross primary production exceeds the respiration rate (PG:R 

 1; i.e. PN > 0), an ecosystem is considered to dominated by autotrophic processes, and where 

gross primary production is lower than the respiration rate (PG:R  1; i.e. PN < 0) an ecosystem 

is considered to be dominated by heterotrophic processes. 

At the individual level, the utilization of the P:R ratio to determine whether a holobiont is 

autotrophic or heterotrophic requires some caution as natural light intensity changes through 

the day, and there is a limit to how much light a photosynthetic organism can utilise. Primary 

production as a result of photosynthesis can occur at low light intensities and generally 

increases as light intensity increases, until it reaches a plateau at some higher light intensity 

(Blackman 1905; Blackman and Matthaei 1905). When light intensity increases further, the 

light intensity may trigger damage to the photosystem, resulting in decreased photosynthesis 

(i.e. photoinhibition; Kok 1956). 

In the interpretation of P:R ratios as an indicator of the holobiont’s nutritional mode, there are 

several caveats that need to considered (see Muscatine et al. 1981). Importantly, the ratio itself 

is an indirect measurement of carbon use as it is derived from oxygen measurements. In 

addition, the ratios do not provide any information on amount of fixed carbon that is 

translocated to the host animal, which is needed to fully evaluate and confirm how much of 
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carbon requirement of the holobiont is actually being fulfilled by primary production (e.g. 

Burgsdorf et al. 2021). However, it is likely that any fixed carbon not able to be used by the 

host or symbiont would be released to the environment altering local carbon fluxes. 

Sponges are generally considered to be heterotrophs, feeding on particulate (e.g. Hadas et al. 

2009; Perea-Blazquez et al. 2012) and dissolved (e.g. de Goeij et al. 2008; Hoer et al. 2018) 

organic carbon. However, sponges (Porifera) also form extensive symbioses with a range of 

organisms, including those capable of photosynthesis (Taylor et al. 2007). The most common 

photosynthetic symbionts of sponges are cyanobacteria (Rützler 1985; Usher 2008), but 

sponges also form relationships with zooxanthellae, chlorophytes, rhodophytes, and diatoms 

(Rützler 1985). Together, the sponge-host and the associated symbionts interact with the 

environment as one entity termed the sponge ‘holobiont’ (Webster and Taylor 2012; Webster 

and Thomas 2016). Although poorly studied compared to coral-dinoflagellate symbioses, 

sponges are thought to gain supplemental nutrition from their photosynthetic symbionts 

(Wilkinson 1980; Weisz et al. 2010). Achlatis et al. (2018) demonstrated that photosynthetic 

symbionts obtain some of the inorganic resources from the host sponge and, in return, 

translocate some organic nutrients to the sponge host. These authors also found that this 

translocated photosynthate stimulates the ability of this bioeroding sponges to erode calcium 

carbonate in a tropical coral reef habitat (Achlatis et al. 2019; Achlatis et al. 2021). 

Photosymbiont-containing sponges have been found in tropical (eg. Wilkinson 1987b; Steindler 

et al. 2002) and temperate waters (Roberts et al. 1999; Lemloh et al. 2009), although the true 

extent of these relationships is poorly known (Usher 2008). In addition, there are only a few 

studies that have measured gross primary production to respiration (P:R) ratios to estimate the 

nutritional mode of sponge holobionts (see review by Bell et al. 2020). Most previous studies 

of sponge–photosymbiont interactions have been focused on the existence of photosynthetic 

symbionts in sponges by measuring pigment concentrations – particularly chlorophyll-a (e.g. 

Biggerstaff et al. 2017), and photosymbiont fluorometric responses (e.g. Beer and Ilan 1998). 

However, sponges have complex interactions with their hosted microbes (Freeman and Thacker 

2011; Freeman et al. 2021). Besides the quantity of the photosynthetic symbionts that live 

within sponges, the symbionts’ photosynthetic productivity also plays an important role in the 

nutrient transfer to the sponge host (Freeman et al. 2013). 

Early work on sponges has led to a broad assumption that a higher degree of autotrophy 

characterizes sponges in the shallow tropical waters of the Indo-Pacific region, while 
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heterotrophs dominate in Atlantic-Caribbean coral reefs. Wilkinson (1983) found that six out 

of the ten most common sponges on the Great Barrier Reef of Australia (GBR) were net oxygen 

producers, where their gross primary production exceeded that required for respiration. 

Subsequent research on the GBR led to the hypothesis that higher light intensity in the Indo-

Pacific has led to the evolution of a higher proportion of autotrophic sponges (Wilkinson and 

Trott 1985) as establishing symbioses with photosymbionts enabled survival in more 

oligotrophic environments (Wilkinson 1987a; Wilkinson and Cheshire 1990). However, more 

recent studies have not found any significant differences in particulate food, light intensity, and 

dissolved organic matter and inorganic nutrients between the two geographical areas considered 

by (Wilkinson 1987a) suggesting other factors might drive the geographical variation in the 

prevalence of different sponge nutritional modes (see review by de Goeij et al. 2017). 

Furthermore, a more recent study from Panamanian coral reefs (in the Caribbean) reported that 

20 out of 60 sponge species measured contained high chlorophyll-a concentrations (> 125 g 

g-1 sponge), and another two sponges had intermediate concentrations (between 50 – 125 g g-

1 sponge), and were therefore all considered to be photosynthetically active sponges (Erwin and 

Thacker 2007). Erwin and Thacker (2008) further reported that two photosymbiont-containing 

sponges in the Caribbean were heterotrophic under low irradiance but autotrophic under high 

irradiance, based on their GPP to respiration ratios. These more recent studies cast doubt on the 

general view that heterotrophic sponges dominate on Caribbean reefs.  

Understanding the nutritional mode of abundant organisms is critical for understanding how 

they interact with the wider ecosystem and therefore how any changes in their abundance might 

impact overall ecosystem functioning. In this study I conducted in situ incubations of sponges 

inhabiting a shallow (< 2 m) seagrass meadow in the Wakatobi National Park, Southeast 

Sulawesi, Indonesia from the upper to lower areas of a seagrass bed. The aims of this chapter 

were to: (1) determine the nutritional mode of the sponges based on P:R ratios and how this 

varies spatially across the seagrass bed; (2) determine the photosynthetic pigment 

concentrations in the sponge species; (3) estimate the contribution of the entire sponge 

assemblage to the seagrass meadow oxygen flux.  
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Methods 

Study area and sponge collection 

This study was conducted in a seagrass meadow at the western side of Hoga Island, Wakatobi 

National Park (WNP), Southeast Sulawesi, Indonesia (5o 28' S, 123o 4" E). The WNP is a chain 

of islands located off Sulawesi’s southeast peninsula and lies in the western part of the Banda 

Sea. The Banda Sea is known to have a high upwelling intensity that leads to high productivity 

(Gieskes et al. 1990; Moore et al. 2003). With respect to sponges, over 140 sponge species have 

also been recorded in the fringing coral reefs of Hoga Island, adjacent to the studied seagrass 

meadow (Rovellini et al. 2019). 

The seagrass meadow of Hoga Island is a multispecies seagrass bed that occupies the lower 

intertidal and shallow subtidal zone with a maximum depth of approximately 1.9 m. Earlier 

surveys (Chapter 2) showed that the meadow contained eight seagrass species, which were 

Enhalus acoroides (Linnaeus f.) (Royle, 1839), Thalassia hemprichii (Ehrenberg) (Ascherson, 

1871), Cymodocea rotundata (Asch. & Schweinf.), Cymodocea serrulata (R.Brown) 

(Ascherson & Magnus, 1870), Halodule uninervis (Forsskål) Ascherson, and Syringodium 

isoetifolium (Ascherson) Dandy, Halophila minor (Zollinger) (Hartog, 1957), and Halophila 

ovalis (R.Brown) (Hooker f., 1858). The meadow was dominated by Cymodocea rotundata, 

which contributed 48–65% to the total seagrass cover, while the overall average seagrass cover 

in the meadow was 53 ± 3%. The substrate of the meadow was 1.8  0.1 mm sized fine coral 

sand (Unsworth et al. 2008). 

From earlier sponge surveys (Chapter 2), I found ten sponge species that inhabited the seagrass 

meadow: Spongia sp. (Linnaeus, 1759), Spheciospongia sp., Phyllospongia foliascens (Pallas, 

1766), Haliclona koremella (de Laubenfels, 1954), Amphimedon sp. (Duchassaing & 

Michelotti, 1864), Dactylospongia elegans (Thiele, 1899), Axinella sp. (Schmidt, 1862), 

Clathria (Thalysias) reinwardti (Vosmaer, 1880), Rhopaloeides sp., and Siphonodictyon 

mucosum (Bergquist, 1965). This earlier survey divided the studied seagrass meadow into three 

tidal zones based on the distance to shore, where the maximum depth during high tide at the 

high-shore, middle, and near-reef-flat zones was 0.5, 1.2, and 1.9, respectively. During low tide, 

the high-shore zone was completely exposed to air, while the middle and near-reef-flat zones 

were still covered by water but with different water depths. There was considerable sponge 

biomass in all tidal zones at the study site (see Table 3.1). This biomass information (sponge 
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abundance) was used to estimate the sponge-mediated oxygen flux at the assemblage level in 

our studied seagrass meadow.   

Table 3.1. Sponge biomass estimation (litres) in the seagrass meadow and the average size of 

the measured sponges (expressed in mean  SE) for P:R ratio measurements. The estimates of 

sponge biomass are from Chapter 2. 

Sponge 

Average 

volume of 

the sponge 

(ml) 

Hoga-1 

(L) 

Hoga-2 

(L) 

High-

shore 

Middle Near-

reef-flat 

High-

shore 

Middle Near-reef-

flat 

Spongia sp. 480  154 267 - 291 207 - 649 0 78 - 91 759 - 1229 28 - 150 

Spheciospongia sp. 540  209 79 - 584 0 - 8 1 - 158 62 - 159 796 - 2976 162 - 510 

Phyllospongia 

foliascens 
78  7 0 136 - 334 77 - 282 0 0 - 127 109 - 191 

Haliclona koremella 134  9 0 0 - 16 0 0 0 - 186 9 - 112 

Amphimedon sp. 202  73 0 - 19 93 - 152 3 - 10 0 0 - 874 45 - 99 

Dactylospongia 

elegans 
208  63 0 0 - 221 15 - 47 0 0 - 415 0 

Axinella sp. 190  64 0 0 - 61 0 0 0 9 - 64 

Clathria reinwardti 100  25 0 0 - 12 0 - 5 0 38 - 235 0 

 

I collected seven to ten specimens of each sponge species in a non-destructive way to maintain 

the holobiont integrity (i.e. by not cutting them). For endopsammic sponges (sponges that 

buried most of their body in the substrate; Spongia sp., Spheciospongia sp., and Siphonodictyon 

mucosum), the sponges were removed by digging the surrounding sandy substrate and removing 

the entire sponge holobiont from the substrate. For sponges that attached themselves to a hard 

substrate (Phyllospongia foliascens, Amphimedon sp., Dactylospongia elegans, and Axinella 

sp.), the sponges were chiselled from the limestone ensuring the sponge holobiont was kept 

intact and the tissue not damaged. Meanwhile, I was able to remove Clathria reinwardti and 

Haliclona koremella from their substrate gently by hand. These sponges were collected from 

the tidal zone where they were most abundance. Spongia sp. and Siphonodictyon mucosum were 

collected from the high-shore zone,  Phyllospongia foliascens and Haliclona koremella from 

the near-reef-flat zone, and the rest of the sponge species were from collected the middle-shore 

zone of the seagrass meadow. The sponges were then moved to our working station located in 
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the middle-shore zone of the meadow, about 180 m away from shore, keeping the sponges 

under water at all times. Sponges were acclimated for  four-weeks at our working station, before 

we finally chose five specimens of each species (n = 5) that showed no sign of necrosis for our 

experiments. With the exception of Spongia sp. and Spheciospongia sp. that were able to 

maintain their natural upward orientation without any assistance, all sponges were tied to an 

artificial substrate – a rounded concrete block (see Figure S.3.1, App. B), to maintain their 

natural orientation. The sponges and substrates were regularly checked and cleaned from 

epibionts by gently rubbing them. Unfortunately, I was unable to keep Rhopaloeides sp. and 

Siphonodictyon mucosum alive during the acclimation period, so I was only able to work with 

eight sponge species.  

The average size of each sponge species varied due to their different morphologies (see Table 

3.1). I measured the sponge volume with the water displacement method (after Rützler 1978) 

at the end of the experiment. Each sponge specimen was placed into a graduated cylinder or 

measuring cup (depending on the shape and size of the sponge), topped up with seawater until 

the maximum volume scale, and the sponge removed and the volume loss recorded as the 

sponge volume. I then measured sponge wet weight and dry weight at our field laboratory. The 

dry weight was measured by oven drying the sponges at 60℃ and recording the weight every 

30 minutes until it did not show any further weight reduction. The final weight was considered 

to be the sponge dry weight. I measured the ash-free dry-weight of each sponge sample at IPB 

University in Bogor, Indonesia, using a muffle furnace at 550℃ for 4.5 hours. The weight loss 

during the process was considered to the ash-free dry-weight. See Table 3.2 for details of 

sponge growth form and average sizes of the measured sponges in multiple metrics (volume, 

wet weight, dry weight and ash-free dry-weight). 

Study design 

I measured the net primary productivity (PN) and dark respiration (RD) of the sponges in situ 

using incubation chambers at our working station. Six incubation chambers were used for each 

series of measurements, where five chambers were used for sponges and another served as a 

control (no sponge, only water). The light incubations to measure the net primary productivity 

rate were conducted at midday (between 11 AM – 2 PM), using transparent incubation 

chambers. For dark respiration measurements, the incubations were performed in morning 



 

 

 80 

(started at 7 AM) using black incubation chambers. Each sponge species (n = 5) was measured 

in three batches over three days to capture any between day variability.  

Table 3.2 Growth form and average size of the measured sponges in multiple metrics: volume 

(mL), wet weight (g), dry weight (g), and ash-free dry-weight (g). Values are expressed in mean 

 SE, n = 5. The asterisk denotes the autotrophic sponges, based on their P:R ratios. 

Sponge Growth form 

Average size of the measured sponges 

Volume 

(mL) 

Wet weight 

(g) 

Dry weight 

(g) 

Ash-free 

dry-weight 

(g) 

Spongia sp. Massive - 

endopsammic 

480 ± 154 95 ± 29 79.9 ± 28.3 11.67 ± 4.27 

Spheciospongia 

sp.* 

Massive – 

endopsammic 

540 ± 209 201 ± 95 132.2 ± 20.5 25.18 ± 11.02 

Phyllospongia 

foliascens* 

Erect - 

lamellate 

78 ± 7 68 ± 8 13.0 ± 1.1 8.46 ± 0.78 

Haliclona 

koremella* 

Erect - ramose 

(bushy) 

134 ± 9 105 ± 6 8.0 ± 0.6 5.30 ± 0.60 

Amphimedon sp. Bulb-like 202 ± 73 74 ± 12 20.0 ± 6.5 13.13 ± 4.28 

Dactylospongia 

elegans* 

Arborescent 

cylindrical 

digitate 

branching 

208 ± 63 87 ± 22 23.4 ± 9.6 16.56 ± 6.77 

Axinella sp.* Erect massive 

composite 

190 ± 64 61 ± 11 17.6 ± 4.6 12.61 ± 3.93 

Clathria 

reinwardti* 

Cylindrical 

finger-like - 

creeping 

100 ± 25 55 ± 16 7.7 ± 1.9 5.10 ± 1.37 

 

Light intensity and temperature measurement 

I installed a Hobo pendant logger in each incubation bag, at the bottom of the seagrass bed (n 

= 1; d = 1.2 m), and above the water surface (n = 1) to record the light intensity and temperature 

during the incubations. I set the loggers to read light intensity and temperature every minute, 
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and the readings from the entire incubation duration was averaged to determine the incubation 

light intensity and temperature. 

The light intensity reading from the Hobo pendant loggers were converted into 

photosynthetically active radiation (PAR) following the protocol described by Long et al. 

(2012), where the paired readings from Hobo loggers and a PAR light meter were used to 

establish a fitting function. I used a modified laboratory quantum scalar irradiance meter from 

Biospherical Instruments (QSPL-2200) as the PAR light meter (mol photons m-2 s-1), 

recording side-by-side with the Hobo pendant loggers (lux) at the bottom of the seagrass bed. 

The generated fitting function (see Figure S.3.2, App. B) was used to convert the light intensity 

recorded by Hobo pendant loggers into PAR (mol photons m-2 s-1).  

To determine how the light intensity changed through time in the seagrass meadow, I compiled 

the records from the Hobo logger deployed on the bottom of the seagrass meadow, from 7 AM 

to 5 PM, over 12 days. The light intensity value for each hour was obtained by averaging the 

readings for every minute within the hour. Then, I averaged the light intensity of each hour 

from the 12 days and plotted a polynomial trendline to identify any patterns. See Figure S.3.3 

(Appendix B) for the daily cycle in light intensity at our working station (d = 1.2 m). 

Incubation bags and incubation duration 

I used modified incubation bags (after Hansen et al. 2000) for our incubation experiment, which 

were built from an airtight plastic container and plastic sheets. The lid of the container acted as 

a base for the incubation, fixed onto a flat platform, which was pegged to the seafloor of the 

seagrass bed to prevent movement of the measured sponges. The main part of the plastic 

container acted as the frame for the incubation bag, where its bottom was removed to give room 

for the incubation bag. The plastic sheet was mounted to the container by tapping it around the 

container wite tape. The tape was also used to seal the incubation bag edges. The plastic sheet 

was somewhat flexible, which allowed wave action derived interstitial water flow to pass 

through to the incubation bag (Malan and McLachlan 1991), providing water circulation in the 

incubation bag. A three-way valve was installed on the plastic sheet to withdraw the water 

samples and sealed with a silicon tube. Water samples were withdrawn with a syringe from the 

valve. See Figures S.3.1A, B, and C (Appendix B) for the incubation bags set-up, three-way 

valve installation, and water sample withdrawing process, respectively.  
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Transparent plastic sheets were used for the light incubation bags, and black plastic sheets for 

the dark incubation bags. I only used one layer of plastic sheet for the incubation bags. From 

the light and temperature recordings across all the incubations, I found no significant difference 

in light intensity (t(20) = 0.2, p = .4) and temperature (t(16) = 0.1, p = .46) between inside and 

outside the light incubation bags. Meanwhile, the dark incubation bags were able to block the 

light entirely, resulting in total darkness inside the bags (I = 0 mol photons m-2 s-1). With 

respect to temperature, there was no significant difference between inside and outside the dark 

incubation bags (t(16) = 0.7, p = .24). See Figure S.3.4 (Appendix B) for the average light 

intensity (PAR) and temperature at the water surface and at the bottom of seagrass meadow (d 

= 1.2 m), and inside the incubation bags (light and dark) during the incubations (light and dark). 

To determine the suitable size of incubation chambers and the incubation duration, I conducted 

a preliminary experiment with three sponge species: Spongia sp., Spheciospongia sp., and 

Phyllospongia foliascens (n = 5). I measured the dissolved oxygen (DO) concentration every 

18 minutes under dark incubation to determine the respiration rate (Figure S.3.5, App. B). I 

aimed for an experimental duration where the oxygen depletion was less than 25% of the normal 

level, but no longer than two hours as suggested by Muscatine (1980) to avoid animal stress. I 

found a combination of ~10 L incubation bags and 72 minutes of dark incubations gave 10–

15% oxygen depletion across the species, which was the set-up used to run the subsequent 

incubations (see Figure S.3.5, App. B). 

P:R ratio determination 

The net primary productivity (PN) represented the net oxygen produced during the light period 

(i.e. daytime) when photosynthesis and respiration co-occur. Meanwhile, dark respiration (RD) 

represented the oxygen respired (i.e. consumed) during the dark period (i.e. night-time) when 

photosynthesis does not occur. Gross primary production (PG) was calculated by adding net 

primary productivity to the dark respiration rate (PN = PG – RD). The oxygen fluxes were then 

converted to carbon fluxes using a photosynthetic and respiration quotient of 1.0 (after 

Wilkinson 1983). I acknowledge that this approach may overestimate the gross primary 

productivity (PG) as I did not measure directly the daytime respiration rate. Instead, I used dark 

respiration to calculate PG, which is presumably lower than light respiration. 

The incubations were run as follows: one sponge was placed inside each chamber and left for 

10 minutes to acclimate after the chambers were sealed. After the acclimation period, I took a 
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60 ml water sample from the chamber through the three-way valve with a syringe and 

transported it to the surface. I measured the dissolved oxygen (DO) concentration using a 

luminescent dissolved oxygen probe HQd LDO101 (resolution of 0.01 mg/L) within 1 minute 

(or less) of the sample being collected. After 72 minutes, I took another water sample using the 

same procedure. The difference between these two-point measurements (i.e. oxygen flux in 

incubation chambers containing the sponges were corrected with the flux recorded in the control 

chamber. I then normalized the net primary productivity rate (from light incubations) and dark 

respiration rate (from dark incubations) by the ash-free-dry-weight (AFDW) of each sponge 

and for a one-hour period.  

The net primary productivity rate (PN) to dark respiration rate (RD), termed with P:R ratio, was 

used to determine if each sponge species was autotrophic or heterotrophic. A positive ratio (P:R 

 0) means that the sponge holobiont produces more oxygen than it requires for respiration and 

is considered a net primary producer (i.e. autotrophic). A negative ratio (P:R < O) means the 

sponge holobiont oxygen production is less than it respires and is considered to be a net primary 

consumer (i.e. heterotrophic). Wilkinson (1987a) added another criterion to characterize 

autotrophic sponges, where an autotrophic sponge is the one that derives at least 50% of its 

energetic requirement from the photosynthetic symbionts using oxygen production and 

respiration as a proxy for carbon consumed. The daily flux was calculated by summing up the 

daytime flux (PN x 12 h) with the night-time flux (RD x 12 h), which was used to confirm 

whether the sponge was autotrophic or heterotrophic over a full day. I acknowledge that I may 

overestimate the daily fluxes since we did not measure PN at all light intensities, which is 

changing through time. Instead, I used PN that was measured at midday only, for the 

extrapolation. The potential contribution of photosynthesis to sponge daily oxygen 

consumption was estimated by extrapolating PG by 12 h and RD by 24 h. 

Since the incubations were conducted on different days means that each batch of incubations 

were potentially performed under different light intensities and temperatures. To test the effect 

of light intensity and temperature on differences in net primary productivity rate (PN), I ran a 

two-factor permutational analysis of variance (PERMANOVA). Based on the daily cycle of 

light intensity at our working station (see Figure S.3.3, App. B), light intensity was categorized 

into three levels: low (0 – 500 mol photons m-2 s-1), moderate (500 – 1100 mol photons m-2 

s-1), and high (> 1100 mol photons m-2 s-1) for this analysis. However, none of the light 

incubations were performed below 500 mol photons m-2 s-1 light intensity. In regard to 
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temperature, based on the temperature range during the light incubations (see Table S.3.1, App. 

B), I categorized it into four levels: low (27℃), moderate (28℃), high (29℃) and very-high 

(30℃) for the analysis.  

In the dark incubations, the light intensity inside the incubation chambers was always zero mol 

photons m-2 s-1 (i.e. total darkness). Therefore, only temperature varied between the batches of 

incubations. I ran a one-factor PERMANOVA to test the effect of temperature on differences 

in dark respiration of the sponges. Based on the range of temperatures during dark incubations, 

temperatures were categorized into three levels: low (25℃), moderate (26℃), and high (27℃

). PERMANOVA was performed by the software PRIMER v6 with PERMANOVA+ add-on 

(Anderson et al. 2008) 

The light intensity and temperature for the different incubation batches were determined by 

averaging the readings of all six loggers that were installed in the incubation bags (n = 6). The 

information on the light intensity and temperature in the incubations for each sponge species is 

provided in Table S.3.1 (Appendix B). 

After I had determined the P:R ratio for each sponge species, I ran a one-way ANOVA to test 

if there were any statistically significant differences between the sponge P:R ratios. To 

determine which sponges differed from other sponges, I did the Tukey post-hoc test. ANOVA 

and the post-hoc test were performed by the software IBM SPSS v28.  

Photosynthetic pigment concentration 

At the end of incubation measurements, two small pieces of sponge tissue (approximately 1 x 

0.2 x 0.2 cm) from the part of sponges that was exposed to sunlight were collected for each 

sponge specimen. I took sponge tissue from the upper part of the endopsammic sponges 

(Spongia sp. and Spheciospongia sp.), the part that emerged through the substrate’s surface and 

was exposed to sunlight. The sponge tissue was cut with a scalpel, cleaned with clean seawater 

and placed in 1.5 ml cryo-vials, kept in a light-blocking container, and frozen at 20℃ for storage 

and transportation to the laboratory for pigment analysis. The pigment concentrations were 

determined following Pineda et al. (2016), where I cut and weighed the sponge sample (I aimed 

for approximately 10–20 mg), placed it in a 1.5 ml cryo-vial, and let it thaw. I added 1 ml of 

95% ethanol to the vials, wrapped them with foil to prevent chlorophyll degradation, and held 
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them for 6 hours at -20℃ for the chlorophyll extraction. Subsequently, the samples were shaken 

by a Tissuelyser shaker (Tissuelyser LT, Qiagen Inc, CA, USA) for 5 minutes and centrifuged 

at 10,000xg for 5 minutes. Then, I transferred 700 l of the supernatant to a new vial and 

centrifuged it again at 10,000xg for another 5 minutes. Finally, I transferred 300 l of extract 

and the 95% ethanol blanks to a 96-well microplate for the light absorbance reading by a 

spectrophotometer. 

Absorbance at 470, 632, 649, 665, 696, and 750 nm was read on a PerkinElmer EnSpire 2300 

multimode plate reader (PerkinElmer, Inc. Waltham, MA, USA). I used the blank-corrected 

readings minus the absorbance at a wavelength of 750 nm (Ex) to calculate chlorophyll-a, 

chlorophyll-b and total carotenoid concentrations using the following equations (Lichtenthaler 

1987; Ritchie 2008): 

Chl a (g ml-1) = [(− 0.9394 x E632) + (− 4.2774 x E649) + (13.3914 x E665)]/1.1021 

Chl b (g ml-1) = [(− 4.0937 x E632) + (25.6865 x E649) + (− 7.3430 x E665)]/1.1021 

Total carotenoids (g ml-1) = [((1000 x E470)/1.1021) − (2.13 x Chl-a) − (97.64 x Chl-b)]/209 

The factor 1.1021 is a path length correction that was calculated according to the formula of 

Warren (2008), using 300 μl of sponge extract at 632 nm wavelength.  Pigment concentrations 

were normalized to wet weight of the sample (as measured in the beginning of the process) 

using the equation:  

[pigment concentration (g ml-1) x extraction volume (ml)]/wet weight (g)] 

Abundance and composition of autotrophic and heterotrophic sponges in the seagrass 

meadow 

After I determined whether each sponge species was autotrophic or heterotrophic, I calculated 

the contribution of autotrophic and heterotrophic sponges to the seagrass sponge assemblage 

biomass in each tidal zone at both sites (sponge abundances are summarised in Table 3.1). I 

summed the biomass for the autotrophic and heterotrophic sponges separately (based on P:R 

ratios) and calculated their relative contribution (percentage) to the total sponge biomass. 

Permutational multivariate analysis of variance (PERMANOVA) was performed to determine 
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any differences in the composition of autotrophic and heterotrophic sponges. between tidal 

zones, sites, and their interactions. 

Assessments of sponge-mediated primary production in the seagrass meadow 

I calculated the sponge-mediated primary production in the seagrass meadow by multiplying 

each sponge’s daily flux with its abundance in each tidal zone at each site (summarized in Table 

3.1). I then summed the oxygen flux by all sponges in each area to estimate the sponge 

assemblage oxygen balance in the seagrass meadow.  

Results 

Net primary productivity and dark respiration 

Six out of the eight sponge species showed a positive net primary productivity rate (PN), but at 

species-specific rates (see Table 3). Haliclona koremella had the highest PN with 0.3039 ± 

0.0273 mol gAFDW
-1 h-1, followed by Phyllospongia foliascens with 0.0518 ± 0.0122 mol gAFDW

-

1 h-1. Spheciospongia sp., Dactylospongia elegans, and Clathria reinwardti had similar PN, 

which was about 0.03 mol gAFDW
-1 h-1.  Axinella sp. had the lowest PN among the sponge species 

with a positive PN, and a rate of 0.0134 ± 0.0036 mol gAFDW
-1 h-1. Meanwhile, Spongia sp. And 

Amphimedon sp. were the two sponges with a negative PN with a rate of -0.0056 ± 0.0018 and 

-0.0275 ± 0.0102 mol gAFDW
-1 h-1, respectively. Light intensity, temperature and their 

interactions between during light incubations did not have a significant effect on the net primary 

productivity rate measurement in any of the light incubations (all P(perm) > .05; see Table 

S.3.3-A (Appendix B) for full results of PERMANOVA).  

For dark respiration, Haliclona koremella had the highest respiration rate among the nine 

seagrass sponges consuming -0.0890 ± 0.0180 mol gAFDW
-1 h-1, followed by Spongia sp. and 

Amphimedon sp. with a rate of -0.0538 ± 0.0348 and -0.0373 ± 0.0082 mol gAFDW
-1 h-1, 

respectively. Four sponges (Spheciospongia sp., Phyllospongia foliascens, Dactylospongia 

elegans, and Clathria reinwardti) showed similar respiration rates, where the mean values 

ranged between -0.015–0.03 mol gAFDW
-1 h-1. Axinella sp. had the lowest respiration rate among 

the eight seagrass sponges, consuming -0.0066 ± 0.0018 mol gAFDW
-1 h-1. From the 

PERMANOVA, the difference in temperature between dark incubation batches did not 

significantly affect the measurement of the dark respiration rates (P(perm) > .05; see Table 
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S.3.3-B, App. B). See Table S.3.2 (Appendix B) for the respiration rate in other sponge biomass 

metrics (volume, wet weight, and dry weight). For PN, PG, and RD derived for other sponge 

biomass metrics (volume, wet weight, and dry weight), see Table S.3.2 (Appendix B). 

Table 3.3. Net primary productivity rate (PN), gross primary productivity rate (PG), dark 

respiration rate (Rdark), daily flux, and the contribution of photosynthesis to daily respiration 

requirements of the seagrass sponges in the Wakatobi National Park, Indonesia. The unit for 

PN, PG, and RD is mol gAFDW
-1 h-1; the daily flux is in mol gAFDW

-1; and contribution of 

photosynthesis to daily respiration requirements is in percentage (%). The values are expressed 

in means  SE, n = 5. 

Sponge PN PG RD Daily flux 

(24 h) 

% PG 

contribution to 

respiration 

requirement 

Spongia sp. -0.0056 ± 

0.0018 

0.0127 ± 

0.0097 

-0.0538 ± 

0.0348 

-0.49 ± 0.43 11.8 ± 9.7 

Spheciospongia sp. 0.0285 ± 

0.0109 

0.0363 ± 

0.0255 

-0.0158 ± 

0.0061 

0.25 ± 0.31 114.6 ± 4.5 

Phyllospongia 

foliascens 

0.0518 ± 

0.0122 

0.0751 ± 

0.0149 

-0.0232 ± 

0.0024 

0.62 ± 0.18 162.0 ± 1.0 

Haliclona koremella 0.3039 ± 

0.0273 

0.3929 ± 

0.0302 

-0.0890 ± 

0.0180 

3.65 ± 0.42 220.7 ± 15.7 

Amphimedon sp. -0.0275 ± 

0.0102 

0.0089 ± 

0.0090 

-0.0373 ± 

0.0082 

-0.34 ± 0.15 11.9 ± 2.1 

Dactylospongia elegans 0.0293 ± 

0.0118 

0.0442 ± 

0.0157 

-0.0149 ± 

0.0043 

0.35 ± 0.20 148.4 ± 2.0 

Axinella sp. 0.0134 ± 

0.0036 

0.0205 ± 

0.0044 

-0.0066 ± 

0.0018 

0.17 ± 0.06 154.3 ± 0.2 

Clathria reinwardti 0.0278 ± 

0.0067 

0.0609 ± 

0.0112 

-0.0289 ± 

0.0068 

0.39 ± 0.16 105.6 ± 2.2 

P:R ratio, daily flux and contribution of photosynthesis to the daily oxygen budget 

Haliclona koremella had the highest P:R ratio among all six sponges with a positive ratio (i.e. 

autotrophic sponge; Figure 3.1) of 3.91  0.68. Four sponges (Spheciospongia sp., 

Phyllospongia foliascens, Dactylospongia elegans, and Axinella sp.) had a similar ratio at ~2. 
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Clathria reinwardti was the sponge with the lowest P:R ratio among the six autotrophic 

sponges, with a ratio of 0.92  0.25. Meanwhile, the two sponges with negative PN – Spongia 

sp. and Amphimedon sp. had a P:R ratio of -0.53  0.38 and -0.91  0.27, respectively. From 

the one-way ANOVA, there were statistically significant differences in the P:R ratio between 

the sponges (F(7,16) = 22.906, p < .001). There was not a statistically significant different P:R 

ratio between the two sponges with negative ratio (i.e. heterotrophic sponges; Spongia sp. and 

Amphimedon sp.), but they were significantly different with almost the rest of the sponges. 

Meanwhile, among the sponges with positive ratio (i.e. autotrophic sponges), Haliclona 

koremella had a P:R ratio that significantly different with Spheciospongia sp., Axinella sp., and 

Clathria reinwardti; but not with Phyllospongia foliascens and Dactylospongia elegans. See 

Figure 1 for the sponges P:R ratios accompanied with a note for which sponges that significant 

difference, and Table S.3.4 (App. B) for the full result of the Tukey post-hoc test for the multiple 

comparisons of P:R ratio means.  

 

Figure 3.1. The net primary production  to dark respiration (P:R) ratio for nine sponges that 

inhabited a seagrass meadow in the Wakatobi National Park, Indonesia. A positive P:R ratio 

(P:R > 0) means the sponge gross primary production (PG) is higher to its respiration (RD) and 

is the threshold for being considered autotrophic. Values are expressed in mean ± SE (n = 5). 

The capital letter above the column denotes which sponge species that had statistically 

significant difference in P:R ratio. A = Spongia sp; B = Spheciospongia sp.; C = Phyllospongia 

foliascens; D = Haliclona koremella; E = Amphimedon sp.; F = Dactylospongia elegans; G = 

Axinella sp.; H = Clathria reinwardti. 
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In regard to daily fluxes, Haliclona koremella had the biggest release of oxygen over 24 hrs 

with 3.65 ± 0.42 mol gAFDW
-1 d-1, followed by Phyllospongia foliascens with 0.62 ± 0.18 mol 

gAFDW
-1 d-1. Dactylospongia elegans and Clathria reinwardti both had a similar positive daily 

oxygen flux at about 0.4 mol gAFDW
-1 d-1; Spheciospongia sp. and Axinella sp. with 0.25 ± 0.31 

and 0.17 ± 0.06 mol gAFDW
-1 d-1, respectively. Meanwhile, Spongia sp. and Amphimedon sp. 

were estimated to remove oxygen over 24 hrs at a rate of -0.49 ± 0.43 and -0.34 ± 0.15 mol 

gAFDW
-1 d-1. 

The extrapolation of instantaneous gross primary productivity (PG) and respiration rates (RD) 

to a daily budgets assuming 12 h photosynthesis and 24 h respiration showed that the 

photosynthesis of all sponges had a positive P:R ratio (Spheciospongia sp., Phyllospongia 

foliascens, Haliclona koremella, Dactylospongia elegans, and Axinella sp. and Clathria 

reinwardti) were able to provide more oxygen to the sponge holobiont than their daily oxygen 

requirement (100%; Table 3.3). Meanwhile, for Spongia sp. and Amphimedon sp., it was 

estimated that photosynthesis provided approximately 11% of their daily oxygen requirement.  

Photosynthetic pigment analysis 

There was considerable variation in the concentration and composition of photosynthetic 

pigments among the seagrass sponges. All sponges contained chlorophyll-a., but not all 

contained chlorophyl-b and carotenoids. Three species did not contain chlorophyll-b 

(Phyllospongia foliascens, Amphimedon sp., and Clathria reinwardti), while Spongia sp. did 

not have carotenoids (Figure 3.2). Four sponges had chlorophyll-a concentrations below 10 g 

g-1, while the other four had chlorophyll-a concentrations between 40–70 g g-1. None of the 

sponges showed chlorophyll-a concentrations higher than 100 g g-1. However, based on the 

total pigment concentration (i.e. total of Chlorophyll-a, -b, and carotenoids), three sponges had 

pigment concentrations of more than 100 g g-1 (Phyllospongia foliascens, Haliclona 

koremella, and Dactylospongia elegans), three sponges had pigment concentrations between 

60 and 80 (Spheciospongia sp., Haliclona koremella, Axinella sp., and Clathria reinwardti), 

and two had pigment concentrations below 50 g g-1 (Spongia sp. and Amphimedon sp.; Figure 

3.2). 
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Figure 3.2. Photosynthetic pigment concentrations of the seagrass sponges (expressed as means 

± SE, n = 5) in the Wakatobi National Park, Indonesia. The unit for the pigments concentrations 

is g pigments g-1sponge wet weight as the unit. 

Even though chlorophyll-a was found in all sponges, it was not always the most abundant 

pigment. Chlorophyll-a was the dominant pigment for three sponges: Spheciospongia sp., 

Phyllospongia foliascens, and Haliclona koremella However, carotenoids were the dominant 

pigment in Amphimedon sp., Dactylospongia elegans, Axinella sp., and Clathria reinwardti. 

The pigment composition of Spongia sp. was dominated by chlorophyll-b. 

Sponge assemblage structure: Autotrophic vs heterotrophic sponges 

Both autotrophic and heterotrophic sponges are found in tidal zones of both sites in considerable 

abundance (see Table 3.4). The proportion of autotrophic and heterotrophic sponges in high-

shore and middle-shore was similar (ranging between 40–60%), except at Hoga-2 middle-

shore, where the composition of heterotrophic and autotrophic sponges was 30 to 70%. 

Meanwhile, at near-reef-flat zone, autotrophic sponges dominated the sponge assemblage by 

about 98% and 81% in Hoga-1 and -2, respectively (Table 3.4). The two-way PERMANOVA 

test showed that the composition of autotrophic and heterotrophic sponges was significantly 

different between zones (Pseudo-F = 3.9008, P(perm) = .032), but not between sites and the 

interactions between zones and sites (P(perm) > .05). See Table S.3.4 (Appendix B) for the full 

results of the PERMANOVA test.  
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Table 3.4. The abundance and proportion of autotrophic and heterotrophic sponge to the total 

sponge biomass in the seagrass meadow of Hoga Island, Wakatobi National Park, Indonesia. 

Heterotrophic sponges were Spongia sp., Amphimedon sp., and Rhopaloeides sp., while 

autotrophic sponges were Spheciospongia sp., Phyllospongia foliascens, Haliclona koremella, 

Dactylospongia elegans, Axinella sp., and Clathria reinwardti. Values of sponge abundance 

and proportion are expressed in mean  SE, n = 3. The estimates of sponge abundance for each 

sponge species are from Chapter 2. 

Site Tidal zone 

Sponge abundance  
(gAFDW m2) 

Sponge proportion  
(%) 

Heterotrophic Autotrophic Heterotrophic Autotrophic 

Hoga-1 

High-
shore 

0.3467 ± 
0.0126 

0.5508 ± 
0.4197 

58 ± 23 42 ± 23 

Middle-
shore 

0.2521 ± 
0.0723 

0.5060 ± 
0.2614 

44 ± 19 56 ± 19 

Near-reef-
flat 

0.0087 ± 
0.0027 

0.5252 ± 
0.2001 

2 ± 1 98 ± 1 

Hoga-2 

High-
shore 

0.0757 ± 
0.0113 

0.1227 ± 
0.0537 

43 ± 9 57 ± 9 

Middle-
shore 

0.3950 ± 
0.1031 

0.8517 ± 
0.2406 

33 ± 6 67 ± 6 

Near-reef-
flat 

0.1654 ± 
0.0128 

0.9452 ± 
0.3041 

19 ± 8 81 ± 8 

 

Sponge-mediated primary production in seagrass meadow 

At the assemblage level, the sponge assemblage at the high-shore and middle-shore zones were 

estimated to be net carbon consumers, where the assemblage consumed carbon at a rate of -

0.1644 ± 0.0633 and -0.0309 ± 0.0468 mol m2 d-1, respectively, at Hoga-1; and -0.0286 ± 0.0083 

and -0.0798 ± 0.0654 mol m2 d-1, respectively, in Hoga-2. However, at the near-reef-flat zone, 

the sponge assemblage was estimated to be a net carbon producer with a release of 0.1518 ± 

0.0356 and 0.2514 ± 0.0455 mol m2 d-1 carbon over 24 h, in Hoga-1 and -2, respectively. See 

Table 3.5 for sponge-mediated primary production of each sponge species at each tidal zone 

and site.  
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Table 3.5. Sponge-mediated daily oxygen flux (24 h) at three tidal zones (high-shore, middle-

shore, and near-reef-flat) of two spatially separated site (Hoga-1 and -2) in Hoga Island’s 

seagrass meadow. The unit is in mol m2 d-1 and the values are expressed in mean ± SE, n = 3. 

One asterisk denotes the heterotrophic sponges and two asterisk for the autotrophic sponges, 

based on their P:R ratios. 

Sponge Hoga-1 Hoga-2 

HS M NRF HS M NRF 

Spongia sp.* -0.2339 ± 
0.0060 

-0.1211 ± 
0.0367 

0 -0.0472 ± 
0.0022 

-0.1563 ± 
0.0217 

-0.0504 ± 
0.0204 

Spheciospongia sp.** 0.0837 ± 
0.0629 

0.0003 ± 
0.0003 

0.0104 ± 
0.0102 

0.0186 ± 
0.0081 

0.0894 ± 
0.0510 

0.0575 ± 
0.0294 

Phyllospongia 
foliascens** 

0 

 

0.1159 ± 
0.0213 

0.1369 ± 
0.0338 

0 0.0175 ± 
0.0076 

0.1483 ± 
0.0176 

Haliclona 
koremella** 

0 0.0108 ± 
0.0016 

0 0 0.0689 ± 
0.0105 

0.1621 ± 
0.0211 

Amphimedon sp.* -0.0142 ± 
0.0029 

-0.0614 ± 
0.0030 

-0.0051 ± 
0.0005 

0 -0.1218 ± 
0.0246 

-0.0721 ± 
0.0055 

Dactylospongia 
elegans** 

0 0.0222 ± 
0.0194 

0.0096 ± 
0.0043 

0 0.0232 ± 
0.0203 

0 

Axinella sp.** 0 0.0024 ± 
0.0014 

0 0 0 0.0059 ± 
0.0026 

Clathria reinwardti** 0 -0.0001 ± 
0.0005 

0.0000 ± 
0.0003 

 
-0.0007 ± 

0.0042 
0 

TOTAL -0.1644 ± 
0.0633 

-0.0309 ± 
0.0468 

0.1518 ± 
0.0356 

-0.0286 ± 
0.0083 

-0.0798 ± 
0.0654 

0.2514 ± 
0.0455 

 

 

 

Discussion 

Many tropical shallow-water sponges harbour photosynthetic symbionts (e.g. Steindler et al. 

2002; Erwin and Thacker 2007), which are thought to play a crucial role in the ability of sponges 

to colonize nutrient-poor habitats (Wilkinson and Cheshire 1990).  However, few studies have 

demonstrated the contribution of photosynthetic symbionts to host nutrition, which has 

generally been inferred by measuring primary production to respiration (P:R) ratios (Bell et al. 
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2020). This information is important for our ability to predict how any changes in sponge 

assemblages might impact overall ecosystem functioning. I found the presence of 

photosynthetic pigments in all my study species. However, not all of sponges species were 

classified as autotrophic. I found that six sponge species were autotrophic and had positive 

instantaneous net primary productivity rate (PN > 0), and were all were net primary producers 

based on their daily budget. The other two sponges were considered heterotrophic sponges with 

a negative instantaneous PN, thus were net consumers based on their daily budget. At the 

assemblage level, the domination of autotrophic sponges means sponges are net oxygen/carbon 

producers. My results challenge the commonly held view that sponges are largely net 

consumers of carbon.  

Autotrophic vs heterotrophic in the seagrass sponge assemblage  

Primary production of the sponge holobiont exceeding respiration requirements (i.e. PN > 0) is 

the key requirement to be considered an autotrophic sponge (Wilkinson 1983). However, 

further information is also need to fully confirm the actual contribution of symbionts the host 

nutrition, such as symbiont-host translocation rates. Wilkinson (1983) also added that the 

photosynthesis (PG)  of an autotrophic sponge needs to contribute at least 50% of its daily (24 

h) oxygen needs. Based on these criteria, six out of my eight studied sponge species can be 

considered autotrophic. These six species had a positive P:R ratios and their primary production 

was able to provide more than 50% of their daily respiration requirements (see Figure 3.1 and 

Table 3.3). Furthermore, these species were net oxygen producers based on their daily budget. 

The proportion of autotrophic sponges in my seagrass sponge assemblage is similar to that 

reported from a coral reef sponge assemblage on the Great Barrier Reef, where six out of the 

ten most abundant sponges were autotrophic (Wilkinson 1983). Thus, autotrophic-sponge-

dominated assemblages do not exclusively apply to coral reef sponge assemblages and may 

also apply to shallow water seagrass ecosystems.  

Nutrient availability has been proposed as an important driver of the prevalence of autotrophic 

sponges in the Indo-Pacific, with Wilkinson and Cheshire (1990) reporting a pattern of 

increasing autotrophic sponge abundance further away from the mainland. These authors also 

proposed that the lack of autotrophic sponges in the Caribbean, compared with the Great Barrier 

Reef, was due to differences in nutrient availability, with the Great Barrier Reef being more 

oligotrophic than the Caribbean. These earlier findings led to the hypothesis that sponge 

symbioses with photosynthetic organisms is critical for their survival in oligotrophic 
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environments. Although this might be true for coral reefs, seagrass meadows are expected to 

have more nutrients than coral reefs as one of their functional roles is filtering sediment and 

suspended particles (Hemminga and Duarte 2000; Nagelkerken 2009), and yet most of the 

sponges in my studied seagrass meadow were also autotrophic sponges. Therefore, it seems 

likely that other conditions that just nutrient availability have led to the evolution of seagrass 

sponges to establish symbioses with photosynthetic symbionts. 

In my studied seagrass meadow, I found variation in the dominance of heterotrophic versus 

autotrophic sponges between shore zones, even though there was a high number of autotrophic 

sponge species in the overall sponge assemblage. I found significant differences between tidal 

zones in the composition of autotrophic and heterotrophic sponges, while sites and the 

interactions between sites and zones were not different (Table S.3.4, App. B). At the high-shore 

and middle part of the seagrass meadow, the proportion of autotrophic and heterotrophic sponge 

biomass was similar. However, at the near-reef-flat zone of the seagrass meadow I found 

autotrophic sponges dominated the sponge biomass. The near-reef-flat zone is at the edge of 

the seagrass meadow, bordering the local coral reef flat, with a 1.9 m depth during hightide; 

autotrophic sponge biomass was up to 81% and 98% in Hoga-2 and Hoga-1 (Table 3.4). One 

possible reason is that the light conditions at high-shore and middle zone (which are shallower) 

of the seagrass meadow may trigger photoinhibition for some of the sponge symbionts and limit 

their distribution across intertidal zone of the meadow. Photoinhibition is known to cause coral 

bleaching, an event where zooxanthellae leave the corals-host or lose their pigments (Iglesias-

Prieto et al. 1992; Hoegh-Guldberg 1999; Hoogenboom et al. 2006; Baird et al. 2009). With 

regard to sponges, Cheshire et al. (1997) reported a decrease in net primary production when 

sponges collected from 30 m depth were exposed to higher light intensity at 20 m depth, 

suggesting that photoinhibition had occurred. However, photoinhibition is unlikely the major 

driver of autotrophic sponge distribution in the seagrass meadow, as the middle-shore zone was 

observed to harbour the most sponges (based on biomass) among the three intertidal zones 

(Chapter 2). The middle-shore zone also had relatively equal proportion of autotrophic and 

heterotrophic sponges (Table 3.4). Interestingly, the abundance of autotrophic sponges (in term 

of biomass) was higher at the middle-shore than the near-reef-flat zone. Importantly, the 

domination of autotrophic sponges in the near-reef-flat zones were more the result of 

heterotrophic sponge biomass in this zone, rather than due to an increase in the absolute biomass 

of autotrophic sponges. Further research is needed to understand these patterns.   
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It is important to note that both autotrophic and heterotrophic sponges occurred in all tidal 

zones, including the high-shore zone that is exposed to air during low tide. Furthermore, the 

composition of these two nutritional modes in the sponge assemblage was about equal at the 

high-shore and middle-shore tidal zones of the seagrass meadow (see Table 3.4). I noticed that 

all sponges that inhabit the high-shore zone are endopsammic sponges, i.e. they buried 

themselves under the substrate and leave only small part of their body above the substrate. This 

growth form is considered morphologically adapted to cope with aerial exposure, where the 

sponges are exposed to a very high temperature and UV light radiation (Schönberg 2021). Yet, 

one of the only two sponges that inhabit this zone is autotrophic: Spheciospongia sp.. From my 

field observations, during low tide, the sponges at the high-shore were covered by seagrass 

blades, which may keep them cool and wet during aerial exposure. Unfortunately, I did not 

identify the photosynthetic symbionts and look at their exact location in the sponge tissue, 

which would have allowed us to further understand any adaptations of the symbionts and their 

sponge-host. However, this shows the importance of morphological adaptation of sponges in 

coping with extreme environmental conditions. 

Sponge-mediated primary production in the seagrass meadow 

Facilitating primary production is an important sponge functional role, as many sponges host 

photosynthetic symbionts (Bell 2008). Despite this, the contribution of sponge-mediated 

primary production to the environment has been generally overlooked. My study has revealed 

that seagrass sponge assemblages may be a net primary producer over a 24 h cycle. Sponge 

assemblages in near-reef-flat zone, the area where autotrophic sponges dominate the 

assemblage by more than 80%, produced more carbon than they respired (Table 3.5). 

Meanwhile, in the high- and middle-shore zone of the seagrass meadow, where the proportion 

of autotrophic sponges to the assemblage was about 40–70%, the sponge assemblage was 

estimated to be a net carbon consumer.  

The sponge assemblage in the near-reef-flat zone of Hoga-1 and -2 produced 0.15 ± 0.04 

and 0.25 ± 0.05 mol C m2 d-1, respectively. For comparison, the average primary production of 

seagrass meadows has been estimated to be approximately 0.45 mol C m2 d-1 (e.g. Yarbro and 

Carlson 2008; Reynolds et al. 2018). This means that the primary productivity mediated by the 

sponge assemblage could reach up to 50% of seagrass bed total productivity, which may have 

result in an overestimation of the sponge-holobiont’s productivity. For example, both 

photosynthesis and respiration are actually changing over the course of 24 h as a result of light 
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intensity and temperature changes. Another caveat is the depletion of oxygen and food 

availability during the incubation, which may influence sponge metabolic rates over the course 

of the incubation. Nevertheless, this finding highlights the importance of sponges to energy 

flow and the potential magnitude of its impact in the seagrass meadow. Wilkinson (1983) 

reported that all the autotrophic sponges on the Great Barrier Reef released 1–5% of the carbon 

fixed by symbionts as dissolved organic carbon to the water column, by direct carbon 

measurements. If the autotrophic sponges I studied also have a positive carbon flux (i.e. release 

more carbon than they take up), which still needs to be confirmed by direct measurement of 

carbon fluxes (not only from oxygen fluxes), then we need to revise our views on the role of 

sponges in the flow of organic matter in seagrass ecosystems.  

Photosynthetic pigments in sponges  

Many studies have used the concentration of chlorophyll-a as a predictor of sponge gross 

productivity (Wilkinson 1983; Erwin and Thacker 2008), since chlorophyll-a is the only light-

absorbing pigment that is present in both photosystems (antennas and reaction centres), and is 

considered to be the principal photosynthetic pigment (Lodish et al. 1999). In contrast, 

chlorophyll-b and carotenoids are considered 'accessory' pigments since they are not directly 

involved in the energy conversion process (Bullerjahn and Post 1993; 1999). Chlorophyll-b and 

carotenoids support photosynthesis by extending the light spectrum (Smith and French 1963), 

and carotenoids in particular, also protect photosynthetic organisms from the photodegradation 

caused by any excess excitation energy (Foote 1968; Frank and Brudvig 2004). In my study, I 

found that all eight sponge species contained chlorophyll-a, but not every sponge had 

chlorophyll-b and carotenoids (see Figure 3.2). This suggests that the sponge symbionts in the 

different sponge species are utilizing different light wavelengths for photosynthesis. Based on 

the assumption that the sponge species experienced the same light conditions in the seagrass 

meadow, one possible reason for the different dominating photosynthetic pigments is that the 

sponges harbour different photosynthetic symbionts. Sponges are known to host various 

photosynthetic symbionts, and although most of the sponge species have cyanobacteria as their 

photosymbionts (Rützler 1985; Usher 2008), there are some sponge species that host 

dinoflagellates (i.e. Symbiodinium spp.; Schönberg and Loh 2005; Hill et al. 2011), as well as 

rhodophytes, chlorophytes, and diatoms (Rützler 1985; Taylor et al. 2007; Lemloh et al. 2009). 

Unfortunately, I did not identify the specific photosynthetic symbionts harboured in my studied 

sponges, although I recognise that the symbiont type is likely to impact P:R ratios. However, 
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based from literature for related or similar species, cyanobacteria are the likely photosymbionts 

in Phyllospongia foliascens, Dactylospongia elegans, and Axinella corrugata, and Clathria 

styloprothesis (Wilkinson 1988; Keesing et al. 2012; White et al. 2012; Gao et al. 2017); and 

dinoflagellates most likely in Spheciospongia sp. and Haliclona koremella (Alvin et al. 2000; 

Sacristán-Soriano et al. 2020). 

Chlorophyll-a concentrations of the seagrass sponge assemblage in my study was within a much 

lower range than reported in coral reef sponges. The higher light intensity in the seagrass 

meadow, compared to coral reefs, as they are shallower may explain the much lower 

chlorophyll-a concentration in the seagrass sponge assemblage.  Erwin and Thacker (2007) 

reported from a Caribbean coral reef sponge assemblage that 33% of the sponges (20 sponge 

species) had a chlorophyll-a concentration higher than 125 g g-1, and three sponges had a 

concentration higher than 50 g g-1. Since these earlier authors considered a chlorophyll-a 

concentration of 50 g g-1 as the threshold for photosynthetically active sponges, they 

concluded that 37% of the sponges (22 out of 60 sponges) were photosynthetically active. 

However the term “photosynthetically active” might not mean the sponge species are 

autotrophic, as P:R ratios are needed to confirm this. From my study, the two sponges Axinella 

sp. and Clathria reinwardti had chlorophyll-a concentrations below 10 g g-1, although they 

were actually autotrophic sponges based on their PN and daily budgets.  

In addition to the abundance of photosynthetic symbionts, another important factor that 

influences the contribution of symbionts to sponge nutrition is the ‘quality’ of the symbioses. 

Freeman et al. (2013) suggested that the photosynthetic capacity of the hosted photosynthetic 

symbionts has a greater effect on the nutritional transfer from microbial symbionts to sponge 

host (i.e. P:R ratio) than the abundance of the symbionts. This might explain the stark difference 

in gross productivity and P:R ratio of Haliclona koremella compared with the other studied 

species, even though its pigment concentration was similar to that of the other autotrophic 

sponges. The chlorophyll-a and total pigment concentration of Haliclona koremella was similar 

to Phyllospongia foliascens, which had the second-highest gross productivity in the 

assemblage. However, the gross productivity of Haliclona koremella was about five times 

higher than Phyllospongia foliascens. There are several explanations for this difference. First, 

the symbiont phylotype of Haliclona koremella is different from the other species; second, there 

are some characteristics (physical, chemical, or biological) of the host-sponge that support 

symbiont photosynthetic capacity or; a combination of those two explanations. For Haliclona 
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koremella, the sponge has a ramose (bushy) growth form giving it a large surface area to body 

ratio (Table 3.2), which likely enhances its ability to capture sunlight for photosynthesis. 

Furthermore, we always found Haliclona koremella sitting on the top of seagrass canopy, 

without anything blocking the sunlight reaching the sponge. 

It is important to note that the P:R ratio itself is a relative comparison between the primary 

production and respiration. While the photosynthetic symbionts are responsible entirely for the 

gross primary production, the components of the sponge holobiont are responsible for the 

holobiont’s respiration. Thus, using respiration rate as the ratio's denominator could give 

different P:R ratios for two or more sponges with similar net productivity. For example, 

Dactylospongia elegans and Clathria reinwardti had similar net primary productivity (0.029  

0.012 and 0.028  0.007 mol gAFDW
-1 h-1 respectively), but the respiration rate of Clathria 

reinwardti was approximately double the respiration rate of Dactylospongia elegans. As a 

result, the P:R ratio of Dactylospongia elegans was double that of Clathria reinwardti, whereby 

their P:R ratios were 2.02  0.52 and 0.92  0.25, respectively. From the extrapolation of gross 

production (PG) and respiration (RD) to the daily budget of the sponges, the photosynthesis by 

the symbionts of Clathria reinwardti were able to potentially provide ~100%  of the sponge 

holobiont daily respiration requirement, while the photosynthetic symbionts in Dactylospongia 

elegans potentially provided the host with approximately 150% of its daily carbon requirement. 

These differences in respiration rates between species are also likely to be influenced strongly 

by the overall microbial community living within the sponge. Assuming that all the sponges 

experienced the same light intensity and temperature, it confirms that the quantity (i.e. 

photosymbionts concentration) and quality (i.e. photosynthetic capacity) of the photosynthetic 

symbionts are important for PG (Freeman et al. 2013).  

Conclusion  

The seagrass sponge assemblage that I studied at Hoga Island is dominated by sponges 

containing photosynthetic symbionts, with six of the eight sponge species being net oxygen 

producers over a 24-hour period. However, based on the biomass, autotrophic sponges only 

dominated at the near-reef-flat zone. The domination of autotrophic sponges in the near-reef-

flat zone likely results in a positive daily carbon flux by the sponge assemblage with the sponge 

assemblage in this habitats being a net primary producer. The contribution of sponge-mediated 
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primary production needs to be carefully considered when estimating overall habitat primary 

productivity. 
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CHAPTER 4. 
Contribution of autotrophic and heterotrophic 

sponges to carbon flux in a shallow Indonesian 

seagrass bed 
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Abstract 

Understanding the carbon flow through marine ecosystems is important because it drives 

population dynamics and overall productivity. Sponges are major components of benthic 

marine communities that play important roles in benthic carbon cycling. However, while 

sponges have generally been considered net consumers of carbon from the water column, this 

might not be the case where autotrophic sponges dominate sponge assemblages. In this study, 

I investigated the flow of carbon between sponges and the water column during the day and in 

darkness (simulating night-time) at three tidal zones in a seagrass sponge assemblage, which 

comprised both autotrophic and heterotrophic sponges. I measured the sponge-mediated net 

flux (uptake or release) of total organic carbon (TOC) using in situ incubation chambers in a 

seagrass meadow at Hoga Island in the Wakatobi National Park, Indonesia. I investigated the 

five most abundant sponges (representing 75.1–99.8 % of total sponge biomass) at my study 

site. The sponges included two heterotrophic sponges (Spongia sp. and Amphimedon sp.) and 

three autotrophic sponges (Spheciospongia sp., Phyllospongia foliascens, and Haliclona 

koremella). Consistent with previous studies, I found that all sponges removed carbon in 

darkness, but at species-specific rates. There was no significant difference in sponge-mediated 

carbon net-flux observed between the heterotrophic and autotrophic sponges during the night 

(p > 0.05). However, during the day, the autotrophic sponges were net producers of carbon, 

reducing the overall daily carbon removal by the sponge assemblage from the water column, 

while the heterotrophic sponges continued to remove organic carbon from the water column. 

At the assemblage level, over a 24 hour period the seagrass sponge assemblage  removed more 

carbon than they produced. This chapter challenges the view that sponges are primarily 

involved in removing large amounts of carbon from the water column. In some ecosystems they 

may actually provide substantial carbon to the water column during day time. My results have 

implications for energy transfer through food webs in marine ecosystems and the way we view 

the roles of sponges in these systems. 
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Introduction 

Marine ecosystems worldwide are under tremendous environmental pressure and are declining 

at an alarming rate (Duarte et al. 2008; Wilkinson 2008; Boyce et al. 2010; Hamilton and Casey 

2016; Ramírez et al. 2017). The depletion or loss of any specific group of organisms from an 

ecosystem is likely to result in considerable environmental disruption as each group is likely to 

play a particular functional role (Chassot et al. 2010; Estes et al. 2011). Of particular concern 

are changes to food webs (Smith and Smith 2015), as such changes have the potential to alter 

the transfer of energy across multiple trophic levels (Krebs 2009). Therefore, understanding the 

feeding interactions for key components of different ecosystems is critical for understanding 

how ecosystem dynamics might be impacted by environmental change. 

Sponges are a major component of benthic ecosystems worldwide, where they have many 

important functional roles (Bell 2008; Bell et al. 2015). Sponges are sessile suspension feeders 

that can pump large quantities of water and filter out small particles (Reiswig 1971a; Reiswig 

1974). For example, Southwell et al. (2008) reported that a 109 L sized barrel sponge, 

Xestospongia muta could pump 24,000 L of water in an hour; and a 1.1 L sized brown tube 

sponge, Agelas conifera could pump water through its body at the rate of 280 L h-1. This high 

rate of water flow through sponges, coupled with the high abundance of sponges in some 

habitats, means that they have the potential to exert major regional-scale impacts on 

biogeochemical cycles and food webs (Maldonado et al. 2015). 

As a result of global climate change, which is causing ocean warming (OW) and ocean 

acidification (OA), some coral reef sponges have been proposed as potential ‘winners’ in near-

future climate scenarios as they are generally less affected by the OW and OA than many other 

benthic organisms. Any such shift might result in a change to the overall benthic community 

structure (Bell et al. 2018a). Bell et al. (2018b) considered the potential ecological impacts 

resulting from a regime shift to sponge-domination, and as a result identified the need to 

understand how such shifts may alter sponge-mediated carbon fluxes, along with potential food 

limitation for sponges. This information will enable a better understanding of how sponge-

dominated reefs might persist and continue to function. More recently, Lesser and Slattery 

(2020) have argued that a regime shift to sponge-dominated reefs is unlikely due to sponge food 

limitation. These researchers suggest that under the predicted climate change scenarios, the 

physical oceanography of coral reefs is likely to change and cause a decrease in net primary 

production (NPP), picoplankton abundance and phytoplankton-derived dissolved organic 
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matter (DOM), ultimately limiting sponge populations. However, sponges have other means of 

fulfilling their nutritional requirements.  

In order to meet their energy requirements, sponges can feed on particulate and dissolved 

organic carbon (e.g. Hadas et al. 2009; Hoer et al. 2018) or rely on carbon produced by their 

symbionts (e.g. Wilkinson 1983; Erwin and Thacker 2008). With respect to heterotrophy on 

particulate organic carbon (POC), sponges have been observed to consume both live particulate 

organic carbon (ultraplankton; e.g. Pile et al. 2003; Yahel et al. 2006) and non-living particulate 

organic carbon (detritus; Hadas et al. 2009). Furthermore, Hadas and Marie (2006) also reported 

that the coral reef sponge Negombata magnifica could remove virus particles at an average 

efficiency of 23.3   2.9 %, although the fate of these particles still remains unclear. Dissolved 

organic carbon (DOC) is the largest exchangeable reservoir of carbon in the marine 

environment (Druffel et al. 1992; Hansell and Carlson 2014), and until recently, it was thought 

that only bacteria were able to consume DOC (Carlson 2002). However, a number of studies 

have reported that DOC can account for more than 90% of the total organic carbon (TOC) 

removed by some sponges (e.g. Yahel et al. 2003; de Goeij et al. 2008). More recently, Hoer et 

al. (2018) reported that three of the seven studied tropical sponges from the Caribbean could 

remove between 13–24 % of the available DOC, suggesting DOC is likely removed at species-

specific rates, and that not all sponges consume DOC.  

Several authors have hypothesized that the microbes associated with sponges are involved in 

DOC uptake by sponges (e.g. Reiswig 1981; Hoer et al. 2018). Sponges have long been known 

to have critical associations with microbes, and these microbes can constitute up to 40–60 % of 

the tissue volume (Vacelet and Donadey 1977; Willenz and Hartman 1989). Thus, sponges and 

their associated microorganisms interact with the environment as one entity, known as a 

holobiont (see Simon et al. 2019). Based on the density of the hosted microbes, sponges can be 

categorized as either high-microbial abundance (HMA) or low-microbial abundance (LMA; 

Vacelet and Donadey 1977; Wilkinson 1978). There is growing evidence that HMA sponges 

consume more DOC than LMA sponges. For example, de Goeij et al. (2008) noted that the 

three studied sponges that removed significantly more DOC from the water column contained 

microbes, even though the study did not differentiate DOC consumption by the host sponge and 

its associated microbes. In a more recent study on DOC consumption by seven Caribbean reef 

sponges, all HMA sponges (four sponges) removed a large amount of DOC; whereas all LMA 

sponges (three sponges) had very low DOC removal rates (Hoer et al. 2018). 
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Not all sponges obtain their nutritional requirements from exclusively feeding on POC and 

DOC in the water column. Many sponges have also established symbioses with photosynthetic 

organisms and gain supplemental carbon from their symbionts (Wilkinson 1983). Wilkinson 

(1983) defined sponges that fulfil at least 50% of their total energetic requirement from their 

hosted photosymbionts as autotrophic sponges. Photosymbiont-containing sponges have been 

found in tropical waters across the globe (see Bell et al. 2020). For example, in an earlier study 

six out of the ten most common sponges on the Great Barrier reef (Indo-Pacific) were found to 

be net primary producers (Wilkinson 1983). Steindler et al. (2002) reported that 64 % and 85 

% of the sponges that live in the intertidal and subtidal zone in Zanzibar (West Indian Ocean) 

respectively, hosted photosynthetic symbionts. Furthermore, on Panamanian reefs (tropical 

West Atlantic), Erwin and Thacker (2007) reported that one-third of the studied sponges (20 

species) had high photosynthetic-symbiont abundance. The evolution of these symbioses 

between sponges and photosymbionts has been considered important in supporting sponge 

survival in oligotrophic environments (Wilkinson 1987a; Wilkinson and Cheshire 1990) and 

may become more important in the future if the availability of POC decreases. 

Sponges are major benthic components of seagrass meadows (e.g. Ogden and Ogden 1982; 

Barnes 1999), although seagrass sponge diversity is generally lower than on adjacent coral reefs 

(Barnes and Bell 2002; Díaz 2005). For example, from my sponge surveys in the Wakatobi 

National Park (Southeast Sulawesi, Indonesia), only ten sponge species inhabited the seagrass 

bed (Chapter 2). In contrast, on adjacent coral reefs, more than 140 sponge species have been 

recorded (Rovellini et al. 2019). A similar ratio was also observed in the Seribu Islands National 

Park, north of Jakarta, where 13–15 sponges were found in the seagrass beds (Ismet et al. 2017), 

compared to 118 sponge species on the surrounding coral reefs (de Voogd and Cleary 2008). 

However, despite the lower sponge diversity in seagrass beds, many species have high biomass. 

My sponge surveys in Wakatobi National Park (Chapter 2) estimated that sponge biomass (in 

volume) was between 3000 – 7500 L in seagrass bed areas of between 0.151 km2 and 0.213 

km2. With this level of biomass, sponges are likely to have a major impact on ecological 

processes in seagrass beds. 

Given the different nutritional modes, autotrophic and heterotrophic sponges might be expected 

to have different interactions with the water column, particularly during the daytime when light 

for photosynthesis is available. In this study, I conducted in situ incubations of the sponges 

inhabiting a seagrass bed in Wakatobi National Park, Southeast Sulawesi, Indonesia. My aims 
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were to: (1) measure the sponge-mediated carbon net flux in dark and light incubations 

(simulating night- and daytime) by autotrophic and heterotrophic seagrass sponges to assess 

how sponges with different nutritional modes impact water column carbon dynamics; and (2) 

assess the importance of the overall seagrass sponge assemblage, that comprises both hetero- 

and autotrophic sponges, in daily carbon fluxes. 

Methods 

Study area and sponge collection 

The study was conducted at Hoga Island in the Wakatobi National Park, Indonesia (5o 28' S, 

123o 4" E). Sponge incubations were performed in situ in the middle of a seagrass meadow on 

the island's west side, where the tidal range was between 0.6 and 1.9 m, with a mid-tide depth 

of 1.2 m. The seagrass meadow of Hoga Island is a multispecies seagrass bed, inhabited by 

eight seagrass species. I found Cymodecea rotundata, Cymodecea serrulata, Enhalus 

acoroides, Halophila ovalis, Halophila minor, Syringodium isoetifolium, Thalassia hemprichii, 

and Halodule univervis in the seagrass meadow surrounding Hoga Island (Chapter 2). The 

seagrass meadow had a 1.8  0.1 mm fine sand substrate (Unsworth et al. 2018). 

I studied five sponge species: two heterotrophic sponges (Spongia sp. and Amphimedon sp.) 

and three autotrophic sponges (Spheciospongia sp., Phyllospongia foliascens, and Haliclona 

koremella). I based the assessment of whether a sponge was heterotrophic or autotrophic on 

earlier observations (Chapter 3). If photosynthesis provided at least 100% of the sponge’s daily 

respiration needs, the sponge was considered autotrophic. From my earlier sponge surveys 

(Chapter 2), the total abundance of these five studied sponges represented 99.8%, 75.4% and 

80.7% of the total sponge biomass at the high-shore, middle, and near-reef-flat zones of Hoga-

1, respectively; and in Hoga-2 was 75.1%, 82.2%, and 90.1% of the total sponge biomass at the 

high-shore, middle, and near-reef-flat zones (see Table 4.1 for the detailed sponge abundance 

in ash-free dry-weight). The seagrass meadow zonation was based on the distance to shore, 

where the average depth during high tide at the high-shore, middle, and near-reef-flat zones 

was 0.5, 1.2, and 1.9 m, respectively.  
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Table 4.1. P:R ratio and sponge biomass of the studied sponges in the seagrass meadow of 

Hoga Island, Wakatobi National Park, Indonesia. The seagrass meadow was divided into three 

zones: high-shore zone (HS), middle zone (M) and near-reef-flat zone (NRF). Values are mean 

± SE, and the unit for sponge biomass is gAFDW m-2. Source: Chapters 2 and 3. 

Sponge P:R 

ratio 

Hoga-1 Hoga-2 

HS 

(0.0256 

Km2) 

M 

(0.0759 

Km2) 

NRF 

(0.0492 

Km2) 

HS 

(0.0385 

Km2) 

M 

(0.1365 

Km2) 

NRF 

(0.0378 Km2) 

Heterotrophic 

sponges 

              

Spongia sp.  0.51 ± 

0.33 

0.33 ± 0.01 0.17 ± 0.09 0 0.07 ± 0.01 0.22 ± 0.05 0.07 ± 0.05 

Amphimedon sp. 0.42 ± 

0.20 

0.02 ± 0.02 0.08 ± 0.02 0.01 ± 

0.004 

0 0.16 ± 0.16 0.09 ± 0.04 

Autotrophic 

sponges 

       

Spheciospongia 

sp. 

2.13 ± 

0.79 

0.55 ± 0.42 0.0023 ± 

0.0023 

0.07 ± 0.07 0.12 ± 0.05 0.59 ± 0.34 0.38 ± 0.20 

Phyllospongia 

foliascens 

3.24  ± 

0.34 

0 0.34 ± 0.14 0.40 ± 0.23 0 0.05 ± 0.05 0.43 ± 0.12 

Haliclona 

koremella 

4.85 ± 

0.64 

0 0.0042 ± 

0.0042 

0 0 0.03 ± 0.03 0.06 ± 0.05 

 

I collected ten separate sponges of each species in a non-destructive way to maintain the 

integrity of the sponge holobiont (i.e. care was taken not to cut or damage the sponge tissue) 

and moved them to my working station without exposing them to air. I used different size ranges 

for each species as the sponges had species-specific natural size ranges. The average sizes of 

Spongia sp. and Spheciospongia sp. that I used were 453 ± 127 ml and 355 ± 125 ml, 

respectively. The average size of Amphimedon sp. was 202 ± 73 ml, while the average sizes of 

Phyllospongia foliascens and Haliclona koremella were much smaller than the other species: 

78 ± 7 ml and 134 ± 9 ml, respectively. The sponge volume was measured using the water 

displacement method at the end of the incubations (after Rützler 1978).  Depending on sponge 

size and morphology, I put the sponge in a graduated cylinder or measuring cup and filled it to 

the top with seawater to its maximum scaled volume. Then, I took the sponge out and measured 

the volume loss as the sponge’s volume. 
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Before I ran any incubations, sponges were acclimatized for four weeks at my working station. 

I then chose five sponges of each species that showed no signs of necrosis (i.e. they were healthy 

sponges) for the incubations. 

Study design 

Here I focused on the total flux of organic carbon due to sponge interactions with the water 

column. The total organic carbon (TOC) is composed of particulate organic carbon (POC) and 

dissolved organic carbon (DOC), which is operationally defined based on whether it can pass 

through a 0.45 m filter or not (Rice et al. 2017). I measured the net organic carbon flux of the 

seagrass sponges in situ using six incubation chambers, where for a series of measurements, 

five chambers were used for sponges, and one chamber acted as a control.   

I measured the TOC flux for all five sponge species (n = 5) under light and dark conditions to 

represent daytime and night-time. The measurement for each sponge species was conducted in 

three batches over three days to capture intra-day variability. The ambient concentration of 

TOC and DOC in the seagrass bed was also measured. I took the water samples from the middle 

part of the seagrass meadow, about 180 m from shore, at mid-tide during the daytime on three 

different days (n = 3). The ambient organic carbon concentration was considered as the food 

available to sponges. 

To determine how much of each TOC component (i.e. POC plus DOC) was being removed by 

the sponges during their feeding, I also measured the flux of DOC. This was measured by 

evaluating the DOC flux in dark incubations only, when all sponges exclusively gain their 

nutritional needs from suspension feeding. The DOC flux was only measured for the two 

sponge species with the highest biomass at my study site, Spheciospongia sp. and 

Phyllospongia foliascens (n = 3). 

Incubation chambers 

The incubation chambers were made from 10-litre polyethylene plastic bags fixed to the 

seafloor of the seagrass bed (after Hansen et al. 2000). The chambers had a sampling port with 

a three-way valve to collect the water samples with a syringe. I used transparent plastic bags 

for the light incubations and black plastic bags for the dark incubations. The flexibility of the 

plastic bags allowed the physical force created by any movement in the water column to be 
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passed into the chamber and naturally agitate the water inside the chamber (Hansen et al. 2000; 

Camp et al. 2015). 

Incubation duration and time 

I ran a preliminary experiment with three sponge species, Spongia sp., Spheciospongia sp., and 

Phyllospongia foliascens (n = 5) to determine an appropriate incubation duration based on 

chamber size and oxygen depletion over time. It was suggested by Muscatine (1980) to have 

the incubation time no longer than two hours and oxygen depletion not exceeding 25% of 

normal oxygen levels to avoid animal stress. I found that a combination of 10-litre chambers 

and 72-minute incubations resulted in 10–15% oxygen depletion. 

I ran the dark incubations in the morning starting at 7 AM when the sunlight intensity was still 

low, and between 11 AM and 2 PM for the light incubations. I installed Hobo pendant loggers 

inside the chambers (one logger for each chamber) as well as outside the chamber (on the 

seafloor at an average depth of 1.2 m) and recorded the light intensity during incubations every 

minute. During the dark incubation, the ambient light intensity in the seagrass bed ranged 

between 400–800 mol s-1 m2, while it was totally dark (i.e. zero lux) inside the black chambers. 

The average light intensity at the seagrass bed recorded during light incubation was about 1400 

mol s-1 m2. The light intensity inside the light chambers was in the same range as outside the 

chambers, indicating that the chambers did not reduce the light level experienced by the sponges 

in the chambers. 

Net TOC and DOC fluxes  

The sponges were placed into the chambers (one sponge holobiont in one chamber) and 

acclimated for 10 minutes before taking initial water samples. I then withdrew 100 ml of water 

from the chamber with a syringe, transferred it into an amber glass bottle with a silicon-Teflon 

cap, and stored it in a cooler box until it could be processed (30 minutes max after the water 

samples were taken). Finally, another water sample was collected in the same way at the end 

of the incubation as the final water carbon concentration. 

The sponge-mediated flux of TOC and DOC were measured based on the change between the 

initial and final water samples taken from the chambers and then normalized with the flux from 

the control chamber. I then calculated the removal or release efficiency (RE; as a percentage) 



 

 

 109 

and rate (RR; the actual amount of carbon) by standardizing the flux to one hour with the sponge 

ash-free-dry-weight (AFDW). Thus, a positive final flux value represents organic carbon 

removal and a negative value organic carbon release. Finally, I used the controls to measure the 

natural organic carbon flux in the water column resulting from phytoplankton and microbial 

activity. The formulae to calculate the flux of organic carbon is as follow: 

  Carbon flux = (CSp0 – CSp1) – (Cctrl-0 – Cctrl-1) 

Where : 

CSp0 : Initial organic carbon concentration of the sponge-containing chamber 

CSp1 : Organic carbon concentration of the sponge-containing chamber at the end of 

incubation 

Cctrl-0 : Initial organic carbon concentration of the control chamber 

Cctrl-1 : Organic carbon concentration of the control chamber at the end of incubation 

To determine the significance level of the sponge-mediated organic carbon flux, one-tailed 

independent t-test was performed against zero flux (i.e. no removal or release), with the 

assumption of unequal variance between the sponge-mediated flux and zero flux. The sponge-

mediated organic flux is considered significantly different to zero flux if the P-value was lower 

than 0.05 (p < .05). For further analysis, I only used significantly different fluxes.  

I also performed an independent one-tailed t-test to determine if there was a significant 

difference between the heterotrophic and autotrophic sponges for their mediated organic carbon 

flux, separately, for dark and light incubations. Before running the t-test, I performed the F-test 

to determine if the two sample variances was equal (homoscedastic) or unequal 

(heteroscedastic). The F-test result confirmed the assumptions of the t-test. The same 

procedures also run to determine the significance level of the sponge-mediated organic carbon 

flux between dark and light incubations for each sponge species. 
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Concentration of Total Organic Carbon, Dissolved Organic Carbon, and Particulate Organic 

Carbon 

Water samples for determining total organic carbon (TOC) and dissolved organic carbon 

(DOC) concentrations were processed immediately after collection before being transported to 

Jakarta, Indonesia, for analysis. Samples were processed following Rice et al. (2017) for sample 

handling, processing, and analysis of TOC and DOC concentrations. For DOC samples, the 

water was filtered through a PTFE 0.45 m syringe filter. The TOC and DOC samples were 

subsequently acidified with 38% HCl (analytical HCl) to reduce the pH to below 2 (pH  2). 

The samples were kept at 4oC in a dark container until analyses. I determined the TOC and 

DOC concentration with the high-temperature combustion method using the Lotix TOC 

Combustion analyzer (Teledyne Tekmar). The concentration of particulate organic carbon 

(POC) was calculated by subtracting the TOC concentration from the DOC concentration, 

assuming that TOC is composed of DOC and POC (TOC = DOC + POC).  

Contribution of POC and DOC to the TOC removed 

Since the TOC is composed of DOC and POC (i.e. TOC = DOC + POC), the removed POC 

and DOC portion were calculated with the following formulae: 

 

𝐷𝑂𝐶 𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =
𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐷𝑂𝐶

𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑇𝑂𝐶
 ×  100% 

 

𝑃𝑂𝐶 𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =  (1 −  
𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐷𝑂𝐶

𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑇𝑂𝐶
)  ×  100% 

Sponge influence on the carbon cycling in the seagrass meadow 

The contribution of the sponge assemblage to carbon cycling in the seagrass meadow was 

determined based on how much organic carbon in the water column was removed or released 

by the sponges (in mol C). The water column volume was calculated based on the maximum 

depth during high tide at each tidal zone, multiplied by the total seagrass meadow zonal area 

from my previous study (Chapter 2). I calculated the contribution of each sponge species using 

the sponge biomass estimates from my previous study (summarized in Table 4.1) and based on 
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the assumption of a 12h light - dark period. I used the following formulae to calculate the 

contribution of each sponge species to the removal or release of carbon to the water column: 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑟 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑇𝑂𝐶 ×

                                                   𝑊𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 ×  𝑆𝑝𝑜𝑛𝑔𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 12ℎ  

 

𝑆𝑝𝑜𝑛𝑔𝑒 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 (%) =  (
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑜𝑟 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ×  𝑊𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
) 

 

 

Results 

Natural state of organic carbon in the water column 

At my study site, TOC and DOC ambient concentrations were 141.4 ± 21.9 and 119.8 ± 20.4 

µmol C L-1, respectively. Using these figures, I calculated that the POC concentration was about 

6 µmol C L-1, and the TOC comprised 85% DOC and 15% POC. I observed carbon flux in the 

water column from the control incubations during the light and dark. Under light incubations, 

the TOC concentration decreased at an average rate of 3.49 ± 0.55 % C h-1, while the rate of 

TOC depletion was more than double under dark incubations at a rate of 8.28 ± 1.42 % C h-1. I 

also found that about 90% of the depleted TOC in dark incubation was DOC (Table 4.2). 

Table 4.2. Water column carbon flux in the seagrass meadow of Hoga Island, Wakatobi 

National Park, Indonesia from the control chambers. The volume of the incubation chambers 

was 10-litres. Values are mean ± SE. NA denotes data is not available. 

 
Day Night 

TOC DOC TOC DOC 

Removal rate 

(µmol C h-1) 
55.3 ± 7.2 NA 97.6 ± 6.2 87.4 ± 26.3 

Removal efficiency 

(% C h-1) 
3.49 ± 0.55 NA 8.28 ± 1.42 8.9 ± 1.7 
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Organic carbon removal and/or release rate and efficiencies 

With the exception of Haliclona koremella (t(4) = 2.6, p = .061), all sponges significantly 

reduced the TOC concentration in the chambers in the dark incubations (p < .05) but at species-

specific rates and efficiencies. No significant difference was observed in sponge-mediated TOC 

flux between the heterotrophic and autotrophic sponges (t(14) = 0.13, p = .449) in dark 

incubations. The autotrophic sponge Phyllospongia foliascens had the highest removal 

efficiency among the five sponges with a removal efficiency of 3.26  0.31 % C gAFDW
-1 h-1, 

while the lowest removal efficiency was found for Spheciospongia sp., another autotrophic 

sponge, with a removal efficiency of 0.58  0.28 % C gAFDW
-1

 h-1 (Table 4.3). 

Table 4.3. Organic carbon removal or release rate (RR) and efficiency (RE) for seagrass 

sponges at Hoga Island in the Wakatobi National Park - Indonesia. A positive value represents 

carbon removal, while a negative value indicates the release of carbon. Values are mean ± SE, 

and the unit for RR is µmol C gAFDW
-1 h-1, while the RE is in % C gAFDW

-1 h-1. NA denotes data 

is not available; and NS denotes flux is not significant. 

Sponge 

Day Night 

TOC TOC DOC 

RR  RE RR  RE RR  RE 

Heterotrophic 

Spongia sp. 6.5  2.1 0.70  0.23 17.8  5.2 1.83  0.78  NA  NA 

Amphimedon sp. NS NS 24.5  15.0 1.58  0.73  NA  NA 

Autotrophic 

Spheciospongia sp. -14.4  6.6 -0.91  0.42 9.4  4.3 0.58  0.28 5.3  3.6 0.37  0.26 

Phyllospongia 

foliascens 
-42.3  

22.5 
-2.52  1.26 34.6  19.9 3.26  0.31 3.2  2.5 0.22  0.17 

Haliclona 

koremella -17.6  7.3 -2.01  0.62 NS NS NA  NA 

In light incubations, I observed a significant sponge-mediated TOC flux for all sponges (p < 

0.05), except for Amphimedon sp. (t(4) = 5.3, p = 0.059). In contrast with the observations in 

the dark incubations, I observed a significantly different pattern in TOC flux between 

autotrophic and heterotrophic sponge species in the light incubations (t(23) = 4.6, p < 0.001). 

While the heterotrophic sponges showed organic carbon removal, the autotrophic sponges 

(Spheciospongia sp., Phyllospongia foliascens, and Haliclona koremella) increased the TOC 

concentrations. The TOC removal efficiency of Spongia sp. was 0.70  0.23 % C gAFDW
-1 h-1. 
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Meanwhile, the TOC production efficiency of Spheciospongia sp., Phyllospongia foliascens, 

and Haliclona koremella were -0.91  0.42, -2.52  1.26, and -2.01  0.62 % C gAFDW
-1 h-1, 

respectively. 

Even though the heterotrophic sponges were observed to remove more TOC from the water 

column during dark incubations than light incubations, the removal rates and efficiencies were 

not significantly different for Spongia sp. (t(8) = -1.4, p = 0.103) and Amphimedon sp. (t(8) = -

1.0, p = 0.202). See Table 4.3 for the sponge removal rates and efficiencies.  

POC and DOC contribution to the total removed TOC 

I examined the DOC removal by the autotrophic sponges Spheciospongia sp. and Phyllospongia 

foliascens only in dark incubations to determine the composition of the removed TOC without 

the influence of photosynthesis. The DOC removal efficiency of the two sponges were 0.37  

0.26 and 0.22  0.17 % C gAFDW
-1 h-1, respectively. Based on the actual amount of the DOC 

removed (i.e. removal rate), the DOC removal accounted for 9% and 56% of the total TOC 

removed by Phyllospongia foliascens and Spheciospongia sp., respectively. 

Assemblage level sponge-mediated carbon flux 

At the assemblage level, the studied seagrass sponge assemblage comprised of both 

heterotrophic and autotrophic sponges were estimated to remove carbon during night-time 

(represented by dark incubations), but released carbon in day time (represented by light 

incubations) across all tidal zones at both sites. In all studied areas, the amount organic carbon 

removed during night-time (12 h) was greater than the release in day-time (12 h), resulting in 

net carbon removal by sponges (over 24 h). See Table 4.4 for full results on the estimation of 

the sponge-mediated carbon flux in the studied seagrass meadow. 
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Table 4.4. The amount of organic carbon removed from the water column by the seagrass 

sponges per 1 m2 at three tidal zones of the seagrass bed, expressed as the actual amount (mol 

C m-2) and percentage (in the brackets) relative to the available organic carbon. Values are in 

means  SE (n = 5). 

Sponge Hoga-1 

HS M NRF 

Day Night Day Night Day Night 

Heterotrophic sponges 

Spongia sp. 25.0 ± 1.1 
(2.8 ± 0.1 %) 

65.3 ± 2.8 
(7.2 ± 0.3 %) 

130.3 ± 67.2 
(1.4 ± 0.7 %) 

340.7 ± 175.7 
(3.7 ± 1.9 %) 

0 0 

Amphimedon sp. 0 3.1 ± 3.1 
(0.3 ± 0.3 %) 

0 136.8 ± 33.0 
(1.5 ± 0.4 %) 

0 4.9 ± 2.6 
(0.2 ± 0.1 %) 

Autotrophic sponges 

Spheciospongia sp. -54.5 ± 

41.5 
(-6.0 ± 4.6) 

34.7 ± 26.5 
(3.8 ± 2.9 %) 

-2.3 ± 2.3 
(~0 %) 

1.4 ± 1.4 
(~0 %) 

-22.7 ± 22.5 
(-0.8 ± 0.7 %) 

18.8 ± 18.8 
(0.6 ± 0.6) 

Phyllospongia 

foliascens 

0 0 -931.0 ± 393.5 
(-10.2 ± 4.3 %) 

1204.4 ± 

509.1 
(13.2 ± 5.6 %) 

-365.2 ± 207.7 
(-12.0 ± 6.9) 

614.1 ± 349.3 
(20.3 ± 11.5) 

Haliclona koremella 0 0 -9.2 ± 9.2 
(-0.1 ± 0.1 %) 

0 0 0 

Total -29.5 ± 

41.6 
(-3.3 ± 4.6 

%) 

103.2 ± 

26.8 
(11.4 ± 3.0) 

-812.2 ± 399.3 
(-8.9 ± 4.4 %) 

1683.3 ± 

539.5 
(18.4 ± 5.9 %) 

-387.9 ± 208.9 
(-12.8 ± 6.9 %) 

637.8 ± 349.8 
(21.0 ± 11.5 %) 

TOTAL DAILY  

(24 h) 

73.7 ± 49.5 
(8.1 ± 5.5 %) 

871.1 ± 671.2 
(9.5 ± 7.4 %) 

249.9 ± 407.4 
(8.2 ± 13.4 %) 

 

Sponge Hoga-2 

HS M NRF 

Day Night Day Night Day Night 

Heterotrophic sponges  

Spongia sp. 7.6 ± 0.6 
(0.6 ± 0.0 

%) 

19.8 ± 1.6 
(1.5 ± 0.1 %) 

302.4 ± 71.6 
(1.8 ± 0.4 %) 

790.6 ± 187.2 
(4.8 ± 1.1 %) 

84.5 ± 58.1 
(0.6 ± 0.4 %) 

221.0 ± 152.0 
(1.6 ± 1.1 %) 

Amphimedon sp. 0 0 0 487.7 ± 487.7 
(3.0 ± 3.0 %) 

0 250.3 ± 94.6 
(1.8 ± 0.7 %) 

Autotrophic sponges 

Spheciospongia sp. -18.2 ± 8.0 
(-1.3 ± 0.6 

%) 

11.6 ± 5.1 
(0..9 ± 0.4 %) 

-1054.2 ± 

609.1 
(-6.4 ± 3.7 %) 

671.9 ± 388.2 
(4.1 ± 2.4 %) 

-587.7 ± 304.8 
(-4.1 ± 2.1 %) 

374.6 ± 194.3 
(2.6 ± 1.4 %) 

Phyllospongia 

foliascens 

0 0 -252.5 ± 252.5 
(1.5 ± 1.5 %) 

326.6 ± 326.6 
(2.0 ± 2.0 %) 

-1858.1 ± 

507.1 
(-13.1 ± 3.6 %) 

2403 ± 656.1 
(16.9 ± 4.6 %) 

Haliclona koremella 0 0 -105.8 ± 105.8 
(-0.6 ± 0.6 %) 

0 -215.9 ± 184.4 
(-1.5 ± 1.3 %) 

0 

Total -10.6 ± 8.0 
(-0.8 ± 0.4 

%) 

31.4 ± 5.3 
(2.3 ± 0.4 %) 

-1110.1 ± 

671.6 
(-6.8 ± 4.1 %) 

2276.8 ± 

728.2 
(13.9 ± 4.4 %) 

-2577.1 ± 

622.5 
(-18.1 ± 4.4 %) 

3249.5 ± 

707.3 
(22.8 ± 5.0 %) 

TOTAL DAILY  

(24 h) 

20.8 ± 9.6 
(1.5 ± 0.7 %) 

1166.7 ± 990.6 
(7.1 ± 6.0 %) 

672.4 ± 942.2 
(4.7 ± 6.6 %) 
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The area with the most carbon removed by the sponge assemblage was the near-reef-flat zone 

at Hoga-2, where the assemblage was estimated to remove 3249.5 ± 707.3 mol C m-2 (or 22.8 

± 5.0 % of the available carbon) during night-time. However, during day-time, the assemblage 

also released -2577.1 ± 622.5 mol C m-2 (-18.1 ± 4.4 % of the total available carbon), reducing 

the carbon removal to just 672.4 ± 942.2 mol C m-2 or about 4.7 ± 6.6 % of the total available 

carbon in the water column over a typical 24 hour period. Meanwhile, the area with the least 

removed carbon was the high-shore zone at Hoga-2. There, the sponge assemblage was 

estimated to remove 31.4 ± 5.3 mol C m-2 (2.3 ± 0.4 % of the total available carbon); with a 

release of carbon in day time as much as -10.6 ± 8.0 mol C m-2 (-0.8 ± 0.4 % of the total 

available carbon), the sponge-mediated daily carbon flux became 20.8 ± 9.6 mol C m-2 (1.5 ± 

0.7 % of total available carbon) in carbon removal. 

Although autotrophic sponges were releasing carbon during the daytime, they accounted for a 

considerable amount of the total TOC removed daily (24 h) at all zones at both sites. At the 

high-shore zone, the only autotrophic sponge in the zone (Spheciospongia sp.) was responsible 

for approximately 33.3% and 39.1% of the total carbon removed during night-time at Hoga-1 

and -2, respectively. The autotrophic sponges in the middle zone were responsible for about 

71.7% and 43.9% of the total carbon removed during night-time at Hoga-1 and -2, respectively. 

The contribution of autotrophic sponges to the carbon removed during night-time at the near-

reef-flat zone was about 99.5% and 85.5% at Hoga-1 and -2, respectively. 

Discussion 

This study is the first to examine sponge-mediated carbon flux in a seagrass bed by considering 

the different impacts of autotrophic and heterotrophic species, and how these fluxes might vary 

over the complete 24-hour cycle. My results showed that sponges influence the water column 

carbon flux differently during the day and night. As expected, all autotrophic and heterotrophic 

sponges removed organic carbon from the water column in the dark. However, carbon removal 

rates were species-specific. In contrast, autotrophic sponges and heterotrophic sponges 

influenced the water column differently during the daytime. The autotrophic sponges released 

organic carbon into the water column, again at species-specific rates, while heterotrophic 

sponges continued to remove organic carbon from the water column, but at a lower rate than 

during the dark. At the assemblage level, the existence of autotrophic sponges in the seagrass 

meadow reduced the total daily sponge assemblage-mediated TOC flux, showing that the 
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removal of carbon from the water column might be less for some ecosystems, like seagrass 

beds, than previously thought. 

Influence of sponges on water column dynamics: autotrophic vs heterotrophic 

My results show that autotrophic sponges release more carbon during the daytime than they 

consume, offsetting carbon consumed by heterotrophic sponges at the assemblage level. 

Photosynthesis by marine organisms is known to release DOC into the water column (e.g. 

Brylinsky 1977; Bertilsson et al. 2005; Wetz and Wheeler 2007; López-Sandoval et al. 2013). 

With respect to sponges, from a 14C-labelling experiment, Wilkinson (1983) showed that both 

autotrophic and heterotrophic sponges released DOC, in the range of 0.5–5 % under  

consecutive light and dark incubations (1-hour incubations). In the same study, the 

heterotrophic sponge Spongia sp., released 4.39% of fixed 14C as DOC after one hour of 

consecutive light and dark incubations. However, in my study, while I did not measure the DOC 

flux for the related species Spongia sp., I did observe a considerable difference in sponge-

mediated TOC reduction, where the rate at the light and dark incubation was 0.70  0.23 and 

1.83  0.78 % C g-
AFDW

-1 h-1, respectively. From my previous study (Chapter 3), Spongia sp. 

hosts photosynthetic symbionts, indicated by a chlorophyll concentration of 28.59  17.18 g 

g-1-sponge and was estimated to obtain 25.3  16.4 % of its respiration requirement from its 

symbiont photosynthesis. As photosynthesis of marine organisms releases DOC to the water 

column, the host symbiont photosynthetic-derived carbon release might be the reason for the 

observed TOC flux discrepancy (about 60%) between light and dark incubations. 

To my knowledge there are only two studies that have reported a release of DOC by sponges. 

Apart from the study by Wilkinson (1983), Hoer et al. (2018) reported that Spheciospongia 

vesparium and Nipathes digitalis were releasing DOC. However, the rates were not 

significantly different from zero (i.e. high standard error values), suggesting they are neither 

taking-up nor releasing DOC to the water column.  It should be noted that the study by Hoer et 

al. (2018) utilized the InEx method, which is probably not the best approach to capture 

photosynthetically-derived DOC release. InEx methods, a technique introduced by Yahel et al. 

(2003), measures the difference in organic carbon concentration between paired inhalant and 

exhalant samples (Yahel et al. 2005). The underlying assumption for this approach is that 

sponges are filter feeders that pump a high volume of water and filter out all the organic carbon 

(i.e. they always remove organic carbon from the water column). Whereas we know that 
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photosymbionts are usually spread across the entire sponge body surface to capture the 

available sunlight for photosynthesis (Sarà 1971). Therefore, DOC is likely to be exuded across 

the body surface rather than in the exhalent water (e.g. Moebus and Johnson 1974; López-

Sandoval et al. 2013). Thus, it is likely that the InEx technique does not capture the signals of 

the photosynthesis-produced DOC as part of the sponge-derived carbon flux. But using the 

incubation approach, Spheciospongia sp. in my study showed a DOC uptake of 0.37  0.26 % 

C gAFDW
-1 h-1 in dark incubations and a release of TOC -0.91  0.42 % C gAFDW

-1 h-1 in the light 

incubations. I did not measure the DOC flux under light incubation in my study. However, it is 

likely that the photosynthesis-derived DOC production was responsible for the TOC release in 

light incubations since my previous study (Chapter 3) showed that Spheciospongia sp. was an 

autotrophic sponge with a total photosynthetic pigment concentration of 76.02  6.29 g g-1-

sponge, where the symbionts’ photosynthesis was found to provide 145.5  4.7 % of the 

respiration requirement. 

All autotrophic sponges removed carbon (expressed by the TOC flux and DOC flux by the two 

measured sponges) from the water column during dark incubations, showing that they still need 

to acquire food at night. Sponges have been reported to have pumping cessations across 24 h 

periods, but none have shown a diel pattern or a cessation period that lasts for the entire day or 

night (Reiswig 1971a; McMurray et al. 2014). Therefore, I propose that the autotrophic sponges 

were still pumping and filtering carbon from the water column during the daytime, at least for 

some of the time. This might mean that the photosynthetically-fixed carbon in the form of DOC 

from the photosymbionts was even higher than observed from the daytime net flux since 

sponges will also have been consuming some of the DOC during the daytime. This excess of 

DOC from sponges during the daytime is likely to contribute to the biogeochemical cycling and 

microbial processes in the surrounding environment (Azam and Malfatti 2007). For example, 

Haas et al. (2011) reported that a significant amount of labile DOC exuded by five types of 

algae on a coral reef stimulated a rapid bacterioplankton growth in the water column. 

The proportion of POC and DOC removed 

High-microbial abundance sponges are known to consume more DOC than the LMA sponges 

(e.g. Hoer et al. 2018), leading to higher DOC flux (uptake) detected from HMA than from 

LMA sponges. My study found that POC and DOC accounted for different proportions of the 

total TOC removed for Spheciospongia sp. and Phyllospongia foliascens, despite both species 
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being autotrophic. One possible explanation for this is a difference in the microbial abundance 

in the sponge species, where Spheciospongia sp. is known to be a high-microbial abundance 

(HMA) sponge (Vicente 1990; Weisz et al. 2008), while Phyllospongia foliascens is a low-

microbial abundance (LMA) sponge (Moitinho-Silva et al. 2017). Assuming that the two 

sponges’ photosynthetic symbionts produced the same amount of DOC (i.e. the same 

photosynthetic capacity), the abundance of microbes hosted by the sponges may explain the 

difference in DOC flux between them as the overall DOC consumption by the microbes would 

be different. 

I also found that Spheciospongia sp. and Phyllospongia foliascens consumed much less DOC 

as part of their diet than reported from other studies. For example, Hoer et al. (2018) reported 

that Xestospongia muta (at 18 m) in the Caribbean removed 13–15 % of the ambient DOC, 

accounting for 96% of the total carbon removed by the sponge. Another study from the Red 

Sea reported that DOC represented 97% of the TOC removed by Theonella swinhoei (Yahel et 

al. 2003). However, in my study, I observed that only 9% and 56% of the DOC was removed 

by Phyllospongia foliascens and Spheciospongia sp., respectively. Some studies have 

suggested that the sponge diet composition depends on the composition of the plankton 

community. For example, Pile et al. (1996) reported a lack of feeding selectively for any 

picoplankton groups from sponges in the Gulf of Maine (Northwest Atlantic Ocean). 

Furthermore, Ribes et al. (1999) reported that the diet composition of the coral reef sponge 

Dysidea avara varied between seasons, based on the water column’s planktonic composition, 

and supporting the idea that sponges are opportunistic particulate feeders. In regards to my site, 

the seagrass meadow had 55% higher TOC, with nine times higher POC concentrations than 

what has been reported by other coral reef studies (Yahel et al. 2003; de Goeij et al. 2008; Hoer 

et al. 2018). Therefore, it is likely that the much lower DOC proportion in the seagrass sponge 

diet was due to the higher availability of other food, particularly in the form of POC.  

The significance of the seagrass sponge assemblage 

From my studies of the daily (across 24 h) total carbon flux by the sponges in the seagrass beds 

(see Table 4.4), considering the sponge abundance in each seagrass bed zone and their removal 

or release efficiency, I found that the autotrophic sponges had different interactions with the 

water column. Spheciospongia sp. released (during daytime) more carbon than it removed (at 

night) in all three seagrass-bed zones. Meanwhile, Phyllospongia foliascens removed more 

carbon at night than it released during the daytime in middle and near-reef-flat zones (it did not 
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live in the high-shore zone). With respect to Haliclona koremella, I could not make these 

comparisons as I did not capture the sponge-mediated carbon flux in dark incubations. But all 

the heterotrophic sponges removed carbon over the entire day (24 h period). Thus, my results 

challenge the traditional view that sponges are net consumers of carbon from the water column 

(Bergquist 1978; Maldonado et al. 2012). Instead, I have demonstrated that some sponges may 

be a net producer of carbon to the water column when the carbon flux during night and daytime 

is considered. 

The release of organic carbon to the water column by the autotrophic sponges during the 

daytime, presumably in the form of photosynthetically-derived DOC, has the potential to fuel 

the microbial loop in the water column and return the energy to the conventional planktonic 

food chain (Robertson et al. 1982; Azam et al. 1983). Furthermore, since some sponges also 

consume both bulk DOC (e.g. de Goeij et al. 2008; Hoer et al. 2018) and picoplankton (e.g. 

Yahel 2003; Perea-Blázquez et al. 2010), heterotrophic sponges could also consume the DOC 

released by autotrophic sponges. However, at the assemblage level, the seagrass sponge 

assemblage was still removing more organic carbon from the water column than it produced. 

In the context of a regime shift to sponge-dominated reefs as a response to climate change, the 

existence of autotrophic sponges may reduce the bottom-up forcing to the assemblage by 

increasing sponge food sources through niche partitioning. This might play a crucial role in the 

success of any regime shift in sponge-dominated reefs. Lesser and Slattery (2020) argued that 

picoplankton would be limited in future oceans, which would place limitations on food supply 

(also to DOC). The food limitation will then limit the growth of sponge populations and prevent 

any regime shift into sponge-dominated reefs. However, my findings challenge that view since 

autotrophic sponges have the potential to act as carbon producers instead of consumers during 

daytime and therefore food may not be as limited as suggested by Lesser and Slattery (2020). 

Conclusions  

This chapter revealed the potential of autotrophic sponges to be net carbon producers, 

particularly during the daytime. The studied autotrophic sponges released organic carbon at a 

similar rate at which they removed carbon during dark periods, although the carbon type 

consumed at night was different from that produced during the day. My results suggest that the 

pressure of food limitation for shallow-water sponge assemblages due to ocean warming and 

ocean acidification may not be that strong, especially where autotrophic sponges dominate. 
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CHAPTER 5. 
Autotrophic vs heterotrophic sponge-mediated 

picoplankton flux in an Indo-Pacific seagrass 

meadow 
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Abstract 

Sponges form an important link in the flow of carbon between pelagic and benthic 

environments and they have the ability to remove a considerable amount of organic carbon 

from the water column. However, sponges have different nutritional modes. Sponges can be 

autotrophic, where the hosted photosynthetic symbionts provide more than half of the sponge’s 

nutritional needs, or heterotrophic, where the sponge relies entirely on the captured food to 

fulfil its nutritional needs. Sponges with these different modes are likely to differ in their effect 

on the water column picoplankton community. Furthermore, since photosynthesis only occurs 

in the light, autotrophic sponges might show diel patterns in their impact on the picoplankton 

community. In this chapter, I measured the ambient picoplankton flux in the water column and 

the sponge-mediated picoplankton flux for six sponge species in dark (representing night-time) 

and light (representing daytime) incubations, representing 75.1–99.8 % of the total sponge 

biomass that inhabited a seagrass meadow in the Wakatobi National Park, Southeast Sulawesi. 

Then, I assessed the overall removal of picoplankton at the ecosystem level to determine how 

important sponge assemblages are in the benthic-pelagic carbon flow. I found diel variability 

in the abundance of all the picoplankton groups observed and also in the sponge-mediated 

fluxes. Heterotrophic sponges removed significantly more picoplankton-derived organic 

carbon than the autotrophic sponges (Pperm < 0.01). The autotrophic sponges did not consume 

heterotrophic bacteria during the day or night. Meanwhile, the heterotrophic sponges removed 

all picoplankton groups at a time- and species-specific rates. This resulted in a large difference 

in the picoplankton-derived carbon that autotrophic and heterotrophic sponges removed, with 

heterotrophic sponges removing 40–60 times more picoplankton derived carbon than the 

autotrophic sponges. At the sponge-assemblage level, heterotrophic sponges dominated the 

removal of picoplankton-derived carbon, except in the area where autotrophic sponges 

dominated the sponge assemblage biomass (near-reef-flat zone). Over 24 h, sponge 

assemblages in the high-shore, middle-shore, and near-reef-flat zone of the studied seagrass 

meadow was estimated to remove up to ~11%, ~14%, and ~10% of the ambient picoplankton-

derived organic carbon, respectively. My study highlights the importance of sponge 

assemblages in linking pelagic and benthic environments and that differences in nutritional 

modes (autotrophic versus heterotrophic) impact the role of sponges in carbon flow from the 

water column to the benthos.  



 

 

 122 

Introduction 

Understanding trophic interactions is crucial to understand how ecosystems function and may 

respond to environmental changes. One of the major food components in aquatic ecosystems 

across the world are the picoplankton (Stockner and Antia 1986). Picoplankton are single-celled 

planktonic organisms whose size ranges between 0.2–2 or 3 µm in diameter (Sieburth and Lenz 

1978; Vaulot et al. 2008), and are the most abundant living particulate organic carbon source 

in the oceans (Waterbury et al. 1979; Chisholm et al. 1988).  Picoplankton comprises 

heterotrophic bacteria and autotrophic picoplankton (i.e. picophytoplankton), which both have 

a worldwide distribution and form the basis of global ocean productivity (Fogg 1995; 

Buitenhuis et al. 2012). Combined with heterotrophic bacteria, picoplankton play major roles 

in global carbon cycling as they are at the base of the aquatic microbial food web and fuel the 

microbial loop (Azam et al. 1983; Azam and Malfatti 2007). 

Picoplankton biomass comprises about 46% picophytoplankton and 54% heterotrophic bacteria 

(Linacre et al. 2015), where picophytoplankton includes both prokaryotes and eukaryotes (Fogg 

1986). The prokaryotic picophytoplankton is divided into two major groups: the genera 

Prochlorococcus (~0.6 µm) and Synechococcus (~1 µm); while the picoeukaryotes (0.8–3 µm) 

are far more diverse with four main algal phyla: Chlorophyta, Haptophyta, Cryptophyta, and 

Heterokontophyta (Vaulot et al. 2008). The abundance of heterotrophic bacteria, 

Prochlorococcus, Synechococcus, and picoeukaryotes in oligotrophic waters has been reported 

as about 106, 105, 104, and 103 cells mL-1, respectively (Fogg 1986; Kudoh et al. 1990; Caron 

et al. 1991; Campbell and Vaulot 1993), and therefore they represent some of the most abundant 

organisms on the planet. 

Predation and viral lysis have been identified as the main factors causing picoplankton mortality 

(e.g. Kudoh et al. 1990; Caron et al. 1991; Weinbauer 2004). Protozoans like flagellates and 

ciliates are well documented as the major grazers of Prochlorococcus and Synechococcus (e.g. 

Christaki et al. 1999; Guillou et al. 2001), but there are several metazoan filter feeders such as 

ascidians, bryozoans, bivalves and sponges, that are also known to feed on picoplankton (e.g. 

Ribes et al. 2005; Yahel et al. 2005). While flagellates and ciliates have growth rates that can 

balance that of picoplankton and are thought to be the main reason for stable picoplankton 

abundance (Berninger et al. 1991; Sheldon et al. 1992), little is known of the  role that 

metazoans play in keeping the picoplankton abundance in an equilibrium state in most coastal 

ecosystems. 
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Benthic suspension feeders can capture large quantities of particles from the water column, 

which may give them the potential to directly regulate primary production and therefore 

secondary production indirectly (Jørgensen 1990; Gili and Coma 1998) through so called 

bottom up effects (White 1978). Sponges are a major component of benthic communities in 

many marine ecosystems across the world (Van Soest et al. 2012; Bell et al. 2020), which are 

known to have many functional roles in (Bell 2008). Sponges are able to pump and filter large 

quantities of water (e.g. Reiswig 1971a; Reiswig 1974), and by doing so, they remove a 

considerable amount of the organic carbon from the water column (e.g. Hadas et al. 2009). For 

example, in my previous chapter (Chapter 4), I found that the seagrass sponge assemblage was 

responsible for removing up to 10% of the ambient total organic carbon from the water column 

over a 24-hour period.  

Sponges consume both particulate and dissolved organic matter (e.g. Pile et al. 1996; Yahel 

2003; Wooster et al. 2019), but at species-specific rates and preferences (McMurray et al. 2018; 

Gantt et al. 2019). While many studies have reported dissolved organic carbon (DOC) 

comprises a major portion of the sponge diet composition (e.g. de Goeij et al. 2008; Hoer et al. 

2018), sponges might actually prefer particulate organic carbon (POC) over DOC as their food 

(McMurray et al. 2016). McMurray et al. (2016) proposed that although their studied sponges 

got ~70% of their diet from DOC, under the assumption that all food types are equally abundant, 

the sponges showed a clear preference for living POC (i.e. picoplankton) as their food over 

DOC, probably to fulfil their nitrogen needs (Pile et al. 2003). 

In addition to gaining nutrition from suspension feeding, many sponges have also established 

symbioses with photosynthetic organisms and can fulfil their nutritional needs from the 

symbionts’ photosynthetic products; these are called autotrophic sponges (Wilkinson 1983; 

Erwin and Thacker 2008). My previous chapter (Chapter 4) showed that autotrophic sponges 

interact differently with the water column, compared to heterotrophic sponges, particularly 

during the daytime when the symbionts are photosynthesising. While the heterotrophic sponges 

were consistently net carbon consumers in the night- and daytime, autotrophic sponges were 

net carbon producers during daytime – releasing more organic carbon than they take up from 

the water column. Assuming the released carbon was photosynthetically-derived carbon, it 

suggests that the host sponges obtained extra nutrition from the photosymbionts. Due to the 

different degree of reliance on heterotrophy of these two nutritional modes, sponges might 
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influence the picoplankton abundance in the water column differently, especially during the 

day time – the period when photosynthesis is occurring. 

In this chapter, I conducted in situ incubations to measure the effect of hetero- and autotrophic 

sponge feeding on different picoplankton groups that inhabited a seagrass meadow in the 

Wakatobi National Park, Southeast Sulawesi, Indonesia. My aims were to: (1) investigate the 

abundance, composition, and the natural flux (i.e. growth and loss rate) of picoplankton in the 

water column of a seagrass meadow that provides a food source for sponges; (2) measure any 

differences in the patterns in sponge-mediated picoplankton flux in the water column between 

hetero- and autotrophic sponges during the day and night; and (3) assess the importance of the 

seagrass sponge assemblage to picoplankton abundance based on my previously collected 

sponge abundance data.   

Material and methods 

Study site and in situ experiment 

This study was conducted in a seagrass meadow at the west side of Hoga Island in the Wakatobi 

National Park, Southeast Sulawesi, Indonesia (5o 28' S, 123o 4" E). The meadow was a 

multispecies seagrass meadow, comprised of eight species: Enhalus acoroides (Linnaeus f.) 

Royle, Thalassia hemprichii (Ehrenberg) Ascherson in Petermann, Cymodocea rotundata 

Ehrenberg et Hemprich ex Ascherson, Cymodocea serrulata (R.Brown) Ascherson et Magnus, 

Halodule uninervis (Forsskål) Ascherson, Syringodium isoetifolium (Ascherson) Dandy, 

Halophila minor (Zollinger) den Hartog, and Halophila ovalis (R.Brown) J. D. Hooker 

(Chapter 2). The average seagrass cover at my study site was 53 ± 3 % (Chapter 2), with coral-

sand sized 1.8  0.1 mm as the meadow's substrate (Unsworth et al. 2008). From my previous 

chapter (Chapter 4), the water column of the seagrass bed had an average total organic carbon 

(TOC) concentration of 141.4 ± 21.9 µmol C L-1 and dissolved organic carbon (DOC) 

concentration of 119.8 ± 20.4 µmol C L-1, which enabled the concentration of particulate 

organic carbon (POC) to be calculated at about 21.6 µmol C L-1 (Chapter 4). Thus, the 

proportion of the TOC in the water column consisted of 85% DOC and 15% POC. 

From my earlier survey (Chapter 2), I identified ten sponge species inhabiting the seagrass 

meadow: Spongia sp., Spheciospongia sp., Phyllospongia foliascens, Haliclona koremella, 

Amphimedon sp., Dactylospongia elegans, Axinella sp., Clathria reinwardti, Rhopaloeides sp., 
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and Siphonodictyon mucosum. For this study, I examined two heterotrophic sponges: Spongia 

sp. and Amphimedon sp.; and four autotrophic sponges: Spheciospongia sp., Phyllospongia 

foliascens, Haliclona koremella and Dactylospongia elegans (see Chapter 3 for the 

determination of autotrophic/heterotrophic status). Together, the six studied sponge species 

contributed 99.8, 91.8, and 90.2 % to the total sponge biomass in the high-shore, middle-shore, 

and near-reef-flat zones, respectively, in Hoga-1; and 75.1, 92.8, and 90.1 % in Hoga-2 (see 

Table 5.1 for data on sponge abundance in the meadow). 

Table 5.1. Data on sponge abundance (gAFDW) at each zone in the studied seagrass meadow in 

Hoga Island, Wakatobi National Park, Southeast Sulawesi – Indonesia (Chapter 2). Hoga-1 and 

-2 were two spatially separated areas of seagrass bed, which were divided into three tidal zones: 

high-shore (HS), middle (M), and near-reef-flat (NRF) zones. Heterotrophic sponges in red 

font, Autotrophic sponges in green font, and sponge with unknown nutritional mode in black 

font. Asterisk marked the sponges that were not studied in this chapter. 

Sponge Hoga-1 Hoga-2 

HS 
(0.026 Km2) 

M 
(0.076 Km2) 

NRF 
(0.010 Km2) 

HS 
(0.038 Km2) 

M 
(0.137 Km2) 

NRF 
(0.065 Km2) 

Amphimedon sp. 0 – 938 4553 – 7450 151 – 491 0 0 – 42802 2180 – 4833 

Spongia sp. 8050 – 8783 6250 – 19566 0 2348 – 2752 22860 – 37046 835 – 3413 

Axinella sp.* 0 0 – 4517 0 0 0 687 – 4785 

Clathria reinwardti* 0 0 – 626 0 – 270 0 1962 – 12107 0 

Dactylospongia 

elegans 

0 0 – 19497 1316 – 4125 0 0 – 36658 0 

Haliclona koremella 0 0 – 637 0 0 0 – 7297 346 – 4409 

Phyllospongia 

foliascens 

0 14788 – 

36442 

8441 – 

30714 

0 0 – 13894 11869 – 

20782 

Siphonodictyon 

mucosum* 

0 0 948 – 3408 1044 – 3708 1785 – 4083 0 – 1625 

Spheciospongia sp. 3362 – 

24883 

0 – 345 42 – 6712 2651 – 6783 33915 – 

126726 

6883 – 21716 

Ten sponges of each species were collected non-destructively to maintain the integrity of the 

sponge holobiont (i.e. not cutting the sponges) and moved to my working station without 

exposing them to air. The sponges had a four week acclimation period before I chose five 

sponges of each species that showed no sign of necrosis (i.e. were healthy) to work with. Due 

to the different morphologies of each sponge species, the average size of the studied sponges 

was different. The average sizes (in volume) for Spongia sp., Spheciospongia sp., 

Dactylospongia elegans, Amphimedon sp., Haliclona koremella and Phyllospongia foliascens 
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were 453 ± 127, 355 ± 125, 208 ± 63, 202 ± 73, 134 ± 9 and 78 ± 7 mL, respectively. The water 

displacement method was used to measure the sponge volume (after Rützler 1978) at the end 

of the incubation process. I put the sponge into a graduated cylinder or measuring cup 

(depending on the shape and size of the sponge), topped it up with seawater until the maximum 

volume scale, and took out the sponge and recorded the volume loss as the sponge volume. 

Study design 

This study focused on the sponge-mediated flux of picoplankton in the seagrass meadow, using 

in situ incubations. My working station for the in situ incubations was in the middle shore zone 

of the meadow, about 180 m from shore, with an average depth of 1.2 m during the incubations. 

Six incubation chambers were deployed in each measurement batch, of which five chambers 

were used for the sponges and one chamber for the control (i.e. without any sponge). The 

chambers were made from 10-litre polyethylene plastic bags fixed to the seafloor of the seagrass 

bed (after Hansen et al. 2000), with a three-way valve as the port to withdraw water samples 

using syringes. I used transparent chambers for light incubations and black chambers for dark 

incubations. 

I measured five specimens of each sponge species (n = 5), separated into three batches to 

capture variability between days. Each sponge was measured under dark and light conditions, 

representing night and day. The dark incubations started at 7 am, while the light incubations 

were run between 11 am and 2 pm. From my Hobo pendant loggers that I installed inside the 

chambers and on the seafloor (outside of the chambers), the average light intensity during dark 

incubation was 74  24 mol photons m-2 s-1 on the seafloor and total dark (i.e. 0 mol photons 

m-2 s-1) in the chambers. Meanwhile, during light incubations, the average light intensity on the 

seafloor and inside the chambers was 1067  82 mol photons m-2 s-1, about 14 times higher 

than the intensity during the early morning when the dark incubations were run. 

I placed one sponge specimen into a chamber, closed it, and allowed 10 minutes acclimation 

before I withdrew my first water sample. The second water sample was withdrawn after 72 

minutes. From my preliminary measurements, a suitable incubation duration for 10-litre sized 

chambers was 72 minutes (see Chapter 3). The water sample was withdrawn with a syringe, 

transferred into an amber glass bottle, and stored in a cooler box until I could process it in my 

field laboratory (250 m from my working station). I made triplicates samples using 1.5 ml sterile 

cryovials, preserved them with glutaraldehyde (0.1% final concentration), which were flash-



 

 

 127 

frozen in liquid nitrogen and stored at –80℃ until I could perform a flow cytometry analysis 

(after Marie et al. 1995).  

To standardize the picoplankton flux mediated by the sponges, I measured the ash-free-dry-

weight (AFDW) of the sponges. At my field laboratory in Hoga Island, I measured the sponge 

dry weight (DW) by oven drying them at 60℃ until the sponges did not show any further weight 

loss. Then I measured the AFDW of the sponges at IPB University in Bogor, Indonesia, using 

a muffle furnace at 550℃ for 4.5 hours. The weight loss during the process was considered to 

be the AFDW. The average ash-free dry-weight of Spongia sp., Spheciospongia sp., 

Phyllospongia foliascens, Haliclona koremella, Amphimedon sp., and Dactylospongia elegans 

that I measured were 17.5 ± 4.2, 25.5 ± 3.1, 8.5 ± 0.8, 5.3 ± 0.6, 19.4 ± 3.4, and 16.6 ± 6.8 g, 

respectively. 

Flow cytometry analyses 

The Cytek Aurora flow cytometry system (from Cytek Biosciences) at the Malaghan Institute 

of Medical Research in Wellington, New Zealand, was used to identify and quantify the 

picoplankton populations in my seawater samples. The system uses five lasers (20 mW 355 nm 

UV, 100 mW 405 nm Violet, 50 mW 488 nm Blue, 50 mW 561 nm Yellow-Green, and 80 mW 

640 nm Red) and 64 fluorescence detectors that enable it to capture the entire emission spectrum 

from each fluorochrome. From a trial with seawater, no staining dye was needed to capture the 

picoplankton populations with this flow cytometry system.  

DNA positive events in the flow cytometry analysis were identified as the picoplankton 

populations, which then were gated and viewed in a Forward Scattered Light (FSC) – Side 

Scattered Light (SSC) dot plot. V12-A and YG1-A fluorescence were used as the y- and x-axis, 

respectively, to view and identify the cells of interest. Then, the boundaries for the distinct 

populations were drawn. The identification of the picoplankton populations was based on the 

emitted fluorescence. Synechococcus was identified based on orange and red fluorescence 

emission, as the group contains phycobiliproteins and chlorophyll, which emit strong orange 

and red fluorescence. Prochlorococcus was identified based on the presence of red 

fluorescence, but it lacks orange fluorescence emission as this group only contains chlorophyll. 

Picoeukaryotes were distinguished based on their scatter characteristics, chlorophyll and 

phycoerythrin, and DNA signals. Meanwhile, the DNA positive events that do not emit both 

orange and red fluorescence was identified as heterotrophic bacteria populations. The sample 
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list-mode files were analysed using the FlowJo (version 10.8.0) software package (see Three 

Star Inc., www.flowjo.com).  

Data analysis 

Picoplankton flux 

The flux of each picoplankton group in every chamber was calculated relative to its initial 

abundance, following this equation: 

𝑃𝑖𝑐𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛 𝑓𝑙𝑢𝑥 (%) =  (
(𝐶1 −  𝐶2)

𝐶1
) ×  100% 

where,  

C1 = Cell abundance (cell mL-1) of the first water sample (at the beginning of the 

incubation) 

C2 = Cell abundance (cell mL-1) of the second water sample (at the end of the 

incubation) 

 

Since picoplankton has a high growth and loss rate, I normalized the sponge-mediated flux with 

the controls (i.e. subtracting the flux in the sponge chamber from the control's flux) and then 

calculated the removal efficiency (RE) for each picoplankton group during a one-hour period 

by standardizing it to the sponge's AFDW, using this equation: 

 

𝑅𝐸 =  (
𝑓𝑙𝑢𝑥𝑆𝑝 −  𝑓𝑙𝑢𝑥𝑐𝑡𝑟𝑙

𝐴𝐹𝐷𝑊𝑆𝑝
)  × (

60

72
) 

where, 

 RE     = Removal efficiency (% cell-abundance gAFDW
-1 h-1) 

 fluxSp     = Sponge-mediated picoplankton flux (% cell-abundance) 

 fluxctrl     = Control’s picoplankton flux (% cell-abundance) 

 AFDWSp = Sponge’s ash-free-dry-weight (g) 

To determine the significance level of the picoplankton removal by the sponges, a t-test was 

conducted against zero removal (i.e. no removal). If the P-value was higher than 0.05 (p > .05), 

then the flux was not significantly different with zero removal. Meanwhile, if the P-value was 

http://www.flowjo.com/
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lower or equal to 0.05 (p < 0.05) the removal was significant different to zero removal. For 

further analysis, I only calculated the flux for those species that had a P-value < 0.05. 

After picoplankton fluxes based on the number of cells retained were determined, I then 

calculated the amount of the removed carbon. Cell abundance (cells L-1) of each picoplankton 

group was converted to biomass (gC L-1) using constant conversion factors based on previous 

studies from tropical marine environments. The conversion constant for heterotrophic bacteria, 

Prochlorococcus, Synechococcus, and picoeukaryotes were 20, 56, 112, and 1010 fgC cell-1, 

respectively (Lee and Fuhrman 1987; Garrison et al. 2000; DuRand et al. 2001). 

Permutational multivariate analysis of variance (PERMANOVA) was conducted to determine 

any differences between nutritional mode (auto- and heterotrophic), diurnal cycle (i.e. day and 

night, represented by light and dark incubations), and their interactions, for the picoplankton-

derived carbon removal by the sponges. The removed carbon data were fourth root transformed, 

and then the data resemblance was established based on Bray Curtis similarity, before the 

PERMANOVA was run. I used the software PRIMER v6 (with the PERMANOVA+ add-on; 

Anderson et al. 2008) . 

Ambient picoplankton abundance, biomass and flux 

Each picoplankton group's ambient abundance, biomass, and natural flux were determined from 

the initial water samples from the control chambers, following the same protocols for the 

sponge-mediated picoplankton flux (as above). In total, I had six replicates of control for light 

(n = 6) and dark (n = 6) incubations that were taken across six different days to capture intra-

day variability. 

Assessments of the removal of picoplankton-derived organic carbon 

In my earlier sponge survey at the Hoga Island’s seagrass meadow (Chapter 2), I surveyed two 

spatially separated sites, named with Hoga-1 and -2, which were divided into three tidal zones: 

high-shore (HS), middle (M), and near-reef-flat (NRF) zones. The total area coverage by Hoga-

1 and -2 were 0.151 km2 and 0.213 km2, respectively. The maximum depth of high-shore (HS), 

middle (M), and near-reef-flat (NRF) zones during high tide were approximately 0.5, 1.2, and 

1.9 m depth, respectively. The data on the sponge abundance at the seagrass meadow are 

summarized in Table 5.1; this information was used to calculate the living organic carbon 



 

 

 130 

removed by the sponge assemblage. The organic carbon removal rate of each sponge was 

calculated by multiplying the average removal efficiency with the ambient concentration and 

the biomass of each picoplankton group, both in dark and light incubations. The results were 

then extrapolated to the scale of the seagrass meadow using the sponge’s biomass from my 

previous sponge survey (Chapter 2; Table 5.1) over a 24 h cycle (12 h dark – 12 h light) to 

estimate the living organic carbon removed by the seagrass sponge assemblage. The calculation 

formulae for the removed carbon by the sponges in each diel cycle (day and night) at each 

seagrass area (sites and zones) is as follow: 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 =  (𝑅𝐸 × 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑝𝑖𝑐𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ×

𝑝𝑖𝑐𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛 𝑐𝑎𝑟𝑏𝑜𝑛 𝑤𝑒𝑖𝑔ℎ𝑡) × 12 ℎ × 𝑆𝑝𝑜𝑛𝑔𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠   

where the sponge’s removal efficiency (RE) and the picoplankton ambient concentration were 

specified for day and night-time, and I summed the carbon removed in the day and at night to 

calculate the total daily carbon removed.  

Results 

Picoplankton ambient abundance, biomass, and flux 

From the flow cytometry analysis, I was able to capture and identify four groups of 

picoplankton from my water samples: heterotrophic bacteria, Prochlorococcus, 

Synechococcus, and picoeukaryotes (see Supplementary Figure S.5.1 and S.5.2 for dark and 

light incubations, respectively). Heterotrophic bacteria greatly outnumbered the other three 

groups, based on the number of cells. The concentration of heterotrophic bacteria was two 

orders of magnitude greater than the Prochlorococcus and Synechococcus concentrations, and 

three orders of magnitude greater than the picoeukaryotes concentration (Table 5.2). However, 

based on the biomass (i.e. the weight of the carbon), the differences were not as dramatic as the 

number of cells. Even though the heterotrophic bacteria dominated the picoplankton 

composition in the water samples, the other groups showed a much higher biomass contribution. 

The contribution of Prochlorococcus, Synechococcus, and the picoeukaryotes to the total 

picoplankton biomass were 1–2 %, 3 %, and 4–6 %, respectively, while the rest (~90%) was 

the heterotrophic bacteria (Figure S.5.3, App. C). 
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Table 5.2. The ambient concentration, biomass, and flux of each picoplankton group at the 

study site. The negative values in the picoplankton flux mean more cells were found at the end 

of the incubations than at the start. The values are means  SE (n = 6). 

The ambient concentrations of each picoplankton group during the dark and light incubations 

were different. The ambient concentration of heterotrophic bacteria, Synechococcus and 

picoeukaryotes in the dark were higher than in the light incubations. Meanwhile, 

Prochlorococcus’ ambient abundance in the water column showed the reverse pattern (Table 

5.2). In regard to the ambient fluxes, each picoplankton group had a specific rate and diel pattern 

(see Table 5.2). Synechococcus and picoeukaryotes had lower cell numbers during dark 

incubations than light. Heterotrophic bacteria also showed a decrease in cell concentration in 

the dark incubations, but at a much higher rate than Synechococcus and picoeukaryotes (32.3  

12.5 % cells mL-1 h-1 compared to 2.4  0.8 and 5.3  2.8 % cells mL-1 h-1 for Synechococcus 

and picoeukaryotes, respectively). Meanwhile, during light incubations, heterotrophic bacteria 

had a relatively higher cell abundance (-25.9  20.4 % cells mL-1 h-1) at the end of incubations. 

In contrast to the other three picoplankton groups that had an increase in cells concentration in 

light and decrease in dark incubations, Prochlorococcus showed an increase during dark 

incubations (-25.9  4.5 % cells mL-1 h-1) but a decrease of 21.1  10.9 % cells mL-1 h-1 in light 

incubations. 

  

Picoplankton 

group 

Ambient concentration 

(cells mL
-1

) 

Ambient biomass 

(gC L
-1

) 

Natural flux 

(% cells mL
-1

 h
-1

) 

Dark Light Dark Light Dark Light 

Heterotrophic 

bacteria 

4.76  1.03 

x 106 

3.80  0.53 

x 106 
95.1  20.5 75.9  10.5 32.3  12.5 -25.9  20.4 

Prochlorococcus 
17.7  2.7 

x 103 

25.6  4.1 

x 103 
1.0  0. 2 1.4  0.2 -25.9  4.5 21.1  10.9 

Synechococcus 
26.8  3.4 

x 103 

20.9  4.8 

x 103 
3.0  0.4 2.3  0.5 2.4  0.8 -31.5  9.1 

Picoeukaryotes 
6.0  0.5 

x 103 

3.7  0.6 

x 103 
6.1  0.5 3.8  0.6 5.3  2.8 -15.0  7.8 
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Sponge-mediated picoplankton flux 

I could not determine any Prochlorococcus removal by the sponges as the detected flux 

consistently showed an increase in cell numbers at the end of dark and light incubations across 

all sponge species. Therefore, I did not include Prochlorococcus in any further sponge-

mediated picoplankton flux analysis.  

 

Figure 5.1. An example of flow cytometric analyses of sponge-mediated picoplankton flux 

from one of the dark incubations. One measurement batch consisted of one empty incubation 

bag that acted as a control and up to five incubation bags with sponges (one sponge in each 

bag). Picoplankton cells were determined from the water samples withdrawn at the beginning 

(Initial) and end (End) of the incubation. The gates for each picoplankton group were 

determined based on the best fit with all the water samples from that particular measurement 

batch. HET, PRO, SYN, and PEUK denote heterotrophic bacteria, Prochlorococcus, 

Synechococcus, and picoeukaryotes, respectively. 

In the light incubations, the autotrophic sponges (all four sponges) only significantly removed 

Synechococcus (p < .05) from the water column, but with a species-specific removal efficiency. 

Meanwhile, the heterotrophic sponges were observed to remove heterotrophic bacteria (p < .05) 

and Synechococcus (p < .05), also with a species-specific removal efficiency. The removal of 



 

 

 133 

picoeukaryotes in light incubations was not observed for any sponge species (both auto- and 

heterotrophic).  

All heterotrophic and autotrophic sponges removed Synechococcus at species-specific rates in 

the dark incubations (p < .05). However, the removal efficiencies were lower in the light 

incubations, except for Spongia sp. as it had a similar Synechococcus removal efficiency during 

dark and light incubations (see Figure 5.1). In the dark incubations, picoeukaryotes were 

removed from the water column by Spongia sp., Spheciospongia sp., and Dactylospongia 

elegans with a removal efficiency of 3.5  1.1, 0.5  0.3, and 1.0  0.1 % cells mL-1 gAFDW
-1 h-

1, respectively. None of the sponges removed heterotrophic bacteria during dark incubations. 

See Table S.5.1 (Appendix C) for the summary of t-test results for the picoplankton removal 

by the sponges in light and dark incubations. 

Estimated picoplankton biomass removed by the seagrass sponges 

The two heterotrophic sponge species removal rates of picoplankton biomass far exceeded the 

removal rate by autotrophic sponges, particularly in light incubations (Figure 5.2). Spongia sp. 

and Amphimedon sp. removed 2.1 and 3.1 µg C Lseawater
-1 gAFDW

-1 h-1 in light incubations 

respectively, compared to 0.05–0.14 µg C Lseawater
-1 gAFDW

-1 h-1 by the autotrophic sponges. From 

these results, the heterotrophic bacteria biomass contributed 96 and 93% to the carbon removed 

by Spongia sp. and Amphimedon sp. in light incubations, respectively. 

In dark incubations, the two heterotrophic sponges Spongia sp. and Amphimedon sp. removed 

much lower living organic carbon compared to light incubations at 0.3 and 0.01 µg C Lseawater
-1 

gAFDW
-1 h-1, respectively, as these two heterotrophic sponges did not remove heterotrophic 

bacteria. With regard to the autotrophic sponges, all sponges showed similar removal rates of 

picoplankton biomass between dark and light incubations (Figure 5.2). 

The two-way PERMANOVA test confirmed that the removal of picoplankton-derived carbon 

was significantly different between the autotrophic and heterotrophic sponges (Pseudo-F = 

4.4512, p < .01), and showed that the removal rates were also different between day and night 

(represented by light and dark incubations; Pseudo-F = 2.9912, p < .05). There was no 

significant interaction between nutritional mode and diel cycle (i.e. day and night-time) 

(Pseudo-F = 0.53275, p = .652). See Table S.5.2 (Appendix C) for full PERMANOVA results. 
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Figure 5.2. Sponge removal efficiency on each picoplankton group during light (A) and dark 

(B) incubations. The unit is % cells gAFDW
-1 h-1. A positive value means a decrease in 

picoplankton cells (i.e. a removal), while negative value means an increase in the abundance of 

picoplankton cells. 
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Figure 5.3. The accumulation of seagrass sponge removal rate of picoplankton biomass 

(carbon) in dark and light incubations, utilising the average value of the sponge-mediated 

removal rates for each picoplankton group. The unit is µg C Lseawater
-1 gAFDW

-1 h-1.  

My assessment of total picoplankton-sourced organic carbon removal by all six sponges that 

inhabited the high-shore zone of Hoga-1 and -2, were about 61.5–84.1 and 18.7–23.3 g C m-2 

d-1, or about 11% and 2% of the ambient concentration, respectively. At both sites (Hoga-1 and 

-2), the heterotrophic sponges were removing more than six times what the autotrophic sponges 

removed. In the middle zone of the seagrass bed, the six sponges removed organic carbon 

348.3–946.3 and 625.6–2737.3 g C m-2 d-1, or about 10% and 14% of the ambient concentration 

at Hoga-1 and -2, respectively. In the middle zone, heterotrophic sponges were removing 

organic carbon 1.5 to 17 times the amount the autotrophic sponges at Hoga-1 removed, reaching 

50 times more at Hoga-2. Meanwhile, in the near-reef-flat zone, a total of 95.6–356.7 and 

247.5–673.9 g C m-2 d-1, or approximately 10% and 4% of the ambient picoplankton biomass 

were removed by the six sponges at Hoga-1 and -2, respectively. In the near-reef-flat zone of 

Hoga-1, the autotrophic sponges removed at least double the carbon compared to the 

heterotrophic sponges. However, at Hoga-2, the heterotrophic sponges removed more organic 

carbon; six times more than the autotrophic sponges removed. 
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Table 5.3. Estimates of the picoplankton biomass removed from the water column during high 

tide by seagrass sponges two sites over a 24 h cycle (g C m-2 d-1). Hoga-1 and -2 were two 

spatially separated areas of the seagrass meadow at the studied site; the areas were divided into 

three tidal zones: high-shore (HS), middle (M), and near-reef-flat (NRF) zones.  

Sponge Phase Hoga-1 Hoga-2 

HS M NRF HS M NRF 

Heterotrophic sponges 

Spongia sp. Dark 7.8 – 8.5 20.6 – 

64.6 

0 2.3 – 2.7 75.4 – 

122.2 

5.0 – 27.2 

Light 52.4 – 

57.1 

138.2 – 

432.6 

0 15.3 – 

17.9 

505.4 – 

819.1 

33.7 – 182.0 

Amphimedon sp. Dark 0 – 0.2 3.1 – 5.1 0.3 – 0.9 0 0 – 29.4 2.7 – 6.0 

Light 0 – 8.7 143.8 – 

235.3 

12.6 – 41.0 0 0 – 1351.6 125.6 – 

278.3 

Autotrophic sponges 

Spheciospongia sp. Dark 0.7 – 5.3 0 – 0.3 0.1 – 13.0 0.6 – 1.5 24.7 – 

92.4 

9.2 – 28.9 

Light 0.6 – 4.3 0 – 0.2 0.1 – 10.5 0.5 – 1.2 20.1 – 

75.1 

7.4 – 23.5 

Phyllospongia 

foliascens 

Dark 0 27.0 – 

66.5 

40.8 – 148.3 0 0 – 25.3 39.5 – 69.1 

Light 0 15.6 – 

38.5 

23.6 – 86.0 0 0 – 14.7 22.9 – 40.1 

Haliclona koremella Dark 0 0 – 0.6 0 0 0 – 6.5 0.6 – 7.2 

Light 0 0 – 0.9 0 0 0 – 10.5 0.9 – 11.6 

Dactylospongia 

elegans 

Dark 0 0 – 18.2 3.3 – 10.2 0 0 – 34.3 0 

Light 0 0 – 10.2 1.8 – 5.7 0 0 – 19.2 0 

Discussion 

Sponges create an important link between benthic and pelagic environments (Bell 2008), 

filtering a large quantities of water and removing organic carbon (Reiswig 1971a; Reiswig 

1974) that enables carbon flow to higher trophic levels (Wulff 2006). However, two different 

sponge nutritional modes, autotrophy and heterotrophy, could be expected to influence carbon 

removal differently, particularly living particulate organic carbon (POC). I found that the 

heterotrophic sponges removed far more picoplankton-derived organic carbon over a 24 h cycle 

than the autotrophic sponges. In the study areas, the seagrass sponge assemblages removed a 

large amount of living POC, with the heterotrophic sponges dominating in this role despite their 

lower abundance, compared with the autotrophic sponges. My results confirm that sponge 

nutritional mode influences the degree of sponge-mediated picoplankton flux in the water 
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column, and that heterotrophic and autotrophic sponges might play a different role in the flow 

of carbon in seagrass beds. 

Picoplankton in the seagrass meadow 

The abundance of heterotrophic bacteria, Synechococcus, and picoeukaryotes at my study sites 

was within the range reported from other studies (e.g. Fogg 1986; Campbell and Vaulot 1993). 

For example, the picoplankton abundance at my study sites was within the range reported from 

the Gulf of Mexico (Linacre et al. 2015), although higher than the average. This was expected, 

since picoplankton abundance has been reported to increase from oligotrophic to moderately 

eutrophic waters (El Hag and Fogg 1986; Fogg 1995), and seagrass beds are significantly 

enriched with particulate organic carbon (Duarte et al. 1999). 

Prochlorococcus was detected, but the abundance was very low. I only detected 17–25 x 103 

cells mL-1 of Prochlorococcus, compared to 2 x 105 cells mL-1 reported from subtropical Pacific 

waters (Campbell and Vaulot 1993). Prochlorococcus has a relative abundance of more than 

60% of the total autotrophic picoplankton in some locations (Linacre et al. 2015). However, the 

detected Prochlorococcus cells were only about 35% of the total autotrophic groups at my study 

sites. The cellular chlorophyll content of Prochlorococcus which lives in near-surface waters 

is very low (Dusenberry and Frankel 1994), which has often been considered to cause an 

underestimation of the Prochlorococcus cell concentration (Partensky et al. 1999). The 

measured natural flux of Prochlorococcus in dark and light incubations was also not consistent 

with the group’s known cell cycle. My flow cytometry analyses showed that Prochlorococcus 

growth was happening in dark incubation and declined in the light incubations. More cells being 

detected at the end of the dark incubations was probably not the result of cell division, but due 

to the  growth rate of the cells, gaining in chlorophyll concentration, thus becoming more 

detectable. The natural flux of Prochlorococcus that I observed contrasts with common 

knowledge that picophytoplankton cells only divide during daytime (Sheldon et al. 1992; 

Vaulot and Marie 1999). Meanwhile, the decline of Prochlorococcus cells at the end of light 

incubation was probably due to the decreased chlorophyll content as a response to very high 

light intensity, thus fewer cells were detectable. Because of these considerations, I concluded 

that my experimental approach was not appropriate for estimating Prochlorococcus fluxes and 

thus I decided not to analyse it for sponge-mediated flux. For this picoplankton group, I suggest 

that the InEx method – a method that measures the difference in the cell concentrations between 
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the inhalant and exhalant point of the sponge to calculate the sponge’s filtration rate (see Yahel 

et al. 2005 for details on the method), would be a better approach.  

It is important to note that cell division and loss are responsible for daily picoplankton cycles 

(Vaulot and Marie 1999; Binder and DuRand 2002). Thus, the flux of picoplankton abundance 

from the controls represents the balance from the cell division, lyses and grazing by 

microheterotrophs (i.e. flagellates and ciliates) that is taking place in the water column. I found 

that the heterotrophic bacterial population had a similar rate of growth (25.9  20.4 % cells mL-

1 h-1 during light incubations) and mortality (32.3  12.5 % cells mL-1 h-1 during dark 

incubations). Although my study did not differentiate the nature of the cell loss, whether due to 

viral lysis or grazing by protozoans, the balance between growth and mortality rates might 

explain the stable heterotrophic bacteria abundance in the water column. However, the 

picophytoplankton, Synechococcus and picoeukaryotes showed significant population growth 

during daytime (31.5  9.1 and 15.0  7.8 % cells mL-1 h-1, respectively), but a low mortality 

rate during the dark incubations (2.4  0.8 and 5.3  2.8 % cells mL-1 h-1, respectively). My 

observations of autotrophic picoplankton confirm the findings of Becker et al. (2020), who also 

observed variability in these groups related to diurnal cycles in seagrass beds. However, while 

Becker et al. (2020) found heterotrophic bacteria had a consistent abundance throughout the 

day (24 h) at their study sites, I found that the abundance of heterotrophic bacteria at my studied 

seagrass beds showed variation related to diurnal cycles. 

Sponge-mediated picoplankton flux in the seagrass meadow 

There is growing evidence that sponges are not indiscriminate suspension feeders but rather 

actively and selectively feed on available planktonic foods (Yahel et al. 2006; Hanson et al. 

2009; Maldonado et al. 2010; Maldonado et al. 2012). Therefore it is expected that sponges will 

cause different sponge-mediated fluxes for each picoplankton group in their habitat. In my 

study, the seagrass sponge assemblage also showed this behaviour. Some sponges excluded one 

or two picoplankton groups from their diet (Figure 5.1), although it was species- and time-

specific. Interestingly, I found clear evidence that sponge nutritional mode influences food 

preferences and carbon removal. While heterotrophic sponges clearly removed three 

picoplankton groups (heterotrophic bacteria, Synechococcus, and picoeukaryotes) from the 

water column, all autotrophic sponges did not remove heterotrophic bacteria – the most 

abundant picoplankton group from the water column, during both dark and light incubations. 
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When the removed cell number was converted into biomass (i.e. carbon weight), a stark 

difference in the carbon removed between the heterotrophic and autotrophic sponges was 

evident. Heterotrophic sponges removed about 40–60 times more carbon than the autotrophic 

sponges during the light incubations (representing daytime; Figure 5.2). But during dark 

incubations (representing night-time), the period when all sponges are in heterotrophic mode 

(i.e. no photosynthesis occurs), there was no distinct pattern in carbon removal between 

heterotrophic and autotrophic sponges. This finding supports the hypothesis that autotrophic 

sponges gain supplementary nutrition from the host photosymbionts, which eases the pressure 

to obtain their nutritional needs from suspension feeding. 

It is not clear why autotrophic sponges discriminated against heterotrophic bacteria as their 

food, even though it was the most abundant picoplankton (i.e. food source) in the water column, 

resulting in much less carbon removal than achieved by heterotrophic sponges. A model of 

filter-feeders’ food selectivity developed by Lehman (1976), predicted that filter feeders 

achieve their optimal harvest when their ingestion rates are maximal for particles slightly larger 

than those most numerous in the mixture of food sources. That is what heterotrophic bacteria 

were: the most numerous and the lightest picoplankton among all the groups; and 

Synechococcus is slightly heavier than heterotrophic bacteria. This result needs further 

investigation. 

Sponges were observed to have high retention of picoplankton consistent with previous studies 

(e.g. Pile et al. 1996), thus food selection is thought to occur at the post-capture phase – not at 

the filtering stage (Ribes et al. 1999; Yahel et al. 2006). Yahel et al. (2006) hypothesized that 

pre-ingestion sorting occurs within the trabecular recticulum, whereby the indigestible and less 

preferred food will be secreted directly through the exhaled water, while the preferred food will 

be transferred into food vacuoles. Due to the difference in time needed to digest different 

microbial types (Maldonado et al. 2010), it is possible that digesting heterotrophic bacteria 

might create a lost opportunity for the sponges in gaining better nutrition from other food 

sources. Based on the foraging theory, organisms prefer the food that provides them with the 

most nutrition, and that requires less time and energy to obtain and process (Stephens and Krebs 

1986). So, sponges may prefer to skip the less preferred food to make ways in their digestion 

system for the preferred ones, known as “the principle of the lost opportunity” in the foraging 

theory (Stephens and Krebs 1986). In the context of sponges, this means they only retain the 

preferred foods at the microvilli collar until they got phagocytosed by the choanocyte. 
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I also found diel variation in sponge-mediated picoplankton flux at my studied seagrass 

meadow. The removal of picoeukaryotes was only observed during dark incubations 

(representing night-time) across both sponge nutritional modes, most likely due to the group’s 

availability level as the picoeukaryotes ambient concentration in the dark was almost twice the 

concentration in light incubations (Table 5.2). This result aligns with the general assumption 

that food availability drives sponge feeding rate  (e.g. Coma et al. 2001; Perea-Blázquez et al. 

2013). Meanwhile, the removal of Synechococcus and heterotrophic bacteria by the sponges 

was more pronounced when these picoplankton groups were having cell division indicated by 

higher cells number at the end of incubation. These two picoplankton groups had a similar 

ambient concentration between day and night (represented by light and dark incubations), 

diminished food availability as the driver of this phenomena. All sponges (both heterotrophic 

and autotrophic sponges) were observed to have slightly higher removal efficiency for 

Synechococcus in the light incubations, which coincided with the period when the group 

showed an increase at the end of incubation. Heterotrophic bacteria also exhibited this pattern 

as the removal of heterotrophic bacteria by heterotrophic sponges was only observed during 

light incubations, which was also when it was observed to be more abundant at the end of the 

incubation. Again, the reason for these synchronized events is not apparent. While large-scale 

spatial and temporal variation in the sponge feeding rate and preferences have been well studied 

(Ribes et al. 1999; Hanson et al. 2009; Perea-Blázquez et al. 2013), and have been explained 

mainly by the abundance of the available food type, little is known of the daily or diel variation 

of sponge feeding. My results highlight the importance of further studying the linkage between 

the picoplankton’s life cycle with sponge feeding rates and preferences, as it will give a better 

understanding of the dynamic of the benthic-pelagic relationship. 

Seagrass sponge assemblages and benthic-pelagic carbon flow 

In my study, the seagrass sponge assemblage was estimated to remove picoplankton-derived 

carbon at a rate of 84.1, 2737.3, and 673.9 g C m-2 d-1 during high tide at high-shore, middle, 

and near-reef-flat zones of the seagrass bed, respectively. The different amounts of carbon 

consumed between zones were due to the differences in sponge abundance (biomass), the 

relative composition of heterotrophic and autotrophic sponges at each zone, and the removal 

efficiency of each picoplankton group. The available picoplankton abundance at each zone also 

contributed to the removed carbon calculations as every area (sites and zones) holds a different 

water volume. The amount of carbon being removed in my study areas is generally larger when 
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compared to other studies. For example, a study in a temperate zone by Perea-Blazquez et al. 

(2012) estimated that sponge assemblages remove only up to 3.5 g C m-2 d-1 from feeding on 

picoplankton. The much lower removed carbon reported by this earlier studies, compared to 

my study areas, was most likely due to much less sponge biomass at their study site, as the 

study assumed that the site had sponge coverage of 5% m-2 with 1 cm sponge thickness to 

estimate the amount of sponge abundance (based on volume) that was involved in carbon 

removal, compared to my study site (see Table 5.1). The amount of carbon flowing through 

sponges in my study reaffirms the important role of sponges in benthic-pelagic carbon flow. 

In the tropical oligotrophic waters, picoplankton abundance varies very little over various time 

scales (Campbell et al. 1997), and protozoans are the main predators of these picoplankton 

groups. However, with the high sponge-mediated flux for picoplankton that my results showed, 

the role of sponge assemblages in keeping the marine microbial food web in equilibrium cannot 

be ignored, especially in habitats where sponges are very abundant and the water shallow. 

Synechococcus appeared to be the common food across all studied sponges in dark and light 

incubations (representing day and night-time). At night-time, when the natural flux of 

Synechococcus showed a decline of 2.4  0.8 % cells mL-1 h-1 rate, presumably caused by cell 

lysis and protozoan grazing, the sponge-mediated flux showed a reduction of 1–4 % cells mL-

1 gAFDW
-1 h-1. Coupled with high sponge abundance (biomass) in the habitat, sponge assemblage 

potentially plays a major role in keeping the daily abundance of Synechococcus in the water 

column stable as it had a high population growth rate during light incubations. The same 

contribution was also shown by some of the sponges, but not all. Spongia sp. and 

Dactylospongia elegans reduced picoeukaryotes concentration during night-time at the rate of 

3.5  1.1 and 1.0  0.1 % cells mL-1 h-1, respectively. While this group's natural flux (caused 

by cell lysis and protozoan predation) only caused a reduction of 5.3  2.8 % cells mL-1 h-1 at 

night, the contribution of these sponges to balance the abundance of picoeukaryotes was 

significant. However, not all sponges were observed to remove heterotrophic bacteria from the 

water column in dark incubations, in the period where this picoplankton group showed a 

significantly high mortality rate (32.3  12.5 % cells mL-1 h-1; see Table 5.2). The heterotrophic 

sponges were removing heterotrophic bacteria during the time when heterotrophic bacteria were 

observed to have a cell division phase (light incubations). This suggests that the sponges can 

balance the daily abundance of heterotrophic bacteria in the water column, although not as 

much as the combination of their own cell lysis and the grazing by protozoans. 
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Since the amount of picoplankton-derived carbon removed by heterotrophic and autotrophic 

sponges was notably different, the importance of the sponge assemblage in removing living 

particulate organic carbon from the water column depends partly on the sponge nutritional 

mode. In the area where the sponge assemblage has an equal proportion of heterotrophic and 

autotrophic sponges (high-shore and middle tidal zones), the removed picoplankton-derived 

carbon by heterotrophic sponges far exceeded that of the autotrophic sponges. Only in the area 

where autotrophic sponges contributed 97–98 % of the total sponge biomass – the near-reef-

flat zone of Hoga-1 (Chapter 3), autotrophic sponges were estimated to remove more 

picoplankton-derived carbon than the heterotrophic sponges. Even in the area where 

autotrophic sponges contributed up to 78–80 % of the total sponge biomass (the near-reef-flat 

zone of Hoga-2; Chapter 3), it was the heterotrophic sponges that were found to remove more 

carbon. Considering that the autotrophic sponges are net oxygen producers (although not all; 

see Chapter 3), releasing organic carbon during daytime (Chapter 4), and now in this study, 

they obtained much less organic carbon from suspension-feeding, we need to reconsider the 

role of sponges in the flow of matter and energy in their habitats. 

Conclusion 

This study reaffirms the importance of sponge assemblages in linking pelagic and benthic 

environments in the flow of matter and energy, as the sponges were found to remove a 

significant amount of picoplankton-derived organic carbon from the water column. The role of 

sponges in keeping the abundance of picoplankton in equilibrium, which ensures the stability 

of microbial food web, cannot be ignored. Sponge nutritional mode heavily influenced the 

amount of the removed carbon, supporting the hypothesis that autotrophic sponges do not have 

to obtain their nutritional needs from suspension feeding since they are already sufficiently 

supplied by the host photosymbionts. At the habitat level, heterotrophic sponges contributed a 

large portion of the removed carbon from the sponge assemblage, even though their biomass 

portion was much smaller than that of the autotrophic sponges. This study clarifies the 

significant role of sponges in the environment’s carbon flow.
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Thesis overview 

The overall aim of my thesis was to increase our understanding of the interactions between 

sponge assemblages and the water column in shallow-water seagrass ecosystems within the 

Indo-Pacific bioregion. In particular, I investigated how sponges with different nutritional 

modes might influence water column dynamics. I studied the sponge assemblages at three tidal 

zones that inhabit a seagrass meadow in the Wakatobi National Park, Indonesia. 

I conducted sponge and seagrass surveys to investigate community structure, distribution 

patterns, and potential drivers of the patterns I observed. Then, I measured the P:R ratio of the 

most abundant sponge species to determine sponge nutritional mode (heterotrophic or 

autotrophic). Using this information, I then measured the sponge-mediated organic carbon flux 

of the heterotrophic and autotrophic sponges during the day and night-time (represented by 

light and dark incubations) and calculated the daily sponge-mediated net carbon flux at the 

assemblage level in my studied seagrass meadow. Lastly, I investigated the influence of 

sponges on the picoplankton community in the water column by measuring the sponge-

mediated picoplankton flux by heterotrophic and autotrophic sponges during the day and night, 

and scaled this up to the assemblage level impact. 

I found that sponges inhabited all tidal zones of the seagrass meadow, even the high-shore zone 

– an area that regularly experiences aerial exposure during low tide. From my observations, 

sponge morphology may have aided their adaptation to the prevailing environmental conditions 

in the different tidal zones. Based on the P:R ratios, I found that six out of eight studied sponges 

(representing 80% of the total sponge species found in the seagrass meadow) were autotrophic, 

with five of them being net oxygen producers over 24 hours. Autotrophic sponges were found 

in all tidal zones, including the high-shore zone, and contributed considerably to the seagrass 

sponge assemblage biomass at all tidal zones. In the near-reef-flat zone, the autotrophic sponges 

contributed up to 98% of the total sponge biomass.  

With respect to effects of sponge on the water column carbon balance, I found that heterotrophic 

and autotrophic sponges influenced the water column differently during the daytime. The 

autotrophic sponges showed net release of carbon while the heterotrophic sponges only 

removed it. However, both heterotrophic and autotrophic sponges were observed to be net 

removers of organic carbon during the night time with no significant difference in removal rates 

between the two nutritional modes. This suggests that their different interactions with the water 



 

 

 145 

column during daytime were related to photosynthetic activity by the symbionts hosted by the 

autotrophic sponges. However, at the sponge assemblage level, sponge feeding still resulted in 

net carbon removal from the water column over 24-hours (one day-night cycle). With respect 

to the influence of sponges on picoplankton abundance, I found that heterotrophic sponges 

removed 40–60 times more picoplankton-derived organic carbon than autotrophic sponges over 

24 hours, supporting the hypothesis that autotrophic sponges gain supplementary nutrition from 

their photosynthetic symbionts, which likely eases the pressure to fulfil their nutritional needs 

from suspension feeding. 

The role of sponges in seagrass energy flow 

To understand ecosystem dynamics and predict the impact of environmental change, we need 

to know how each organism contributes to food web dynamics (Krebs 2009). Traditionally, 

sponges have been viewed as consumers of carbon in benthic environments. Researchers were 

mainly focused on how much organic matter sponges were removing from the water column as 

the result of their feeding (e.g. Reiswig 1975; Gili and Coma 1998; Hadas and Marie 2006). 

Furthermore, the ability of sponges to efficiently filter dissolved (e.g. Yahel et al. 2003; de 

Goeij et al. 2008) and particulate organic carbon (Hadas et al. 2009) have supported and 

solidified this view on sponge-water column interactions. However, not all sponges are able to 

remove dissolved organic carbon from the water column. Wilkinson (1983) reported that some 

sponges actually release dissolved organic carbon as well as being net oxygen producers (i.e. 

autotrophic). However, little effort has been made to consider further sponge contributions to 

oxygen and organic carbon to the water column since this early work. My thesis has attempted 

to fill some of this knowledge gap. 

Sponges do not photosynthesize, but they can facilitate the photosynthetic symbionts (Bell 

2008). As sponges and their hosted photosynthetic symbionts interact with the environment as 

one entity (i.e. as a holobiont; Pita et al. 2018), autotrophic sponges have similar traits to true 

autotrophs with respect to their water column interactions. First, in transforming solar energy 

into chemical energy, autotrophs release oxygen. When oxygen production exceeds the oxygen 

required for respiration, the autotrophs contribute excess oxygen to the environment, which 

other organisms can then use (Krebs 2009). When an autotroph lives inside another organism 

(i.e. endosymbiosis), the mechanism of releasing oxygen into the environment might be more 

complex than for “standalone” autotrophs. However, little is known about the intercellular 
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oxygen transfer from the photosynthetic symbionts to the sponge host. Most of the studies on 

symbioses in the aquatic environment have measured the oxygen flux in the water column, 

including my study, to determine the net water column oxygen balance through the holobiont. 

In the case of sponge holobionts, the contribution of autotrophic sponges to the water column 

oxygen concentration depends on the balance of their daily production (which only occurs in 

the daytime) and respiration (24 h). Chapter 3 showed that five autotrophic sponges were net 

oxygen producers over each full day-night cycle (24 h). Photosynthesis by the photosynthetic 

symbionts that the sponge hosted produced more oxygen than the entire holobiont respired, thus 

providing the environment with excess oxygen. Photosynthesis by aquatic autotrophs is crucial 

since it is responsible for about half of our planet’s oxygen production (Field et al. 1998b). 

Considering there is a growing concern over declining oxygen concentrations in the global 

oceans and coastal waters due to global warming and pollution (Breitburg et al. 2018), the role 

of sponges in facilitating primary production might become critical. All this time, the 

contribution of sponge symbioses-derived oxygen production to the environment has been 

generally overlooked. For example, the autotrophic sponge Spheciospongia sp. was the most 

abundant sponge in my studied seagrass bed (in the middle-shore) with 0.588 ± 0.339 gAFDW m-

2 (Chapter 2). This sponge had a net flux of oxygen production of  ~0.44 mol gAFDW
-1 d-1 

(Chapter 3), which resulted in the release of ~0.25 mol of oxygen for every one m2 of seagrass 

in my study area. For comparison, the average oxygen production for every one m2 of seagrass 

bed has been estimated at 0.45 mol a day (e.g. Yarbro and Carlson 2008; Reynolds et al. 2018). 

That means autotrophic sponge-derived oxygen production coupled with high abundance could 

make an important contribution to the environment’s oxygen supply.  

Another feature of aquatic autotrophs is the potential for organic carbon release into the water 

column, as observed in macroalgae (e.g. Moebus and Johnson 1974; Brylinsky 1977) and 

phytoplankton (López-Sandoval et al. 2013). With respect to sponge–photosynthetic 

symbioses, some photosynthate is translocated from the symbiont to the sponge host 

intracellularly, while the rest is released to the surrounding waters (Wilkinson 1980; Wilkinson 

1983). Wilkinson (1980) reported that 9–17% of the total photosynthate of the photosynthetic 

symbionts was translocated to the sponge host in the form of sucrose and glucose. In addition, 

the sponges could also utilise the released photosynthate in the form of dissolved organic carbon 

through a suspension-feeding mechanism. My study (Chapter 4) measured the sponge-mediated 

organic carbon flux in the water column, representing the balance of the release and organic 

carbon removal by sponges. My results showed that all autotrophic sponges released more 
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organic carbon than they removed during light incubations (representing daytime). I suggest 

that this released carbon was photosynthesis-related, which means it was likely in the form of 

dissolved organic carbon (DOC). Besides being consumed again by the sponges, this excess of 

photosynthetically-fixed DOC could also fuel the microbial loop (Azam et al. 1983), passing 

energy to higher trophic levels.  

 

Figure 6.1. A conceptual diagram of carbon flow through sponges in seagrass beds 

incorporating the microbial and sponge loops. Green compartments represent primary 

producers, blue consumers, and grey represent non-living organic carbon pools (DOC and 

POC-detritus). Dashed red arrows indicate DOC release to the water column by the autotrophs. 

Solid red arrows indicate the flow of carbon in the sponge loop, whereas solid orange arrows 

show the microbial loop carbon flow. The dashed orange arrow indicates the release of DOC, 

exclusively by autotrophic sponges, to the water column. The solid black arrows represent the 

flow of carbon through feeding mechanisms outside of microbial and sponge loops. 

The bulk pool of DOC in the oceans is divided into labile, semi-labile, and refractory fractions 

based on their turnover time (see review by Ogawa and Tanoue 2003). The labile fraction of 

the DOC, which is only about 2% of the total DOC, is rapidly turned over (hours to daily), 

while semi-labile DOC takes weeks to months to be cycled by bacteria. The largest portion of 
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the DOC pool – the refractory fraction, needs centuries to millennia to be biologically cycled. 

The photosynthetically-fixed carbon by aquatic autotrophs is generally the labile form so that 

it will stimulate the rapid growth of bacterioplankton in the water column (Azam and Malfatti 

2007; Haas et al. 2011). Sponges are assumed to consume labile and semi-labile DOC (i.e. 

labile and semi-labile DOC; e.g. de Goeij et al. 2008), the same DOC fractions utilised by 

microbes (heterotrophic bacteria), which means that they may be competing to use the exudated 

DOC. But it is also important to note that other mineral nutrients might limit the growth of 

heterotrophic bacteria, such as nitrogen (N), phosphorus (P), and iron (Fe), which the 

heterotrophic bacteria might have to compete with the phytoplankton for (Kirchman 1994; 

Tortell et al. 1999; Thingstad 2008). Therefore, even though the microbes that use DOC have 

a rapid growth rate and lifecycle (Pomeroy 1974), that does not necessarily mean the sponges 

are outcompeted. Nevertheless, there is a chance for the autotrophic sponge-exudated organic 

carbon to fuel the microbial loop. Since this DOC release only happens during the daytime, 

thus this might contribute to microbial diel patterns.   

Chapter 5 showed that sponges with both nutritional modes removed picoplankton over 24 

hours (day-night cycle). Therefore irrespective of nutritional mode, sponges are still consumers 

of picoplankton in my studied seagrass bed. This feature of sponges is vital to maintaining the 

food web equilibrium. For example, the decimation of the sponge assemblages was reported as 

the main factor behind plankton blooms in Florida Bay, demonstrating the critical role of 

sponges in controlling picoplankton abundance (Peterson et al. 2006). From my results, the 

difference between the heterotrophic and autotrophic sponges was in their removal rates. By 

removing 40–60 times more picoplankton-derived organic carbon than the autotrophic sponges 

(Chapter 5), heterotrophic sponges potentially play a more critical role in controlling the 

picoplankton population, particularly in controlling the heterotrophic bacteria in the water 

column. 
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The implications of sponge nutritional mode in a changing environment 

Our world faces rapid ocean warming and acidification that affects many marine organisms and 

disrupts ecosystem functioning (e.g. Hoegh-Guldberg et al. 2007; Ramírez et al. 2017; Hughes 

et al. 2018). Some sponges are predicted to become “winners” on coral reefs in the face of 

climate change in the near-future scenarios, and in some cases, sponges may take over from 

corals as the dominant organisms (Bell et al. 2013; Bell et al. 2018a; Bell et al. 2018b). Non-

calcifying sponges, particularly bioeroder sponges, are also thought to benefit from ocean 

acidification (Duckworth and Peterson 2013; Wisshak et al. 2013). Photosymbiont-containing 

sponges also seem more resistant to rising sea-surface temperature than corals. Temperature 

rise has also been reported to increase the productivity of Synechococcus – a common symbiont 

hosted by sponges (Fu et al. 2007). Since seagrass beds are considered extreme environments 

(e.g. already experiencing high temperatures and light exposure during low tide and water 

turbidity), we can expect the seagrass sponges to be among the first to be impacted by climate 

change. 

Recently there has been considerable discussion on how sponges might or might not persist 

under near-future climate scenarios (Bell et al. 2018a; Lesser and Slattery 2020). Instead of 

favouring sponge-dominated regime shifts, climate change might actually limit the growth of 

sponge populations due to decreased food availability (Lesser and Slattery 2020). Lesser and 

Slattery (2020) highlighted that new climate-change-derived oceanographic conditions might 

cause a decline in picoplankton abundance, the sponges' main POC diet, and the producers of 

about 50% of the ocean’s dissolved organic matter – another component of sponge diet, causing 

a bottom-up forcing. I would argue that the existence of autotrophic sponges in the sponge 

assemblage might overcome this situation for at least two reasons. First, autotrophic sponges 

do not consume much picoplankton compared to heterotrophic sponges. My results showed that 

the autotrophic sponges consumed only one-sixtieth to one-fortieth of picoplankton-derived 

organic carbon compared to the consumption of heterotrophic sponges. The bottom-up forcing 

is eased as the autotrophic sponges receive supplementary nutrition from their photosynthetic 

symbionts. Second, the exudation of photosynthesis-fixed organic carbon by the autotrophic 

sponges makes them part of the microbial loop. The heterotrophic bacteria can utilise the 

exudated DOC by the autotrophic sponges to grow (Pomeroy 1974), and then the sponges can 

consume these microbes. From my results (Chapter 5), it was the heterotrophic sponges that 

consumed heterotrophic bacteria, as autotrophic sponges were not observed to remove 



 

 

 150 

heterotrophic bacteria from the water column. To conclude, the combination of autotrophic and 

heterotrophic sponges could overcome some of the potential food limitation issue (Lesser and 

Slattery 2020) and keep the picoplankton abundance equilibrium. 

Future directions 

My thesis has revealed differences in how heterotrophic and autotrophic sponges interact with 

the water column carbon flow in a seagrass ecosystem. Symbioses with photosynthetic 

symbionts are commonly seen as a strategy to overcome the low water nutrient concentrations 

in many tropical environments (Wilkinson and Cheshire 1990). However, the water column of 

seagrass meadows has more nutrients than coral reefs; therefore low nutrients might not be the 

environmental conditions that have led to the evolution of symbioses in seagrass sponges. It 

would be interesting to see if the sponge assemblages in the other tropical marine ecosystems, 

including coral reefs and mangroves, share the same patterns as I found for seagrass sponges, 

to understand better the ecosystem dynamics and sponge assemblage role in those ecosystems. 

It will also be important to consider the reliance of sponges on symbionts from other bioregions 

to assess the wider applicability of the patterns I have observed. This information will shed light 

on the underlying conditions that have led to the evolution of the sponge–photosynthetic 

symbiont relationships and provide a better understanding of how changes might affect the 

environments where sponges occur.  

Autotrophic sponges at my studied seagrass meadow were observed to inhabit all tidal zones 

of the seagrass meadow, including the area regularly exposed to air – the high-shore zone. 

While sponges seem to have some morphological adaptations to cope with the physical 

conditions of each zone (Chapter 2 and 3), my thesis did not look at the photosynthetic 

symbionts and their adaptations. Therefore, I suggest identifying the sponge symbionts and 

investigating their adaptation to various environmental conditions as the next steps. This 

information will further our understanding of how the sponges and their symbionts respond to 

different environmental conditions and how environmental change will affect sponge 

assemblages. 

I also recommend studying the flow of sponge-mediated carbon in the environment, both to the 

planktonic microbes (i.e. microbial loop; Azam et al. 1983) and via detritus pathways (i.e. 

sponge loop; de Goeij et al. 2013), by autotrophic and heterotrophic sponges. This information 

can then be used to develop more reliable models for the ecosystem dynamics where sponges 
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occur. Furthermore, I found synchronised diel patterns between picoplankton groups and the 

sponge consumption preferences and rates, we need to determine the mechanism behind this 

phenomenon. The knowledge of this phenomenon will further our understanding of the flow of 

matter and energy in marine ecosystems. 

Concluding remarks 

My thesis has shown differences between heterotrophic and autotrophic sponges in their 

interactions with the water column, where autotrophic sponges have some of the characteristics 

of other aquatic autotrophs. I propose that autotrophic sponges are also part of the microbial 

loop, whereby the exudated DOC is contributing to the DOC pool in the water column (Figure 

6.1). Furthermore, the coexistence of the two nutritional modes in sponge assemblages could 

help each other persist in changing environments and might be the key to future sponge success. 
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Appendix A – Supplementary data for Chapter 2, Contrasting drivers 

of sponge and seagrass assemblage composition in an Indo-Pacific 

seagrass meadow 
 

 

Figure S.2.1. (A) Google Earth image of the studied seagrass meadow, with the human-built 

structures used to be the boundaries of the site separation (i.e. Hoga-1 and Hoga-2). (B) 

Orthophoto that build from aerial pictures, which used to draw the boundaries of the zones and 

calculated the area coverage. 
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Table S.2.1. Summary of BLAST results and phylogenetic analysis for every DNA markers. Red colour denotes that the results was under the 

threshold limit or not a Porifera member. 
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18S Identity

(Bit Score, Query 

covers, % similarity)

28S Identity

(Bit Score, Query 

covers, % similarity)

ITS Identity

(Bit Score, Query 

covers, % similarity)

COX-1 Identity

(Bit Score, Query 

covers, % similarity)

18S locus 28S locus ITS locus COX-1 locus 18S locus 28S locus ITS locus COX-1 locus

HOGA A1

Petrosaspongia nigra ; 

Spongia zimocca

(1366, 100%, 100%)

Hippospongia 

ammata ;  Spongia 

zimocca

(673, 100%, 99.5%)

Hippospongia ammata

(1190, 87.50%, 98.9%)
na

Petrosaspongia nigra ; 

Spongia zimocca
Hippospongia ammata Hippospongia ammata na

Petrosaspongia nigra ; 

Spongia zimocca
Hippospongia ammata Hippospongia ammata na

HOGA A2

Petrosaspongia nigra ; 

Spongia zimocca

(1246, 100%, 100%)

Hippospongia 

ammata ; Spongia 

zimocca

(662, 100%, 98.9%)

Hippospongia ammata

(1043, 86.8%, 94.7%)
na Spongia zimocca Spongia zimocca Hippospongia ammata na Spongia zimocca Spongia zimocca Hippospongia ammata na

HOGA A3

Petrosaspongia nigra ; 

Spongia zimocca

(1364, 100%, 99.9%)

Hippospongia 

ammata ;  Spongia 

zimocca

(659, 100%, 98.7%)

Hippospongia ammata

(1159, 82.12%, 98%)
na

Petrosaspongia nigra ; 

Spongia zimocca
Hippospongia ammata Hippospongia ammata na Spongia zimocca Hippospongia ammata Hippospongia ammata na

HOGA B1

Spheciospongia 

vesparium ; 

Spheciospongia  sp.

(1303, 100%, 99.9%)

Spheciospongia 

inconstans

(581, 76.92%, 93.6%)

Spheciospongia solida

(693, 100%, 85.4%)
na

Spheciospongia 

vesparium ; 

Spheciospongia sp.

Spheciospongia 

inconstans
Cliona orientalis na

Spheciospongia 

vesparium ; 

Spheciospongia sp.

Spheciospongia 

inconstans
Spheciospongia solida na

HOGA B2

Spheciospongia 

vesparium

(1394, 100%, 99.9%)

Spheciospongia 

inconstans

(630, 90.74%, 94.8%)

Spheciospongia solida

(367, 76.15%, 78.9%)
na

Spheciospongia 

vesparium

Spheciospongia 

inconstans

Uncultured 

Ascomycota
na

Spheciospongia 

vesparium

Spheciospongia 

inconstans

Uncultured 

Ascomycota
na

HOGA B3

Cliona delitrix ; Cliona 

viridis ; 

Spheciospongia  sp.; 

Cliona  sp.

(1011, 100%, 100%)

Cf. Spheciospongia

(563, 100%, 93.2%)

Spheciospongia solida

(265, 74.61%, 75.7%)
na

Cliona delitrix ; Cliona 

viridis ; 

Spheciospongia sp.; 

Cliona sp.

Spheciospongia 

inconstans ; Cf. 

Spheciospongia

Uncultured 

Ascomycota
na

Cliona delitrix ; Cliona 

viridis ; 

Spheciospongia sp.; 

Cliona sp.

Spheciospongia 

inconstans

Uncultured 

Ascomycota
na

HOGA C1

Strepsichordaia 

lendenfeldi

(1322, 100%, 98.8%)

Carteriospongia 

foliascens

(644, 100%, 99.2%)

Carteriospongia 

flabellifera

(1142, 86.49%, 98.9%)

na
Strepsichordaia 

lendenfeldi

Carteriospongia 

foliascens

Carteriospongia 

flabellifera

Strepsichordaia 

lendenfeldi

Carteriospongia 

foliascens

Carteriospongia 

flabellifera

HOGA C2

Strepsichordaia 

lendenfeldi  (1362, 

100%, 100%)

Phyllospongia 

papyracea  (1357, 

100%, 99.9%)

  Phyllospongia 

lamellosa (1340, 

100%, 99.9%)

Carteriospongia 

foliascens

(681, 100%, 99.5%)

Carteriospongia 

flabellifera  (1157, 

87.07%, 99.2%)

Carteriospongia 

foliascens  (1141, 

87.02%, 98.8%)

na
Strepsichordaia 

lendenfeldi

Carteriospongia 

foliascens

Carteriospongia 

flabellifera
na

Strepsichordaia 

lendenfeldi

Carteriospongia 

foliascens

Carteriospongia 

flabellifera
na

HOGA C3

Strepsichordaia 

lendenfeldi

(1129, 100%, 100%)

Phyllospongia 

papyracea

(1124, 100%, 99.8%)

Phyllospongia 

lamellosa

(1113, 100%, 99.5%)

Carteriospongia 

foliascens

(664, 100%, 98.9%)

Carteriospongia 

flabellifera

(1157, 81.14%, 99.2%)

Carteriospongia 

foliascens

(1141, 81.14%, 98.8%)

na
Strepsichordaia 

lendenfeldi

Carteriospongia 

foliascens

Carteriospongia 

foliascens
na

Strepsichordaia 

lendenfeldi

Carteriospongia 

foliascens

Carteriospongia 

foliascens
na

SPONGE A

SPONGE B

SPONGE C

Sponge Sponge Code

BLAST result Phylogenetic analysis - Maximum Likelihood Phylogenetic analysis - Neighbor-Joining
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Continued. 

 
Continue… 

 

HOGA D1
Callyspongia  sp.

(1480, 100%, 99.3%)

Demospongiae

(588, 92.94%, 94.5%)

Haliclona  sp.

(302, 28.07%, 98.8%)

Haplosclerida

(949, 100%, 99.4%)
Callyspongia  sp. Haplosclerida Haliclona  aff. Haliclona koremella Callyspongia  sp. Demospongiae Haliclona  aff. Callyspongia sp.

HOGA D2
Callyspongia  sp. 

(1551, 100%, 99.4%)

Demospongiae

(598, 94.06%, 95%)

Haliclona  sp.

(297, 24.14%, 98.2%)

Haplosclerida

(943, 100%, 99.8%)

Callyspongia sp.

(891, 95.13%, 99.6%)

Haliclona koremella 

(888, 93.57%, 100%) 

Callyspongia sp. Haplosclerida Haliclona  aff. Haliclona koremella Callyspongia sp. Demospongiae Haliclona  aff. Haliclona koremella

HOGA D3
Callyspongia  sp.

(1373, 100%, 99.3%)

Demospongiae

(581, 94.4%, 94.9%)

Haliclona  sp.

(302, 23.9%, 98.8%)

Haplosclerida

(952, 99.42%, 99.8%)

Callyspongia  sp.

(899, 94.43%, 99.6%)

Haliclona koremella

(895, 92.90%, 100%)

Callyspongia  sp. Haplosclerida Haliclona  aff. Haliclona koremella Callyspongia  sp. Haplosclerida Haliclona  aff. Haliclona koremella

HOGA E1

Amphimedon 

queenslandica

(1430, 100%, 99.6%)

Amphimedon 

queenslandica

(561, 50.97%%, 89.3%)

na

Amphimedon 

queenslandica

(974, 100%%, 99.3%)

Amphimedon 

queenslandica
only one hit na

Amphimedon 

queenslandica

Amphimedon 

queenslandica
only one hit na

Amphimedon 

queenslandica

HOGA E2

Amphimedon 

queenslandica

(1258, 100%, 99.5%)

Amphimedon 

queenslandica

(686, 100%, 98%)

na

Amphimedon 

queenslandica

(1008, 58.22%, 98.3%)

Amphimedon 

queenslandica

Amphimedon 

queenslandica
na

Amphimedon 

queenslandica

Amphimedon 

queenslandica

Amphimedon 

queenslandica
na

Amphimedon 

queenslandica

HOGA E3

Amphimedon 

queenslandica

(1419, 100%, 99.6%)

Amphimedon 

queenslandica

(641, 100%, 95.5%)

Amphimedon 

queenslandica

(463, 60.53%, 85%)

Amphimedon 

queenslandica

(875, 100%, 99.4%)

Amphimedon 

queenslandica

Amphimedon 

queenslandica

Amphimedon 

queenslandica

Amphimedon 

queenslandica

Amphimedon 

queenslandica

Amphimedon 

queenslandica

Amphimedon 

queenslandica

Amphimedon 

queenslandica

HOGA F1

Dactylospongia 

elegans

(1342, 100%, 99.9%)

Dactylospongia 

elegans

(526, 100%, 95.0%)

Dactylospongia 

elegans

(1183, 85.73%, 99.2%)

Ircinia campana

(683, 98.63%, 95.2%)

Dactylospongia 

elegans

Dactylospongia 

elegans

Dactylospongia 

elegans
Hippospongia lachne

Dactylospongia 

elegans

Dactylospongia 

elegans

Dactylospongia 

elegans
Hippospongia lachne

HOGA F2

Dactylospongia 

elegans

(1371, 100%, 99.9%)

Dactylospongia 

elegans

(677, 100%, 99.5%)

Dactylospongia 

elegans

(1209, 83.42%, 99.3%)

Spongia nitens ; 

Hippospongia lachne

(712, 99.78%, 94.4%)

Dactylospongia 

elegans

Dactylospongia 

elegans

Dactylospongia 

elegans
Vacelitia  sp.

Dactylospongia 

elegans

Dactylospongia 

elegans

Dactylospongia 

elegans
Vacelitia  sp.

HOGA F3

Dactylospongia 

elegans

(1362, 100%, 100%)

Dactylospongia 

elegans

(714, 100%, 99.0%)

Dactylospongia 

elegans

(950, 73.71%, 92.8%)

Ircinia strobilina

(790, 99.61%, 94.4%)

Dactylospongia 

elegans

Dactylospongia 

elegans

Dactylospongia 

elegans
Vaceletia  sp.

Dactylospongia 

elegans

Dactylospongia 

elegans

Lendenfeldia 

chondrodes
Vaceletia  sp.

HOGA G1

Axinella verrucosa ; 

Axinella corrugata

(1364, 100%, 99.9%)

Stylissa carteri ; 

Halichondriid; Axinella 

sp.; Timea lowchoyi

(696, 100%, 98.0%)

Axinella corrugata

(1294, 100%, 97.5%)

Axinella corrugata

(956, 100%, 99.1%)
Axinella sp.

Stylissa carteri ; 

Halichondriid; Axinella 

sp.; Timea lowchoyi

Axinellid
Stylissa carteri ; 

Stylissa massa
Axinella sp.

Stylissa carteri ; 

Halichondriid; Axinella 

sp.; Timea lowchoyi

Axinellid Stylissa carteri

HOGA G2

Axinella  sp. (1349, 

100%, 99.9%)

Axinella verrucosa & 

Axinella corrugata 

(1347, 100%, 99.9%)

Stylissa carteri ; 

Halichondriid; Axinella 

sp.

(677, 100%, 99.7%)

Axinella corrugata

(1368, 99.62%, 97.9%)

Axinella corrugata

(874, 100%, 98.6%)
Axinella sp.

Stylissa carteri ; 

Halichondriid; Axinella 

sp.

Axinellid
Stylissa carteri ; 

Stylissa massa
Axinella sp.

Stylissa carteri ; 

Halichondriid; Axinella 

sp.

Axinellid Stylissa carteri

HOGA G3

Axinella verrucosa ; 

Axinella corrugata

(1357, 100%, 99.3%)

Stylissa carteri ; 

Halichondriid; Axinella 

sp.; Timea lowchoyi

(714, 99.25%, 99.2%)

Axinella corrugata

(1370, 99.5%, 97.9%)

Axinella corrugata

(904, 100%, 99.0%)

Axinella verrucosa ; 

Axinella corrugata

Stylissa carteri ; 

Halichondriid; Axinella 

sp.; Timea lowchoyi

Axinellid Stylissa carteri
Axinella verrucosa ; 

Axinella corrugata
Stylissa carteri Axinellid Stylissa carteri

SPONNGE G

SPONGE D

SPONGE E

SPONGE F
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Continued. 

 

HOGA H1
Clathria reinwardti

(1196, 100%, 96.9%)

Clathria reinwardti

(577, 88.58%, 90.3%)
na

Clathria toxitenuis

(718, 99.44%, 91.0%)
Clathria reinwardti Clathria reinwardti na Clathria toxitenuis Clathria reinwardti Clathria reinwardti na Clathria toxitenuis

HOGA H2 na na
Mycale fibrexilis

(295, 22.88%, 97.1%)

Clathria toxitenuis

(631, 99.79%, 90.79%)
na na Batzella aurantiaca Clathria toxitenuis na na Batzella aurantiaca Clathria toxitenuis

HOGA I1

Petrosaspongia nigra ; 

Spongia zimocca

(1373, 100%, 99.9%)

Hippospongia 

ammata ;  Spongia 

zimocca

(692, 100%, 98.7%)

Hippospongia ammata

(1028, 83.42%, 94.5%)
na

Petrosaspongia nigra ; 

Spongia zimocca

Hippospongia 

ammata ;  Spongia 

zimocca

Hippospongia ammata na Petrosaspongia nigra Spongia zimocca Hippospongia ammata na

HOGA I2
Axinyssa topsenti

(1320, 100%, 99.7%)

Bubarida

(415, 91.27%, 83.8%)
na na Axinyssa topsenti Bubarida na na Axinyssa topsenti Bubarida na na

HOGA I3

Rhopaloeides  sp.

(1375, 100%, 100%)

Smenospongia  sp.

(1363, 100%, 99.7%)

Demospongiae

(655, 100%, 98.4%)

Dactylospongia 

elegans

(1153, 82.28%, 98.0%)

Ircinia strobilina

(795, 100%, 94.7%)
Rhopaloeides  sp.

Dactylospongia 

elegans

Dactylospongia 

elegans
Vaceletia  sp. Rhopaloeides  sp. Demospongiae

Dactylospongia 

elegans
Vaceletia  sp.

SPONGE J HOGA J1
Sphaerocorynidae

(1272, 100%, 99.6%)

Siphonodictyon 

mucosa

(708, 100%, 97.4%)

Siphonodictyon 

mucosa

(1216, 81.44%, 99.6%)

na Sphaerocorynidae
Siphonodictyon 

mucosa

Siphonodictyon 

mucosa
na Sphaerocorynidae

Siphonodictyon 

mucosa

Siphonodictyon 

mucosa
na

SPONGE H

SPONGE I
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Table S.2.2. Two-way PERMANOVA testing differences in overall seagrass and sponge 

assemblage composition in the studied seagrass meadow, between sites (Si), zones (Zo), and 

their interactions. Significant p-values are given in bold. 

Seagrass assemblage 

Source df SS MS Pseudo-F P(perm) 
Unique 

Perms 

Si 1 1440.2 1440.2 1.3181 0.301 999 

Zo 2 3961.4 1980.7 1.8127 0.127 999 

Si x Zo 2 1171 585.5 0.53584 0.746 999 

Res 12 13112 1092.7       

Total 17 19685         

              

Habitat resilience parameters 

Source df SS MS Pseudo-F P(perm) 
Unique 

Perms 

Si 1 90.993 90.993 1.1767 0.351 999 

Zo 2 227.52 113.76 1.4711 0.255 997 

Si x Zo 2 54.745 27.373 0.35397 0.863 999 

Res 12 927.97 77.331       

Total 17 1301.2         

              

Sponge assemblage 

Source df SS MS Pseudo-F P(perm) 
Unique 

Perms 

Si 1 3032.4 3032.4 2.7285 0.042 999 

Zo 2 11642 5820.9 5.2376 0.001 999 

Si x Zo 2 7560.5 3780.2 3.4014 0.003 999 

Res 12 133336 1111.4       

Total 17 35571         
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Table S.2.3. Estimated range of the total sponge abundance (in volume) at each zone in each 

site. Values are in litre. 

Sponge Hoga-1 Hoga-2 

High-

shore 

Middle Near-reef-

flat 

High-

shore 

Middle Near-reef-

flat 

Spongia sp. 267 – 291 207 – 649 0 78 – 91 759 – 

1229 

28 – 150 

Spheciospongia sp. 79 – 584 0 – 8 1 – 158 62 – 159 796 – 

2976 

162 – 510 

Phyllospongia 

foliascens 

0 136 – 334 77 – 282 0 0 – 127 109 – 191 

Haliclona 

koremella 

0 0 – 16 0 0 0 – 186 9 – 112 

Amphimedon sp. 0 – 19 93 – 152 3 – 10 0 0 – 874 45 – 99 

Dactylospongia 

elegans 

0 0 – 221 15 – 47 0 0 – 415 0 

Axinella sp. 0 0 – 61 0 0 0 9 – 64 

Clathria 

reinwardti 

0 0 – 12 0 – 5 0 38 – 235 0 

Siphonodictyon 

mucosum 

0 0 19 – 68 21 – 74 35 – 81 0 – 32 

Rhopaloeides sp. 0 – 1 0 – 5 8 – 16 0 – 1 0 – 58 0 – 17 

Total 346 – 894 436 – 

1458 

123 - 586 161 – 325 1628 – 

6181  

362 – 1175 

Table S.2.4. List of the inhabitant sponge species with its growth form, based on morphological 

classification by Schönberg (2021). 

Sponge species Growth form 

Basic form Sub-category 

Spongia sp. Massive Fistular, endopsamnic  

Spheciospongia sp. Massive Fistular, endopsamnic 

Phyllospongia foliascens Erect mostly erect-laminar, but can form 

functionally intermediate forms towards 

cup-like morphologies 

Haliclona koremella Erect Branching in 3D 

Amphimedon sp. Cup-like Amphoras, sack-like sponges 

Dactylospongia elegans Massive Often composite massive 

Axinella sp. Massive Often composite massive 

Clathria reinwardti Crust-like Creeping 

Siphonodictyon mucosum Massive Fistular, endopsamnic 

Rhopaloeides sp. Massive Simple massive 
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Table S.2.5. SIMPER analysis on sponge assemblage. Species key: A= Spongia sp.; B= 

Spheciospongia sp.; C= Phyllospongia foliascens; D= Haliclona koremella; E= Amphimedon 

sp.; F= Dactylospongia elegans; G= Axinella sp.; H= Clathria reinwardti; I= Rhopaloeides sp.; 

J= Siphonodictyon mucosum. 

 

Examines Site groups 

(across all Zone groups) 

Group Hoga-1 

Average similarity: 55.42 

 

Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 

A     1.38  24.41   1.02    44.04 44.04 

C     0.85  10.65   0.86    19.22 63.26 

I     0.52   6.91   0.66    12.47 75.73 

 

Group Hoga-2 

Average similarity: 56.01 

 

Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 

A     1.39  19.56   1.46    34.93 34.93 

B     1.81  19.16   1.62    34.22 69.15 

C     0.61   5.70   0.65    10.18 79.33 

 

Groups Hoga-1  &  Hoga-2 

Average dissimilarity = 60.35 

 

 Group Hoga-1 Group Hoga-2                                

Species     Av.Abund     Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

B         0.83         1.81   15.83    1.97    26.23 26.23 

A         1.38         1.39   10.54    1.41    17.46 43.69 

E         0.44         0.59    6.36    1.42    10.54 54.23 

I         0.52         0.48    5.49    1.07     9.09 63.32 

J         0.18         0.44    5.24    1.17     8.68 72.00 

 

 

Examines Zone groups 

(across all Site groups) 

 

Group High Shore 

Average similarity: 69.48 

 

Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 

A     1.82  43.16   3.58    62.11 62.11 

B     1.55  19.92   1.26    28.67 90.79 

 

Group Middle 

Average similarity: 51.12 

 

Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
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A     1.86  20.29   2.98    39.70 39.70 

B     1.22   9.88   0.88    19.32 59.02 

E     0.86   8.46   0.72    16.56 75.58 

 

Group Reef Flat 

Average similarity: 46.55 

 

Species Av.Abund Av.Sim Sim/SD Contrib% Cum.% 

C     1.42  16.95   1.67    36.42 36.42 

I     0.92  10.37   0.90    22.28 58.70 

B     1.18   5.20   0.42    11.18 69.88 

E     0.55   4.98   0.91    10.69 80.57 

 

Groups High Shore  &  Middle 

Average dissimilarity = 57.08 

 

 Group High Shore Group Middle                                

Species         Av.Abund     Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

B             1.55         1.22   13.65    1.21    23.91 23.91 

A             1.82         1.86    8.79    1.29    15.41 39.32 

C             0.00         0.77    7.55    1.00    13.22 52.54 

E             0.13         0.86    6.96    0.97    12.19 64.73 

F             0.00         0.57    4.43    0.68     7.76 72.49 

 

Groups High Shore  &  Reef Flat 

Average dissimilarity = 76.98 

 

 Group High Shore Group Reef Flat                                

Species         Av.Abund        Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

A             1.82            0.47   17.34    1.44    22.53 22.53 

B             1.55            1.18   15.03    1.51    19.53 42.05 

C             0.00            1.42   14.67    2.21    19.05 61.11 

I             0.12            0.92    8.68    1.24    11.28 72.38 

 

Groups Middle  &  Reef Flat 

Average dissimilarity = 64.69 

 

 Group Middle Group Reef Flat                                

Species     Av.Abund        Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

A         1.86            0.47   12.19    1.55    18.85 18.85 

C         0.77            1.42    8.22    1.45    12.71 31.56 

E         0.86            0.55    8.22    2.06    12.70 44.26 

I         0.45            0.92    8.11    1.18    12.54 56.80 

B         1.22            1.18    7.41    0.95    11.46 68.26 

F         0.57            0.22    5.18    1.03     8.01 76.2
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Appendix B – Supplementary data for Chapter 3, Variation in 

autotrophic and heterotrophic sponge abundance in a shallow water 

seagrass system 

 

Figure S.3.1. Incubation bag set-up on the floor of the seagrass bed (A), the three-way valve 

on the chamber (B). and how the water sample was withdrawn with a syringe through the valve 

(C). 
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Figure S.3.2. Lux to PAR fitting function light conversion on the seafloor of the seagrass 

meadow (d = 1.2 m).  

 

 

 

 

 

 

Figure S.3.3. Light intensity (mean ± SE, n = 12) through time at the bottom of the seagrass 

meadow. The values plotted for each hour were the average of the readings during that hour. 

The light intensity is measured as photosynthetic active radiance (PAR); mol m2 s-1.  
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Figure S.3.4. The average light intensity (A) and temperature (B) above the surface (air), 

seagrass bed floor, and inside the incubation bags during light and dark incubations.  
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Figure S.3.5. Oxygen depletion (in percentage) in dark incubations every 18 minutes for 

Spongia sp., Spheciospongia sp., and Phyllospongia foliascens. Values are expressed in mean 

± SE (n = 5).
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Table S.3.1. The average light intensity and temperature during light and dark incubations from all Hobo loggers inside the incubation bags (n = 

6). The incubation for each sponge species were conducted over three days to capture the inter-day variability. The values are expressed in mean 

± SE, and the sponge number being measured under the light intensity and temperature are in bracket under the values. Light intensity was measured 

as photosynthetic active radiance (PAR) and the unit was mol m2 s-1; and temperature was in ℃. 

Sponge Incubations Light Intensity Temperature 

I II III I II III 

Spongia sp. Light 1067 ± 56 

(n = 1) 

713 ± 47 

(n = 2) 

968 ± 23 

(n = 2) 

28.2 ± 0.08 

(n = 1) 

27.4 ± 0.04 

(n = 2) 

28.8 ± 0.10 

(n = 2) 

Dark 0 0 0 26.6 ± 0.03 

(n = 1) 

26.6 ± 0.03 

(n = 2) 

26.8 ± 0.01 

(n = 2) 

Spheciospongia sp. Light 1067 ± 56 

(n = 2) 

713 ± 47 

(n = 1) 

968 ± 23 

(n = 2) 

28.2 ± 0.08 

(n = 2) 

27.4 ± 0.04 

(n = 1) 

28.8 ± 0.10 

(n = 2) 

Dark 0 0 0 26.6 ± 0.03 

(n = 2) 

26.6 ± 0.03 

(n = 1) 

26.8 ± 0.01 

(n = 2) 

Phyllospongia 

foliascens 

Light 1067 ± 56 

(n = 2) 

713 ± 47 

(n = 2) 

968 ± 23 

(n = 1) 

28.2 ± 0.08 

(n = 2) 

27.4 ± 0.04 

(n = 2) 

28.8 ± 0.10 

(n = 1) 

Dark 0 0 0 26.6 ± 0.03 

(n = 2) 

26.6 ± 0.03 

(n = 2) 

26.8 ± 0.01 

(n = 1) 

Haliclona koremella Light 1376 ± 42 

(n = 2) 

1359 ± 71 

(n = 1) 

1502 ± 75 

(n = 2) 

30.3 ± 0.14 

(n = 2) 

28.7 ± 0.10 

(n = 1) 

27.9 ± 0.16 

(n = 2) 

Dark 0 0 0 26.6 ± 0.04 

(n = 2) 

26.4 ± 0.03 

(n = 1) 

26.3 ± 0.04 

(n = 2) 

Amphimedon sp. Light 1376 ± 42 

(n = 2) 

1359 ± 71 

(n = 2) 

1502 ± 75 

(n = 1) 

30.3 ± 0.14 

(n = 2) 

28.7 ± 0.10 

(n = 2) 

27.9 ± 0.16 

(n = 1) 

Dark 0 0 0 26.6 ± 0.04 

(n = 2) 

26.4 ± 0.03 

(n = 2) 

26.3 ± 0.04 

(n = 1) 
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Dactylospongia 

elegans 

Light 1376 ± 42 

(n = 1) 

1359 ± 71 

(n = 2) 

1502 ± 75 

(n = 2) 

30.3 ± 0.14 

(n = 1) 

28.7 ± 0.10 

(n = 2) 

27.9 ± 0.16 

(n = 2) 

Dark 0 0 0 26.6 ± 0.04 

(n = 1) 

26.4 ± 0.03 

(n = 2) 

26.3 ± 0.04 

(n = 2) 

Axinella sp. Light 1337 ± 38 

(n = 2) 

1291 ± 50 

(n = 2) 

1324 ± 59 

(n = 1) 

28.3 ± 0.10 

(n = 2) 

28.0 ± 0.07 

(n = 2) 

28.7 ± 0.07 

(n = 1) 

Dark 0 0 0 26.0 ± 0.04 

(n = 2) 

25.3 ± 0.04 

(n = 2) 

26.2 ± 0.04 

(n = 1) 

Clathria reinwardti Light 1337 ± 38 

(n = 2) 

1291 ± 50 

(n = 1) 

1324 ± 59 

(n = 2) 

28.3 ± 0.10 

(n = 2) 

28.0 ± 0.07 

(n = 1) 

28.7 ± 0.07 

(n = 2) 

Dark 0 0 0 26.0 ± 0.04 

(n = 2) 

25.3 ± 0.04 

(n = 1) 

26.2 ± 0.04 

(n = 2) 
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Table S.3.2. Net primary production (PN), gross primary production (PG), and dark respiration (RD) of the studied sponges based on the sponge 

volume (mol mL-1 h-1), wet weight (mol gWW
 -1 h-1), dry weight (mol gDW

-1 h-1), and ash-free dry-weight (mol gAFDW
-1 h-1). Values are expressed in 

mean ± SE, n = 5. 

Sponge Net Primary Production Gross Primary Production Respiration 

Based 

on 

sponge 

volume 

Based on 

sponge 

wet 

weight 

Based on 

sponge 

dry 

weight 

Based on 

sponge 

AFDW 

Based on 

sponge 

volume 

Based on 

sponge 

wet 

weight 

Based on 

sponge 

dry 

weight 

Based on 

sponge 

AFDW 

Based on 

sponge 

volume 

Based on 

sponge 

wet 

weight 

Based on 

sponge 

dry weight 

Based on 

sponge 

AFDW 

Spongia sp. -0.0002 

± 0.0001 

-0.0008 ± 

0.0003 

-0.0009 ± 

0.0003 

-0.0056 ± 

0.0018 

0.0003 ± 

0.0003 

0.0016 ± 

0.0012 

0.0020 ± 

0.0015 

0.0127 ± 

0.0097 

-0.0007 ± 

0.0002 

-0.0047 ± 

0.0021 

-0.0080 ± 

0.0051 

-0.0538 ± 

0.0348 

Spheciospongia 

sp. 

0.0010 ± 

0.0003 

0.0026 ± 

0.0009 

0.0032 ± 

0.0012 

0.0285 ± 

0.0109 

0.0013 ± 

0.0008 

0.0018 ± 

0.0006 

0.0046 ± 

0.0031 

0.0363 ± 

0.0255 

-0.0006 ± 

0.0002 

-0.0016 ± 

0.0004 

-0.0019 ± 

0.0006 

-0.0158 ± 

0.0061 

Phyllospongia 

foliascens 

0.0054 ± 

0.0012 

0.0063 ± 

0.0015 

0.0324 ± 

0.0064 

0.0518 ± 

0.0122 

0.0078 ± 

0.0014 

0.0092 ± 

0.0018 

0.0472 ± 

0.0074 

0.0751 ± 

0.0149 

-0.0025 ± 

0.0002 

-0.0029 ± 

0.0003 

-0.0149 ± 

0.0011 

-0.0232 ± 

0.0024 

Haliclona 

koremella 

0.0117 ± 

0.0007 

0.0149 ± 

0.0007 

0.1980 ± 

0.0176 

0.3039 ± 

0.0273 

0.0152 ± 

0.0008 

0.0194 ± 

0.0013 

0.2548 ± 

0.0165 

0.3929 ± 

0.0302 

-0.0035 ± 

0.0007 

-0.0045 ± 

0.0011 

-0.0568 ± 

0.0095 

-0.0890 ± 

0.0180 

Amphimedon 

sp. 

-0.0016 

± 0.0003 

-0.0051 ± 

0.0025 

-0.0176 ± 

0.0056 

-0.0275 ± 

0.0102 

0.0004 ± 

0.0006 

0.0005 ± 

0.0013 

0.0069 ± 

0.0063 

0.0089 

±0.0090 

-0.0020 ± 

0.0003 

-0.0050 ± 

0.0015 

-0.0251 ± 

0.0058 

-0.0373 ± 

0.0082 

Dactylospongia 

elegans 

0.0023 ± 

0.0007 

0.0042 ± 

0.0009 

0.0220 ± 

0.0099 

0.0293 ± 

0.0118 

0.0035 ± 

0.0010 

0.0067 ± 

0.0014 

0.0331 ± 

0.0134 

0.0442 ± 

0.0157 

-0.0012 ± 

0.0003 

-0.0025 ± 

0.0007 

-0.0111 ± 

0.0037 

-0.0149 ± 

0.0043 

Axinella sp. 0.0009 ± 

0.0003 

0.0024 ± 

0.0011 

0.0088 ± 

0.0020 

0.0134 ± 

0.0036 

0.0014 ± 

0.0004 

0.0041 ± 

0.0021 

0.0137 ± 

0.0028 

0.0205 ± 

0.0044 

-0.0005 ± 

0.0001 

-0.0021 ± 

0.0009 

-0.0049 ± 

0.0014 

-0.0066 ± 

0.0018 

Clathria 

reinwardti 

0.0013 ± 

0.0001 

0.0024 ± 

0.0006 

0.0169 ± 

0.0041 

0.0278 ± 

0.0067 

0.0031 ± 

0.0005 

0.0054 ± 

0.0011 

0.0375 ± 

0.0076 

0.0609 ± 

0.0122 

-0.0015 ± 

0.0004 

-0.0026 ± 

0.0007 

-0.0182 ± 

0.0044 

-0.0289 ± 

0.0068 
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Table S.3.3. (A) Results of two-factor permutational analysis of variance (PERMANOVA) 

testing the effect of light intensity (Li), temperature (Te), and the interaction of light intensity 

and temperature (LixTe) on differences in net primary production (PN); and (B) results of one-

factor PERMANOVAs testing the effect of temperature (Te) in the difference in dark 

respiration (RD). 

(A) 

                                     Unique 

Source df      SS      MS Pseudo-F P(perm)  perms 

Li  1   1.101   1.101   1.0064   0.321    995 

Te  3 0.39519 0.13173  0.12041   0.956    998 

LixTe**  1 0.22521 0.22521  0.20586    0.65    999 

Res 28  30.632   1.094                         

Total 33      33                        

 

(B) 

                                         Unique 

Source df        SS        MS Pseudo-F P(perm)  perms 

Te  2 2.9165E-2 1.4583E-2   2.2357   0.106    998 

Res 38   0.24786 6.5227E-3                         

Total 40   0.27703            

 

 

 

Table S.3.4. (A) Full results of PERMANOVA based on sponge abundance (gAFDW) of the 

autotrophic and heterotrophic sponges; and (B) based on the proportion of autotrophic and 

heterotrophic sponge (%). Zo denotes tidal zones, and Si for sites.  

(A)  
                                   Unique 

Source df     SS     MS Pseudo-F P(perm)  perms 

Zo  2 7169.8 3584.9   3.9008   0.012    999 

Si  1 280.74 280.74  0.30548   0.734    999 

ZoxSi  2 7330.7 3665.3   3.9883   0.013    998 

Res 12  11028 919.02                         

Total 17  25809         

 

(B) 
                                    Unique 

Source df     SS     MS  Pseudo-F P(perm)  perms 

Zo  2 5019.7 2509.9    4.6266   0.032    999 

Si  1 46.985 46.985 8.6611E-2   0.746    995 

ZoxSi  2 888.21  444.1   0.81864   0.475    998 

Res 12 6509.9 542.49                          

Total 17  12465       
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Table S.3.5 Multiple comparisons of means between sponge species’ Pnet : Rdark ratio, from 

one-way ANOVA. A = Spongia sp; B = Spheciospongia sp.; C = Phyllospongia foliascens; D 

= Haliclona koremella; E = Amphimedon sp.; F = Dactylospongia elegans; G = Axinella sp.; H 

= Clathria reinwardti. 

(I) Sponge (J) Sponge 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

A B -2.43332 .82302 .128 -5.2541 .3874 

C -2.70856* .78079 .046 -5.3845 -.0326 

D -4.44006* .75431 <.001 -7.0253 -1.8548 

E .38360 .78079 1.000 -2.2924 3.0596 

F -2.55423 .78079 .069 -5.2302 .1218 

G -2.43813 .82302 .127 -5.2589 .3826 

H -1.45416 .82302 .702 -4.2749 1.3666 

I .66131 .82302 .996 -2.1594 3.4820 

B A 2.43332 .82302 .128 -.3874 5.2541 

C -.27524 .68859 1.000 -2.6352 2.0848 

D -2.00673 .65842 .108 -4.2633 .2499 

E 2.81692* .68859 .012 .4569 5.1769 

F -.12090 .68859 1.000 -2.4809 2.2391 

G -.00481 .73613 1.000 -2.5278 2.5181 

H .97916 .73613 .911 -1.5438 3.5021 

I 3.09463* .73613 .009 .5717 5.6176 

C A 2.70856* .78079 .046 .0326 5.3845 

B .27524 .68859 1.000 -2.0848 2.6352 

D -1.73149 .60480 .153 -3.8043 .3413 

E 3.09216* .63751 .002 .9072 5.2771 

F .15434 .63751 1.000 -2.0306 2.3393 

G .27043 .68859 1.000 -2.0896 2.6304 

H 1.25440 .68859 .669 -1.1056 3.6144 

I 3.36987* .68859 .002 1.0099 5.7299 

D A 4.44006* .75431 <.001 1.8548 7.0253 

B 2.00673 .65842 .108 -.2499 4.2633 

C 1.73149 .60480 .153 -.3413 3.8043 

E 4.82366* .60480 <.001 2.7508 6.8965 

F 1.88583 .60480 .094 -.1870 3.9586 

G 2.00192 .65842 .109 -.2547 4.2585 

H 2.98590* .65842 .004 .7293 5.2425 

I 5.10136* .65842 <.001 2.8448 7.3580 

E A -.38360 .78079 1.000 -3.0596 2.2924 

B -2.81692* .68859 .012 -5.1769 -.4569 

C -3.09216* .63751 .002 -5.2771 -.9072 

D -4.82366* .60480 <.001 -6.8965 -2.7508 

F -2.93783* .63751 .004 -5.1228 -.7529 

G -2.82173* .68859 .011 -5.1817 -.4617 

H -1.83776 .68859 .215 -4.1978 .5222 

I .27771 .68859 1.000 -2.0823 2.6377 
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F A 2.55423 .78079 .069 -.1218 5.2302 

B .12090 .68859 1.000 -2.2391 2.4809 

C -.15434 .63751 1.000 -2.3393 2.0306 

D -1.88583 .60480 .094 -3.9586 .1870 

E 2.93783* .63751 .004 .7529 5.1228 

G .11609 .68859 1.000 -2.2439 2.4761 

H 1.10007 .68859 .796 -1.2599 3.4601 

I 3.21553* .68859 .003 .8555 5.5755 

G A 2.43813 .82302 .127 -.3826 5.2589 

B .00481 .73613 1.000 -2.5181 2.5278 

C -.27043 .68859 1.000 -2.6304 2.0896 

D -2.00192 .65842 .109 -4.2585 .2547 

E 2.82173* .68859 .011 .4617 5.1817 

F -.11609 .68859 1.000 -2.4761 2.2439 

H .98397 .73613 .909 -1.5390 3.5069 

I 3.09944* .73613 .009 .5765 5.6224 

H A 1.45416 .82302 .702 -1.3666 4.2749 

B -.97916 .73613 .911 -3.5021 1.5438 

C -1.25440 .68859 .669 -3.6144 1.1056 

D -2.98590* .65842 .004 -5.2425 -.7293 

E 1.83776 .68859 .215 -.5222 4.1978 

F -1.10007 .68859 .796 -3.4601 1.2599 

G -.98397 .73613 .909 -3.5069 1.5390 

I 2.11547 .73613 .150 -.4075 4.6384 

I A -.66131 .82302 .996 -3.4820 2.1594 

B -3.09463* .73613 .009 -5.6176 -.5717 

C -3.36987* .68859 .002 -5.7299 -1.0099 

D -5.10136* .65842 <.001 -7.3580 -2.8448 

E -.27771 .68859 1.000 -2.6377 2.0823 

F -3.21553* .68859 .003 -5.5755 -.8555 

G -3.09944* .73613 .009 -5.6224 -.5765 

H -2.11547 .73613 .150 -4.6384 .4075 

*. The mean difference is significant at the 0.05 level. 
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Appendix C – Supplementary data for Chapter 5, Autotrophic vs 

heterotrophic sponge-mediated picoplankton flux in an Indo-Pacific 

seagrass meadow 

Table S.5.1. Summary of t-test results of the picoplankton removal rate against zero removal 

by the seagrass sponges in the Wakatobi National Park, Southeast Sulawesi – Indonesia. The 

values showed are the P-values between picoplankton removal efficiency and zero removal. P-

value larger than 0.1 (p > 0.1) indicates for not significant different; lower or equal with 0.1 (p 

< 0.1) indicates marginally significant different; and lower or equal with 0.05 (p < 0.05) 

indicates highly significant different with zero removal. 

Sponge Dark Light 

HET SYN PEUK HET SYN PEUK 

Heterotrophic sponge             

Spongia sp. 0.1802 0.0004 0.0005 0.0369 0.0039 0.3426 

Amphimedon sp. 0.3422 0.0024 0.2921 0.0257 0.0003 0.4471 

  
      

Autotrophic sponge 
      

Spheciospongia sp. 0.0027 0.0687 0.0836 0.1024 0.0251 0.4699 

Phyllospongia foliascens 0.0000 0.0020 0.1240 0.2815 0.0388 0.4048 

Haliclona koremella 0.4743 0.0006 0.1236 0.0582 0.0233 0.4502 

Dactylospongia elegans 0.0824 0.0509 0.0001 0.4775 0.0013 0.4866 

Table S.5.2. Full results of the two-way PERMANOVA test for differences between nutritional 

mode (i.e. auto- and heterotrophic sponges; “Nu”), between light and dark incubations 

(representing day and night-time; “Da”), and interaction between the sponge’s nutritional mode 

and diel cycle (day & night). 

Source df SS MS Pseudo-F P(perm) 
Unique 

perms 

Nutritional mode (Nu) 1 5205.3 5205.3 4.4512 0.007 998 

Day period (Da) 1 3497.9 3497.9 2.9912 0.048 998 

Nu x Da 1 622.99 622.99 0.53275 0.652 998 

Res 34 39760 1169.4       

Total 37 48715         
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Figure S.5.1. The enumeration gating of picoplankton groups from the dark incubations (seven 

batches, A – G). 
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Figure S.5.2. The enumeration gating of picoplankton groups from the light incubations (six 

measurement batches, A – F). 
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Figure S.5.3. The composition of picoplankton biomass in dark (A) and light (B) incubations. 
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