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Abstract 
 

IN SITU DOM REMOVAL AND NUTRIENT CYCLING BY DOMINANT EMERGENT SPONGES IN 
THE FLORIDA KEYS 

 
Jacqueline G Keleher  

Bachelor of Science in Marine Fisheries, Texas A&M University at Galveston 
Bachelor of Science in Marine Biology, Texas A&M University at Galveston 

Master of Science Degree in Biology., Appalachian State University 
 
 

Chairperson:  Dr. Cara Fiore 
 
 

 Coral reefs are biodiverse and productive ecosystems that are found in typically 

oligotrophic (low nutrient) environments. The focus of research on nutrient acquisition and 

partitioning among coral reef organisms has, historically, been focused on corals and their 

symbiotic zooxanthellae. For example, different clades of zooxanthellae are adapted to 

different irradiance levels which facilitates coexisting species of corals. Comparatively very 

few studies have asked if and how coexisting sponges and their symbiotic microbial 

communities partition nutrients (i.e., utilization of different nutrient pools across species). To 

address this question, this study set up an artificial reef off the coast of the Florida Keys using 

dominant emergent sponges found in the Caribbean and Florida Keys. Inhalant and exhalant 

water samples were collected using Vacusip, samples were filtered with a 0.2 µm supor filter 

then processed for dissolved nutrients using fluorescence dissolved organic matter (fDOM), 

total dissolved nitrogen (TDN), and dissolved organic carbon (DOC). This is the first 
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application of fDOM analysis to sponges. In this study, I found that the microbial abundance 

(i.e. the commonly used high and low microbial abundance (HMA/LMA) classification) was 

not an effective indicator for the way in which nutrients are processed by these sponge species. 

Additionally, the use of fDOM analysis indicated nuance in DOM utilization across species 

with differential consumption of fDOM components across sponge species. In summary, rather 

than microbial abundance alone, a combination of sponge species identity and the composition 

of the symbiotic microbial community members (e.g., presence of photosymbionts) appears to 

explain the most variation in nutrient processing by sponges. These results provide the first 

support for resource partitioning of dissolved nutrients across coexisting sponge species and 

provide support for the evolutionary importance of microbial communities in sponges.  
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PURPOSE OF STUDY 

Coral reefs are biodiverse and productive ecosystems despite being surrounded by 

oligotrophic seawater. Historically there has been a strong focus of studies on particular 

microfauna such as the corals, and fish that live in tropical reef systems, these studies have 

yielded insight into mechanisms of nutrient retention and partitioning within coral reefs. 

Specifically, tight nutrient recycling within the coral holobiont (coral plus zooxanthellae and 

associated prokaryotes) has been observed along with resource partitioning of light and/or 

limiting nutrients such as nitrogen by different zooxanthellae (algal symbionts) across coral 

species on a reef (Muscatine, Porter & Kaplan, 1989; Muscatine & Kaplan, 1994). Additionally, 

the presence of diverse fish communities generally supports a healthy reef (Beita-Jiménez et al., 

2019) and there is often resource partitioning by coexisting fish species (e.g., Brandl, Casey & 

Meyer, 2020). Studies of sponges, by comparison, are relatively lacking, despite the prevalence 

of sponges on many coral reefs and there is limited understanding of the forces (e.g., nutrient 

availability, predators) that have shaped the present community assemblage of sponges. The 

primary purpose of this study is to examine resource partitioning in coexisting sponge species 

and more specifically, to better understand how sponge holobionts, the host sponges and their 

symbiotic microbial communities, differentially utilize and release dissolved organic matter 

across species. This project is a portion of a larger study that will provide a deeper understanding 

of the role of sponges in nutrient cycling on reefs in the Florida Keys and insight into ecological 

and evolutionary forces that have shaped sponge community assemblages in the Caribbean. Such 

data provide essential context for investigating the impact of current environmental stressors on 

reef structure.  
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INTRODUCTION 
 

Coral Reefs 
Historically coral reefs have been viewed as dominated by corals which are primary reef 

builders (Darwin & Fitzroy, 1842). Coral reefs are also commonly described as areas of high 

biomass and high species diversity in otherwise nutrient poor environments (Connell, 1978; 

Bellwood et al., 2019). This high diversity is due, in part, to the high rates of turnover of 

dissolved organic matter on coral reefs, tight recycling of nutrients by coral reef organisms, and 

nearshore enrichment from deep water nutrient sources (Wild et al., 2004; de Goeij et al., 2013; 

Gove et al., 2016; Morais & Bellwood, 2019).  

Descriptions of reefs from early scientists like Darwin no longer fit the majority of the 

reefs that we see today (Darwin & Fitzroy, 1842; Bellwood et al., 2019). Over the past century 

there have been drastic changes in the structure and function of coral reef ecosystems (Bellwood 

et al., 2019). Specifically, coral cover has declined as ocean warming, coral bleaching events, 

and outbreaks of disease have increased, threatening the structure and stability of coral reef 

ecosystems (Bruno & Selig, 2007; Eakin et al., 2010; Hughes et al., 2017, 2018; Muller et al., 

2020). While there have been advances in our understanding of some of the factors involved in 

the decline of many coral reefs (e.g., connections between algal communities and coral disease 

through the release of dissolved organic carbon), there are in fact fundamental questions yet to be 

addressed about the community structure and function of coral reefs, particularly involving the 

relatively under-studied organismal groups such as sponges.  

Coral reefs found in the Caribbean and North Atlantic make up 14% of the world’s coral 

reefs, including the Florida Keys which is one of the largest reefs in the world (Smith, 1978; 

Lapointe et al., 2020). Since the mid- to late- 1990’s coral reefs in the Caribbean and Florida 
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Keys have been recognized as disease hotspots for corals because of how quickly diseases have 

emerged in these coral reefs (Weil, Smith & Gil-Agudelo, 2006; Muller et al., 2020). Stony coral 

tissue loss disease has ravaged the corals in the coral reefs in the Florida Keys often leaving 

entire colonies dead (Muller et al., 2020). Simultaneously, there has been a suggestion that 

sponges have increased on Caribbean reefs, particularly in regions of coral loss (Bell et al., 

2013), although there is debate on this topic given the variable distribution of sponges (Wulff, 

2001; reviewed in Bell et al., 2018) and variable outcomes of experimental stressors such as 

temperature and pH on sponge survival (e.g., Beepat et al., 2020).  

The community composition of coral reefs is driven by species interactions, local 

environmental effects like nutrient input, occurrence of disease, and climate change (Muller et 

al., 2020; Page et al., 2021). Additionally, microbial symbionts, such as single-celled algae or 

bacteria or archaea, can influence species distribution by facilitating transfer and recycling of 

nutrients within a host organism such as corals or sponges (Wilkinson & Fay, 1979; Kvennefors 

et al., 2010; Nelson et al., 2011; de Goeij et al., 2013). The term ‘symbiont’ refers two or more 

organisms living together regardless of the outcome as beneficial or not, as defined by de Bary 

(Oulhen, Schulz & Carrier, 2016). The productivity from such symbiotic interactions supports 

the high species diversity of coral reefs and the resulting ecosystem services of coral reefs 

(Spurgeon, 1992). There is similar support for the role of microbial symbionts in expanding the 

metabolism in host sponges and thus, these symbionts may have an evolutionary impact on the 

species assemblages of sponge communities today, although empirical studies examining this 

hypothesis are limited and represent an important area of future work in coral reef ecology 

(Freeman, Easson & Baker, 2014; Morganti et al., 2016; Freeman et al., 2020a). Addressing this 

hypothesis is the goal of the research presented here. 
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Sponge Biology 
Sponges are the oldest extant metazoans on earth, they belong to the phylum Porifera 

which is defined by sessile, filter-feeding organisms with complex aquiferous systems (Müller & 

Müller, 2003; Borchiellini et al., 2008; Van Soest et al., 2012). There are between 8,500-11,000 

known species of extant sponges (Van Soest et al., 2012). They live in a variety of aquatic 

environments and grow in a variety of shapes and sizes, with some freshwater species being a 

few centimeters to some marine sponges being large enough for a human to sit inside (Downey 

et al., 2012; Pawlik et al., 2015). Sponges have been used by civilizations since prehistoric times, 

but were first described scientifically by Robert Grant in 1836 when he called them porifera, 

since then spongeology, or the study of the biology, ecology, taxonomy, and chemistry of 

sponges, has become an ever growing field (Voultsiadou et al., 2011; Van Soest et al., 2012). 

Despite their morphological simplicity, abundance in the world’s oceans, and the growing 

number of spongeologists, they are not well studied, and there are still debates about how they 

should be classified in the animal kingdom (Dunn, Leys & Haddock, 2015; Simion et al., 2017; 

Feuda et al., 2017; Nielsen, 2019; Redmond & McLysaght, 2021). 

Sponges have specialized cells with flagella called choanocytes that help pump water 

through their body. These choanocytes are packed in the inhalant and exhalant canals (ostia and 

osculum) of the sponge to help move water through the sponge. Most sponges have complex 

morphologies termed “leuconoid”, while a few calcareous sponges have less complex systems 

termed “asconoid” or “syconoid”(Reiswig, 1975a; Manuel, 2006). Asconoid forms of calcareous 

sponges grow as a single tube with a short canal system and their choanocytes form in a single 

layer on the inner surface of the sponges spongocoel, which is the central cavity of the sponge 
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(Lavrov et al., 2022). Syconoid forms are similar but instead of being a single tube, their body is 

composed of several tubes, as if several asconoids were growing out of one base (Figure 1) 

(Asadzadeh et al., 2020). The vast majority of sponges on coral reefs are leuconoid with well-

developed canals and choanocyte chambers for filtering seawater and belong to the class 

Demospongiaea. These demosponges exhibit different growth morphologies such as rope form, 

vase, or mound, and the aquiferous system also varies in extent across sponge species (i.e., 

density of choanocyte chambers). The extent of development of the aquiferous system may be 

influenced by the abundance of the symbiotic microbial community (e.g., Poppell et al. 2014) 

which is thought to be linked to whether a sponge species relies more on filtering seawater or 

relies on its microbial community as a source of nutrients. 

 
Sponge Symbiotic Microbial Communities 

Since the early 1900s spongeologists have known that sponges were hosts to 

microorganisms in their mesohyl, which is most of the sponge tissue except for the outermost 

layer of cells (Dosse, 1939; Gloeckner et al., 2014). Later it was seen that certain species had 

higher densities of microbes while others’ mesohyl (inner layers of sponge tissue) seemed to be 

completely lacking in microbes (Reiswig, 1974; Vacelet & Donadey, 1977; Wilkinson, 1978). 

Reiswig (1974) referred to these two categories of microbial abundance as “bacterial sponges” 

and “non-symbiont harboring, normal sponges” but later the terms were changed to “high 

microbial abundance” and “low microbial abundance” (HMA and LMA respectively) (Reiswig, 

1981; Hentschel et al., 2003). In general, HMA sponges have 108-1010 microorganism per gram 

of sponge tissue, which is 2-4 orders of magnitude more concentrated than seawater and is 20-

35% of the biomass of the sponge while LMA sponges have 105-106 bacteria per gram of sponge 
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tissue, which is within the range of seawater microbial densities (Hentschel, Usher & Taylor, 

2006; Taylor et al., 2007; Hentschel et al., 2012).  

Sponges and their symbiotic microbial communities play a key role in the transfer of 

nutrients from pelagic to benthic food webs with some having the ability to selectively feed 

while others can change pumping rates to utilize available resources more efficiently (de Goeij et 

al., 2013; Reiswig, 1971; Hansen et al., 2009). Some differences in feeding strategy and 

morphology (e.g., choanocyte chamber density) can be seen between HMA and LMA sponges. 

For example, a study done on 8 Caribbean sponges showed HMA sponges had a lower pumping 

rate and removed less particulate organic matter (POM) when compared to LMA sponges 

(Weisz, Lindquist & Martens, 2008; Poppell et al., 2014; Mueller et al., 2014).  

Historically, the difference in the acquisition of nutrients and morphological traits, has 

been used to support the idea that HMA and LMA species have completely different life 

strategies (Vacelet & Donadey, 1977; Weisz, Lindquist & Martens, 2008). However, as studies 

have more closely examined the microbial communities of sponges,  nuances have emerged in 

the abundances of symbionts that supports the idea of a continuum of abundance and 

composition of sponge symbiotic microbial communities rather than two purely separate 

strategies, (Easson & Thacker, 2014; Thomas et al., 2016; Turon et al., 2018). This work has led 

to a shift in the paradigm of microbial symbiont abundances, setting up the hypothesis that there 

is evolutionary investment by sponges in their microbial communities and that these symbionts 

have had some role in shaping the trajectory of sponge assemblages on coral reefs (Freeman et 

al., 2020a). 
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Symbiotic Microbial Community Composition 
 Over the past few decades there has been an increased interest in the metabolites of 

sponge holobionts due to the potential uses they have pharmaceutically and industrially as well 

as to gain a better understanding of how their metabolites are utilized by sponges and other reef 

organisms (Faulknet et al., 2000; Marzuki, Kamaruddin & Ahmad, 2021; Freeman et al., 2013; 

Fiore, Jarett & Lesser, 2013; Freeman et al., 2020a; de Goeij et al., 2013). Microbial symbionts 

expand the amount of nutrients accessible to their hosts by breaking down complex molecules 

and making them bioavailable, especially in locations that would otherwise be nearly 

inhospitable due to a lack of available nutrients (Moran, 2007; Taylor et al., 2007; Hentschel et 

al., 2012; Rubin-Blum et al., 2019; Zhang et al., 2019). Different types of microbial symbionts 

utilize different fractions of dissolved and particulate organic matter in the water, for instance 

heterotrophic symbionts convert dissolved organic carbon (DOC) into microbial biomass and 

CO2, while and autotrophic symbionts such as photosymbionts (primarily Cyanobacteria) and 

nitrifying symbionts may produce some DOC and likely influence the forms of bioavailable 

nitrogen within the sponge host (Weisz et al., 2007; Freeman & Thacker, 2011; Freeman et al., 

2013). Nitrifying microbes are prevalent in marine sponges and may be part of a ‘core’ symbiont 

community (Thomas et al. 2016). These include the Nitrososphaerota (syn. Thaumarchaeota), 

which are archaea that oxidize ammonia to nitrite, and Nitrospira spp. which oxidize nitrite to 

nitrate. 

Studies that have looked at metagenomes of sponge associated microbes have found 

similar features, or core functions, that are considered to be relevant to symbiosis (Thomas et al., 

2010; Fan et al., 2012; Hentschel et al., 2012; Horn et al., 2016). These core functions (Table 1) 

have been found in sponges from around the globe and are not carried out by the same symbionts 

in each sponge, but rather by a variety of similar mechanisms (Ribes et al., 2012; Fan et al., 
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2012). These core functions span a range of features, such as nitrogen cycling functions and the 

presence of eukaryotic-like domains in some proteins that allow sponge symbionts to interact 

with and adapt to the host sponge (Pita et al., 2018).  

Recent studies looking at the community composition of sponge holobionts have found 

41 bacterial phyla (including candidate phyla) with the most prevalent phyla being 

proteobacteria. Other primary phyla included Actinobacteria, Chloroflexi, Nitrospirae, 

Cyanobacteria, and Poribacteria (Thomas et al., 2016; Bayer et al., 2018; Pita et al., 2018). 

Sponges traditionally classified as HMA have been found to be enriched in Chloroflexi, 

Acidobacteria, and Poribacteria while those traditionally classified as LMAs are enriched in 

Proteobacteria and Cyanobacteria, the latter may be transient bacteria from the water column. 

However, despite the differences in community composition, the core functions carried out by 

the symbionts span the perceived dichotomy of microbial abundances (Pita et al., 2018). For 

example, there are many proposed pathways for which carbon, nitrogen, sulfur and vitamins may 

be exchanged between the model sponge species Ircina ramosa and its symbiotic microbes 

(Figure 2, Engelberts et al., 2020).  

 

Dissolved Organic Matter 
 Natural organic matter (NOM) is a complicated mixture composed of organic compounds 

that come from decaying plant and animal tissue (Nebbioso & Piccolo, 2013; Sillanpää, 

Matilainen & Lahtinen, 2015). NOM is split into two categories, they are defined as matter that 

can pass through a 0.45-μm filter (dissolved organic matter, DOM) and matter that gets trapped 

on a 0.45-μm filter (particulate organic matter, POM) (Figure 3) (Thurman, 1985). Dissolved 

organic matter is a complex mixture of nutrients found in water and is relatively inaccessible to 
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most coral reef dwelling organisms (de Goeij et al., 2013; Rix et al., 2016b, 2018). DOM is 

primarily produced by benthic primary producers and is the largest organic resource on coral 

reefs (Tanaka et al., 2011; Haas et al., 2011; Atkinson & Falter, 2020). It is well established that 

corals and algae aid in cycling DOM on reefs and in the past decade sponges have also been 

found to take part in the cycling of DOM on reefs (de Goeij et al., 2013; Rix, 2015; Rix et al., 

2016b, 2018). The “sponge loop” pathway (Figure 4), first described by de Goeij et al 2013, 

explains how sponges are able to facilitate the transfer of benthic DOM to higher trophic levels 

by converting it into biomass and then shedding cells as particulate organic matter (POM) (de 

Goeij et al., 2013).  

DOM can be categorized in several ways, including how long it exists in the water under 

normal conditions, molecular weight, and composition (Benner et al., 1992; Moran et al., 2016). 

DOM reactivity, or the amount of time DOM exists in an environment under normal conditions, 

it is split into three categories: labile, semi-labile, and refractory. Labile DOM is DOM that does 

not exist in an environment for very long, it is consumed by microbes within a matter of hours or 

days. Semi-labile DOM is less reactive, meaning it lasts for weeks or years before it is degraded. 

Refractory DOM is the least reactive and can last in the ocean for millennia (Moran et al., 2016). 

When categorizing DOM by molecular weight there are two categories: high molecular weight 

and low molecular weight. High molecular weight DOM thought to generally be refractory and 

includes molecules like proteins and large humic molecules (Benner et al., 1992). Low molecular 

weight DOM is thought to include both more labile components like sugars, amino acids and 

vitamins and more recalcitrant molecules like complex humics and plant-derived lignin (Carlson 

et al., 1985; Benner et al., 1992). Low molecular weight DOM also makes up somewhere 

between 60-80% of DOM (Carlson et al., 1985; Benner et al., 1992; Ogawa & Ogura, 1992; 
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Amon & Benner, 1994). The primary subsections of DOM that this study is focusing on are: 

dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and fluorescent DOM (fDOM) 

(Figure 5). 

 
Dissolved Organic Carbon 

Dissolved organic carbon, DOC, is typically a complex mixture of all labile and 

refractory molecules and is considered a ‘bulk’ measurement of DOM (de Goeij & van Duyl, 

2007). Reefs have enhanced levels of DOC compared to oceanic surface water because the 

production of DOC on coral reefs exceeds what reef organisms use (Johannes, 1967; Pagès, 

Torréton & Sempéré, 1997; van Duyl & Gast, 2001). DOC is released by algae and corals and 

consumed by a variety of organisms including bacteria (Johannes, 1967; Richman, Loya & 

Sloboclkin, 1975; Azam et al., 1983; Fenchel, 1988). Historically it was thought that sponges 

were purely suspension feeders, consuming plankton (Reiswig, 1971, 1975b; Vacelet & Boury-

Esnault, 1995; Pile et al., 1997; Ribes, Coma & Gili, 1999; Perea-Blázquez, Davy & Bell, 2012). 

However, Reiswig hypothesized that they may consume DOC which was later confirmed by 

several studies (Reiswig, 1974; Yahel et al., 2003; de Goeij et al., 2008, 2013; Ribes et al., 2012; 

Mueller et al., 2014). Recently, it has also been shown that DOC is consumed and released by 

sponges and their microbial symbionts (Rix et al., 2016b; Hudspith et al., 2021). 

In the early 1970s and 80s Reiswig showed that there was an incongruity with the 

metabolic demands of sponges and the amount of carbon that they consumed through particulate 

organic carbon (POC), this gap in carbon demand is filled by sponges ability to utilize DOC 

(Reiswig, 1971, 1974, 1981; Yahel et al., 2003). There was a hypothesis that due to their higher 

pumping rates and elevated retention of POM, that LMA sponges did not consume DOC (Wesiz 

2008). However, it is now well documented that DOC is the primary source of carbon for 
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sponges, and it has been shown that sponges in both the LMA and HMA categories utilize DOC. 

Sponges use DOC to build tissue; for example, the sponge Xestospongia muta relies primarily on 

DOC for its carbon budget (96%) with the remainder being particulate organic carbon and 

detritus  (Yahel et al., 2003; Hoer et al., 2018; Bart et al., 2021). 

 

Role of Nitrogen on Coral Reefs and in Sponges 
Nitrogen is the second most abundant molecule on earth, but it is primarily found as 

dinitrogen (N2) which is not bioavailable to most organisms (Zehr & Capone, 2020). Because of 

this, nitrogen is a limiting factor in primary production of the ocean that influences the 

availability of nutrients to the system (Ward, Capone & Zehr, 2007; Fiore et al., 2010). Microbes 

are vital to making N2 available to other organisms and even play a part in each of the 5 steps of 

the oceanic nitrogen cycle: fixation, nitrification, denitrification, anaerobic ammonium oxidation, 

and remineralization which control the available nitrogen in the ocean (Ward, Capone & Zehr, 

2007; Zehr, 2009; Maldonado, Ribes & van Duyl, 2012).  

Traditionally two types of Cyanobacteria, free-living Trichodesmium and diatom 

symbiont Richelia, were thought to be responsible for the majority of N2 fixation, however, 

recent advances have found that other Cyanobacteria as well as other diazotrophs can fix 

nitrogen (Zehr & Capone, 2020). N2 fixation occurs in a variety of environments in the ocean, 

from hydrothermal vents, sediments, surface ocean water, and in some corals and sponges 

(Mehta & Baross, 2006; Fiore et al., 2010; Knapp et al., 2016; Middelburg et al., 2016; Dekas et 

al., 2018; Zehr & Capone, 2020). Sponges host a variety of microbes that appear to only be 

found in sponges and are important in nitrogen cycling (Steindler et al., 2005; Taylor et al., 2007; 

Southwell, Popp & Martens, 2008; Southwell et al., 2008; Mohamed et al., 2008, 2010). 



12 
 

Interestingly, nitrogen cycling [nitrogen fixation, nitrification, denitrification, dissimilatory 

nitrate reduction to ammonia (DNRA)] has been observed as an important trait found in many 

sponge symbiotic communities that is present across sponge species and was considered less 

important for free-living microbial communities (Thomas et al., 2010; Fan et al., 2012). 

Additionally, there is support for transfer of nitrogen between symbionts and host sponge, which 

may vary across species more so than the transfer of carbon, indicating an important role of 

nitrogen in sponge-microbe symbiosis and that nitrogen may be important in nutrient partitioning 

in sponges (Freeman & Thacker, 2011; Fiore, Jarett & Lesser, 2013; Freeman et al., 2020b). 

 

Colored Dissolved Organic Matter and Fluorescent Dissolved Organic Matter 
 Some DOM interacts with radiation and is called colored, or chromophoric (CDOM),  

and is defined as the DOM that absorbs light in the blue and UV spectra and can appear colored 

to the naked eye (Nelson, Siegel & Michaels, 1998; Coble, 2007). Within CDOM falls 

fluorescent DOM (fDOM) which is DOM that fluoresces when it absorbs light (Coble, 2007)  

When a molecule absorbs energy its electrons get excited which move them to a higher energy 

level, when that energy level decreases and the electron returns to its original energy level, or 

ground state, it lose energy in the form of emitting light, this process is called fluorescence. 

These excitations and emissions are measured in wavelengths and are unique for specific 

molecular structures and can be used to identify specific types of DOM and can be used to glean 

information about the origin and composition of DOM (Fellman, Hood & Spencer, 2010; 

Gonçalves-Araujo et al., 2016).  

Spectroscopy is used to visualize these excitations and emissions. Spectroscopy uses a 

focused beam of light to excite the electrons in a controlled manner, the excitation is directed 
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towards a filter and on to a detector which is used to identify the molecule by the changes in its 

excitation and emission. The detector translates the energy gained and lost to a line on a graph 

which can be used to understand the molecule(s) being excited (Figure 6A). 3-D scans can also 

be created using the excitation, the emission to, and the intensity (or height of the peak), these 

are called excitation emission matrix (EEM) as seen in Figure 6B. EEMs are like fingerprints for 

each sample and provide information on the origin and composition of the sample they are 

testing (Coble, 2007; HORIBA Scientific, 2018). 

There are 7 general types of peaks (Table 2) that have been identified in marine systems, 

they fall into two primary groups, humic-like and protein-, or amino acid-, like (Coble et al., 

1990; Coble, 2007). The peaks that are included in the amino-acid like group are amino acids 

tryptophan (peak T), tyrosine (peak B), and phenylalanine; the peaks A (UVB excitation humic-

like), M (UVA excitation marine humic-like), and C (UVA excitation humic-like) fluoresce at 

higher wavelengths and belong to the humic-like subgroup of peaks (Coble, 1996; Hudson, 

Baker & Reynolds, 2007; Jørgensen et al., 2011; Catalá et al., 2016). Humic-like fDOM is made 

of complex molecules, like lignin, which is resistant to degradation and is traditionally thought to 

be terrestrial in origin and sourced far from the location it was collected (Osburn & Bianchi, 

2017; Maqbool et al., 2020). Amino acid-like fDOM is made of more simple molecules, like 

tryptophan, is easily consumed by microbes or altered by light, is traditionally believed to be 

sourced close to its collection location. Oceanic amino acid-like fDOM is believed to be created 

by bacteria on the surface of the water (Cory et al., 2007). 

In the work described below, I address the hypothesis that sponge species will vary in the 

consumption of DOM, specifically bulk DOC and TDN and fDOM components. I further 

hypothesize that the symbiotic microbial communities have a role in the different consumption 
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of DOM across sponge species and that this symbiont effect will be detected by categorizing 

major groups of symbionts in sponges such as the presence of photosymbionts or nitrifying 

bacteria. These hypotheses were addressed with an artificial reef populated with the 10 most 

abundant sponge species in the Caribbean and these sponge species exhibit diverse symbiotic 

microbial communities. 

 

METHODS  
 

In Situ Experiment Setup 
To examine differences in nutrient profiles across sponge species, an artificial reef was 

constructed with 5 rows, with 10 cinder blocks per row, the rows were arranged in a semi-circle, 

and rebar was run through each individual row and secured at the middle and ends to ensure that 

the rows would not move over the duration of the experiment. Species (n = 10 replicates of 10 

species) were placed on the rows in roughly a Latin-square design to spread out any 

environmental variable that may exist on the artificial reef across replicates of species (Table 3). 

The depth of the reef was approximately 7 m and immediately surrounding the reef was sand on 

all sides. The rows of sponges were placed so that they are as equal as possible in exposure to 

light and water flow. Two pieces of 5mm polystyrene mesh were placed on top of each of the 

cinder blocks and secured with cable ties. Ten individuals of each of the 10 focal species 

(Aiolochroia crassa, Aplysina cauliformis, Aplysina fulva, Amphimedon compressa, Iotrochota 

birotulata, Ircinia felix, Niphates digitalis, Callyspongia aculeata, Verongula rigida, and 

Xestospongia muta) were selected and individuals were attached to the polystyrene mesh using 

cable ties and the sponges were allowed to acclimate for 4 months. The sponge species selected 

were based on prevalence in the Caribbean (Loh & Pawlik, 2014) and included four LMA 
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species (Amphimedon compressa, Iotrochota birotulata, Niphates digitalis, Callyspongia 

aculeata) while the remaining six species are considered HMA sponges. 

 

In Situ Water collection 
Samples for all nutrient analyses were collected using a modular vacuum set up 

(VacuSIP) which was implemented and modified from Morganti et al. 2016. The VacuSIP 

included poly ether ether ketone (PEEK) tubing (used commonly in HPLC instruments) that was 

placed over the sponge osculum (sponge exhalent seawater) or near the sponge (inhalant 

seawater) and positioned using tripods. The tubing was connected via syringe needle to a 

pressurized 250 mL amber glass bottles with Teflon septate caps (Figure 7). The 250 ml glass 

vials were pre-combusted within days of sampling (6 h at 450 °C) and pressurized manually to -

15 psi and this pressure increased slightly at the depth of the artificial reef. VacuSIP lines, were 

acid rinsed in 10% HCl. Pumping was confirmed using fluorescent dye before each collection 

and the dye was allowed to clear before sampling. Tubing was then positioned directly above the 

pumping oscula for small sponges or inside the oscula close to the sponge for larger sponges. 

VacuSIP lines were then attached to the appropriate 250ml bottles in the crates by sticking the 

needles at the end of the line into the septa of the bottle. Tubing for inhalant water collection 

inserted into the appropriate 250ml bottles (Figure 7). The apparatus contained fewer lines than 

250 mL collection bottles, so the apparatus was set up to fill half of the bottles in the collection 

crate (Figure 7) for 120 minutes, then the lines were moved to new bottles to fill the remaining 

bottles for 90 minutes. Once at the surface the 250 ml bottles for each individual sample were 

combined into 2L bottles, one for inhalant and one for exhalent water samples that were labeled 

and then stored on ice in coolers until they were filtered.  
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Water Filtration  
A Cole-Palmer Masterflex L/S Intertek fitted with a Masterflex L/S easyload II head and 

Multichannel Pump Head Cartridges was used to filter the samples at a rate of 40ml/min through 

High-Performance Precision Pump Tubing, PharMed® BPT, L/S 15 with a 0.2µm supor filter 

into 1L acid-rinsed polycarbonate bottles that were covered with aluminum foil. The filters were 

archived for future microbiome analysis and the filtrate was stored in 40 mL amber vials with 

Teflon septa. Filtrate for DOC and TDN was acidified to ~pH 2 using 6N HCl and stored at 4°C. 

Samples for DOC and TDN were sent to the UGA Stable Isotope Ecology Laboratory for 

analysis using a Shimadzu TOC-5000A Total Organic Carbon Analyzer. Filtrate for fDOM was 

not acidified and stored at 4°C. The fDOM samples were shipped to a collaborator at the 

University of Hawaii (Dr. Craig Nelson) where they were stored until analysis. I worked with the 

Nelson lab at UH to process and analyze the fDOM as samples described below. 

 

FDOM Sample Processing 
Following the methods from Nelson et al. (2015) samples were analyzed with a Horiba 

Aqualog scanning fluorometer with 150 W Xe excitation lamp, Peltier-cooled CCD emission 

detector, and simultaneous absorbance spectrometer. Quartz cuvettes of 1 cm diameter, which 

were DIW-leached and rinsed were used to measure fluorescence. Samples were brought to room 

temperature while the Xe bulb warmed up. Excitation-emission matrices (EEMs), 3D contour 

plots of excitation and emission fluorescence, were measured from the 108 samples, starting with 

4 DIW filled cuvettes as blanks at the beginning and end of the analysis. Scans were processed 

using a MATLAB script that use parallel factor analysis (PARAFAC) to identify peaks in the 

EEMs that correspond to previously characterized fluorescent components of humic-like and 
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amino acid-like components (https://github.com/zquinlan/fDOMmatlab/script.md) (Coble, 1996; 

Nelson et al 2015). 

 

Microbial Community Abundance and Composition 
  Additional PCAs were implemented to gain a better understanding of potential impacts of 

the microbial community on sponge processing of nutrients, with the microbial communities 

categorized into three major groups based on the literature or coarse characteristics of certain 

microbial symbionts (e.g., presence of photoautotrophs). The defined groups included 1) 

microbial abundance, 2) microbial composition, and 3) species-specific microbiomes. The 

microbial community abundance was defined as either high microbial abundance or low 

microbial abundance (HMA/LMA) by published previous studies (Hentschel, Usher & Taylor, 

2006; Taylor et al., 2007; Hentschel et al., 2012; Poppell et al., 2014). The microbial community 

composition was defined by the presence of both nitrifying bacteria and archaea and 

photoautotrophs (“both”), nitrifiers only (“nitrate”), or neither of these microbial groups 

(“neither”) (data from Freeman et al., 2020).  

 

Statistical Data Analysis 
All statistical analyses were performed in RStudio (version 10.0.19044.1766). Data were 

normalized standardized by converting it to percent change to visualize the change in nutrient 

profiles by sponge species. Percent change was calculated by subtracting raw exhalant values 

from raw inhalant values then dividing that by inhalant values. Of the fDOM components, the 

categories of humics and amino acids were used either as a sum of amino acids and sum of 

humics (as in Nelson et al., 2015) or as their individual components (e.g., fulvic acid-like, 

phenylalanine-like) in the analysis. Fluorescent DOM measurements are known to correlate to 
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each other (Stedmon et al., 2003); thus, to visualize correlations between the measured DOM 

variables in this study as well as to build a better picture of correlation between the independent 

factors and DOM types (e.g., Chen et al., 2016), correlation matrices were created using z-scored 

inhalant and exhalant and percent change data using the package ‘corrplot’ which uses Pearson’s 

correlation coefficient. To look at the impact that independent factors may have had on the data, 

principal component analyses were performed using the packages ‘prcomp’ and ‘ggbiplot’ 

inhalant and exhalant data were log-transformed and z-scored to approximate a normal 

distribution then standardized by z-score transformation for use in principle components analysis 

(PCA). Percent change data were standardized by z-score only prior to ordination by PCA. 

Permutational analysis of variance (PERMANOVA), a non-parametric multivariate test, was 

applied to assess the impact of sponge species, or microbial abundance, or microbial community 

composition (independent variables) on matrices of z-score standardized dissolved nutrient data 

(fDOM, DOC, TDN) from 1) inhalant seawater, 2) sponge exhalent seawater, and 3) percent 

change in nutrient concentrations (dependent variables). Permutations were set to 999 unless 

otherwise specified If there was a significant effect discovered in the PERMANOVA, then 

analysis of variance (ANOVA) or Kruskal-Wallis test was applied to individual nutrient 

components for a given category (sponge species, microbial abundance, microbial composition), 

followed by the Benjamini-Hochberg correction for controlling the familywise error rate 

(Benjamini & Hochberg, 1995) (Figure 8). 

Assumptions of parametric analysis were assessed with the Shapiro-Wilk tests for 

normality of the data using residuals of the statistical model such as analysis of variance 

(ANOVA) and the Kruskal Wallis test for unequal variances (heteroscedasticity). Differences in 

a particular nutrient type across sponge species or categories of microbial abundance or 
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microbial composition were assessed with ANOVA or the non-parametric Kruskal-Wallis tests. 

ANOVAs were performed with log-transformed data followed by post-hoc Tukey honest 

significant difference (HSD) tests for significant ANOVA results using the functions ‘aov’ and 

‘TukeyHSD’ in R respectively. Kruskal-Wallis rank sum tests were performed when the data did 

not fit a normal distribution or did not conform to homoscedasticity, followed by the Dunn test. 

For multiple tests, the Benjamini-Hochberg correction was implemented to adjust for a false 

discovery rate. Box and whisker plots were made using the percent change data to visualize the 

significant ANOVA and Kruskal-Wallis tests. Heat maps were performed using ‘pheatmap’ 

function to visualize how the independent factors and DOM values in the inhalant, exhalant, and 

percent change data using a Euclidean distance matrix. 

 

RESULTS 
 

Correlation Among Variables  
Some correlations among the DOM components were observed (Figure 9). For inhalant, 

exhalant, and percent change total Raman units was strongly correlated with all fDOM values 

except phenylalanine. The majority of correlations between fDOM types were seen across 

inhalant, exhalant and percent change data. Most correlations occurred within like types of DOM, 

i.e. humic-like types were correlated with humic-like or amino acid-like were correlated with 

amino acid-like. The exceptions being tyrosine- like fDOM which were correlated with all of the 

humic-like fDOM signals for all three data sets (inhalant, exhalant, and percent change). The 

inhalant water samples were the only ones that showed correlations between fulvic-acid and DOC. 

The exhalant water samples showed positive correlations between TDN and marine humic-like 

and tryptophan-like fDOM, as well as strong positive correlations between tryptophan-like fDOM 
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for all other fDOM signals. The exhalant water samples were the only samples that showed 

negative correlations, and were only seen between DOC and marine humic-like, tyrosine-like, and 

lignin-like fDOM. The inhalant and exhalant samples showed strong positive correlations between 

lignin-like fDOM and ultraviolet, marine, and visible humic-like fDOM samples and a positive 

correlation between tyrosine and phenylalanine-like fDOM. The percent change data showed no 

negative correlations, this data set was the only one to show a positive correlation between 

tryptophan-like fDOM and DOC. 

 

Overview of Nutrient Data 
Principal Component Analyses (PCAs) were used to identify independent factors that 

may have an impact on sample analysis, such as the day the sample was collected, row on the 

reef, and neighbor. These PCAs used DOC, TDN, total Raman units (totalRU), humic-like 

fDOM components, and amino acid-like fDOM components as vectors to better understand how 

the DOM is influenced by the sponges filtering of the water.  

There was no significant effect of day that a sample was collected for the percent change 

samples (PERMANOVA, F5,46 = 1.3873, p = 0.1400), however there was a significant effect of 

day that a sample was collected for the inhalant (PERMANOVA, F5,46 =4.7028, adjusted-p = 

0.0030) and exhalant (PERMANOVA, F5,46 = 3.7072, adjusted-p = 0.0075) (Figure 10). This 

significance was likely driven by day 5 collections (Figure 10). 

There was no significant effect of the row that the samples were collected from for 

inhalant (PERMANOVA, F4,37 = 1.1117, p = 0.304), exhalent (PERMANOVA, F4,37 =0.8446, p 

= 0.601) or percent change samples (PERMANOVA, F4,41 = 1.0644, p = 0.386) (Figure 11). 

There was no significant effect of neighboring species of sponge when looking at inhalant 
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(PERMANOVA, F10,41 =1.2596, p =0.252), exhalant (PERMANOVA, F10,41 =1.4175, p =0.166), 

or percent change (PERMANOVA, F5,46 =1.0304, p-0.435). High variability was observed for 

the percent change of measured components by A. crassa in particular (Figure 12).  

 

Microbial Abundance 
When looking at microbial abundance, the LMA sponges were more tightly grouped than 

the HMA sponges based on percent change of the dissolved nutrients between inhalant and 

exhalent seawater samples (Figure 13). The HMA sponges include, Xestospongia muta, Aplysina 

cauliformis, Verongula rigida, and Aiolochroia crassa, while the LMA sponge species include, 

Amphimedon compressa, Iotrochota birotulata, Niphates digitalis, and Callyspongia aculeata. 

There was not a significant effect of HMA and LMA status for sponges on the percent change of 

nutrients (PERMANOVA, F45,9,1,34 = 0.4128, p = 0.645).  

 

Microbial Composition 
For the microbial composition of nitrifiers (“nitrate only”), photoautotrophs plus nitrifiers 

(“both”), or neither (“none”), there was some separation in the ordination of the nitrate group 

(Figure 14)  which was significant (PERMANOVA F2,35 = 2.2286, p = 0.038). The “neither” and 

“both” categories are relatively similar but there is an elongation of the ellipse for the “nitrate” 

group. Sponges that hosted neither photosynthetic nor nitrifying symbionts were more tightly 

grouped, while those that hosted both types of symbionts had a bigger spread. The spread of the 

data for each of these groups of samples were along the x-axis. Conversely spread of the data for 

the sponges that hosted only nitrifying symbionts was more vertical and which was primarily 

driven by the amino acid-like fDOM signals. Sponges that hosted only nitrate producing 
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microbial symbionts appeared to show higher variability in general for nutrient processing of 

seawater (Figure 14). 

 

Sponge Species 
There was little differentiation in the inhalant and exhalent seawater samples by species 

and this was supported by PERMANOVA analysis (F9,32 = 1.1895, adjusted-p = 0.168, inhalant 

and F9,32  = 1.4019, adjusted-p = 0.116, exhalent) (Figure 15). However, there was a significant 

effect of species for the percent change in the measured nutrients (PERMANOVA, F9,32 =1.8521, 

adjusted-p = 0.036) (Figure 15). Additional ANOVA, Kruskal-Wallis models, and post-hoc tests 

were applied to discover which nutrient components are driving the significant effect adjusted. 

Individual fDOM components were visualized by PCA Figure 15. There was a significant effect 

of species on individual fDOM components in the PERMANOVA model even after p-value 

adjustment for false discovery rate (F9,32 = 1.7387, adjusted p = 0.020).  

 

Changes in DOM components: Dissolved Organic Carbon and Total Dissolved Nitrogen 
The percent change of the dissolved organic carbon (DOC) and total dissolved nitrogen 

(TDN) were not significant for species, microbial abundance, or microbial community 

composition (Kruskal-Wallis, Table 5).  

 

Changes in fDOM components: Total Raman Units (RU) 
There was a significant difference in the percent change of the total RU consumed or 

released by the sponges that host nitrifying microbes when comparing sponges that host both 

nitrifying microbes and photosymbionts (Kruskal-Wallis, Table 5). However, the sponges that 
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host neither nitrifying microbial symbionts or photosynthetic microbial symbionts are not 

statistically different from the other two categories (Figure 17, Kruskal-Wallis, Table 5). 

 

Changes in fDOM components: Humic-like  
The consumption and release of visible humic-like fDOM signals that A. cauliformis, A. 

compressa, and A. crassa showed were statistically different from those of X. muta, while not 

statistically different compared to the rest of the sponges (Figure 18a, ANOVA, Table 4). The 

consumption and release of visible humic-like fDOM signals by the sponges that host nitrifying 

symbionts is different than the consumption and release of visible humic-like fDOM signals by 

sponges that host both nitrifying and photosymbionts with consistent net release of visible humic 

like components by sponges hosting nitrifiers (Figure 16ANOVA, Table 4). However, the 

sponges that host neither nitrifying microbial symbionts nor photosynthetic microbial symbionts 

are not statistically different from the two other categories (Figure 18b, ANVOA, Table 4).  

Similarly, the consumption and release of ultraviolet like fDOM signals by sponges that 

host nitrifying symbionts was significantly different than those sponges that hosted both types of 

symbionts. However, sponges that hosted neither type of symbiont were not different from the 

other two categories (Figure 19, ANOVA, Table4). Post-hoc tests (Tukey’s HSD) did not show 

significance between the species of sponge for processing other humic-like fDOM (Table 4). 

Lignin and fulvic acid-like fDOM were not found to have any significant differences between 

species, microbial abundance, or microbial composition (Kruskal-Wallis, Table 5 ). 
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Changes in fDOM components: Amino acid-like components 
The percent change of the tyrosine-like fDOM signals released or consumed by sponges 

were statistically different for sponges that host nitrifiers when compared to sponges that host 

both nitrifiers and photosymbionts (ANOVA Table 4). However, the sponges that host neither 

nitrifying microbial symbionts nor those that host photosynthetic microbial symbionts are 

statistically different from the two other categories (Figure 20 and ANOVA Table 4).  

 

Visualization of Nutrient Profiles for Sponge Species (“Sponge Species view”) 
Heatmaps were used to visualize the relative percent change in DOM and fDOM for each 

sponge species (Figure 16). Categories of microbial abundance or composition were also used to 

visualize potential similarities by these groups. A. cauliformis and X. muta consumed all of the 

types of DOM. The net production of DOC differentiates about half of the sponges (Figure 16). 

Amino acid release and production differentiate A. crassa and I. felix from other species (Figure 

16). In contrast, humic-like release and production differentiated I. birotulata, A. fulva, V. rigida, 

and to some extent A. crassa and I. felix from other species (Figure 16). Total dissolved nitrogen 

(TDN) has variable production or is not consumed by these sponges except in I. felix (Figure 16). 

Most LMA species had a mixture of positive to neutral relative percent changes in the uptake of 

DOM with variability by sponge species observed across the defined groups of abundance and 

composition (Figure 16). 

 

DISCUSSION  
Early studies on sponge microbial ecology suggested that there are broad differences in 

physiology based primarily on microbial symbiont abundances, either high microbial abundance 

(HMA) or low microbial abundance (LMA), which lead to distinct ecological roles of sponges in 
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these groups (Vacelet & Donadey, 1977; Weisz, Lindquist & Martens, 2008). More recent work 

on holobiont processing of DOM have supported the idea that there is a combination of many 

factors that play into how sponges process nutrients (Easson & Thacker, 2014; Thomas et al., 

2016; Turon et al., 2018). While it has been demonstrated that sponges do alter the DOM pool of 

nutrients as they filter water for food, there is a limited understanding of how sponges process 

DOM and what drives the differences in the which nutrients they consume or release (Fiore, 

Freeman & Kujawinski, 2017; Letourneau et al., 2020; Olinger et al., 2021). Gaining a better 

understanding of how sponges process nutrients will aid in better predicting potential changes in 

sponge dominated ecosystems as global climates change (Bell et al., 2013, 2018).  

In this study I looked at the change of DOM in seawater after a sponge had processed it 

and compared these changes in DOM across sponge species. Through a combination of three-

dimensional fluorescence excitation-emission matrix spectroscopy with PARAFAC analysis and 

complementary nutrient analysis I found that the variation in DOM processing by sponges was 

best explained by sponge species rather than by microbial symbiont abundance or broad 

categories of symbiont composition. However, there appears to be some significant effect of 

nitrifying and photoautotrophic microbial symbionts on DOM processing by sponges. This is the 

first study to apply fluorescent DOM analysis to sponge processing of DOM and provides new 

insight on how sponges process both the total amount of DOM (i.e., measurements of DOC and 

TDN) and broad categories of DOM based on fluorescence (i.e., humic-like and amino acid-like 

components of DOM). 

 

Microbial abundance does not explain variation in DOM processing 
Previous studies have suggested that differences in microbial abundance (HMA vs LMA 

sponges) were correlated with distinct differences in pumping rates and differences in the sponge 
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mesohyl composition such as density of choanocyte chambers, which contain the primary cells 

involved in pumping and filtration (Vacelet & Donadey, 1977; Weisz, Lindquist & Martens, 

2008). For example, LMA sponges were found to have a higher pumping rate and more 

choanocyte chambers on average than HMA sponges (Mueller et al., 2014; Poppell et al., 2014). 

Additionally, LMA sponges are broadly considered to consume DOC and produce DON, while 

HMA sponges are broadly considered to consume both DOC and DON, potentially relying on 

LMA sponges as a source of DON (Reiswig, 1971; Vacelet & Donadey, 1977; Weisz, Lindquist 

& Martens, 2008; Mueller et al., 2014; Morganti et al., 2017; Bart et al., 2020). A connection 

between the presence of symbiotic microbes and the types of nutrients released has also been 

observed previously. For example, nitrate production from sponges with high densities of 

nitrifying bacteria and archaea (Southwell et al., 2008; Fiore, Jarett & Lesser, 2013; Archer et al., 

2017). A lack of cohesion between the way that HMA and LMA sponges consume and release 

DOM was observed in this study. All LMA species were found to consume and release different 

portions of DOM, however, some HMA species only consumed DOM (A. cauliformis and X. 

muta), some consumed and released different portions of DOM (A. fulva, V. rigida, and I. felix) 

and A. crassa only released DOM.  

 
Microbial composition may explain some variation in DOM processing 

The results of this work provide support for differences in nutrient processing of sponges 

classified in broad categories of microbial composition. Microbial composition based on 

functional categories of the presence of nitrifying microbes and/or photosynthetic Cyanobacteria 

might be expected to shape how nutrients are processed by the sponge, particularly if these 

groups are abundant, as they have a distinct metabolic profile and have been shown to influence 

the rest of the microbial community composition in corals (Bourne et al., 2013). However, a lack 
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of influence of Cyanobacteria on the rest of the microbial symbiont community composition was 

also observed in another recent study with sponges (Britstein et al., 2020). In my study the 

specific type of DOM that sponges consumed and released was not consistently explained across 

the categories “neither”, “nitrate”, and “both”. However, some significant differences were 

observed, where nitrifying sponges were different from those containing both nitrifiers and 

photosymbionts, although these were not different from the sponges with neither of those 

symbionts. It should be noted that there were only 2 species in the group that hosted just 

nitrifying symbionts and further work will be necessary to gain a better understanding of how 

this grouping may be unique. These intriguing results point to a contribution by the phototrophic 

community or to a metabolism that is shaped by having both phototrophs and nitrifiers present 

that influence processing of the fluorescent components of DOM. There may also be important 

categories of microbes that are not captured by these broad categories (nitrate, both, neither) that 

influence how sponge holobionts process DOM (e.g., anoxygenic phototrophs, other 

chemoautotrophs, different types of heterotrophs). Alternatively, the sponge may be driving the 

processing of DOM with little influence by the microbial community. For example, sponge cells 

of at least two species have been shown to take up DOM directly (Hudspith et al., 2021), 

although more work is needed to determine how prevalent sponge uptake of DOM is across 

species, the rate of uptake, and if the proportion of uptake varies between sponge cells and 

symbionts cells across sponge species.  

 

Support for sponge species-specific processing of DOM 

While there is broad overlap in microbial phyla found in different sponges, studies using 

a variety of techniques for microbial analyses (including electron microscopy, fluorescence 
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microscopy, culture-based work, and Next Generation Sequencing) have demonstrated that 

sponge microbiome composition is primarily host specific and relatively stable over time, with 

some variation of the microbial symbiont community due to seasonal, environmental, and 

geographical effects (Erwin et al., 2012; White et al., 2012; Hardoim et al., 2012; Cleary et al., 

2013; Reveillaud et al., 2014). Furthermore, Easson and Thacker (2014) found that microbial 

community variation was not related to the abundance of microbes a sponge hosted, which 

supports the idea that classifying microbial community structure based on microbial abundances 

alone is no longer a suitable method. Thus, if microbial symbionts do have some role in how 

sponges process DOM, there may be species-specific differences in nutrient profiles of sponge 

exhalent water that are driven, at least in part, by the species-specific symbiotic microbial 

community. 

The current study supports the differentiation of DOM consumed by species and these 

results are broadly supported by studies that have shown nuances in the nutrient acquisition of 

sponge species that fit a spectrum rather than two rigid categories (Easson & Thacker, 2014; 

Thomas et al., 2016; Turon et al., 2018; Freeman et al., 2020b). While bulk DOC and TDN were 

not significantly different by species, microbial abundance, or microbial composition, there was 

high variability across species and the values were higher than expected (2-5x higher) and these 

results may change with further investigation into potential methodological issues with the 

analysis.  

The visualization and statistical results of changes in fDOM composition by sponge 

filtration support a broad difference in nutrient acquisition based on sponge species. These 

results are in-line with the theory of resource partitioning of coexisting species that has been 

suggested previously for sponges (Freeman et al., 2020b; Freeman et al. 2021). Sponges 
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processed total Raman units, certain amino acid-like fDOM and certain humic-like fDOM 

(Tables 4 and 5). Sponges host several different taxa of symbionts that are unrelated but are able 

to break down large molecules, like polysaccharides that may derive from the sponge or from the 

seawater. This further explains how sponges are able to exist densely packed into one location 

(Robbins et al., 2021). Coral reefs are found in nutrient poor waters and nitrogen in particular is a 

limiting nutrient on reefs (Tanaka et al., 2011). Additional work has demonstrated that sponges 

in the Caribbean are likely not carbon limited but may be nitrogen limited based on C:N ratios of 

food sources and the prevalence of nitrogen cycling in sponges including transfer of nitrogen 

from symbionts to host (Robbins et. al., 2021). The findings from this project are supported by 

the competitive exclusion principle, which states that two species that compete for the same 

limited resource cannot co-exist (Hardin, 1960). 

Marine sponges help recycle the nutrients on coral reefs. The results from this study, and 

others, suggest that differentiation in nutrient processing of sponges may support niche 

partitioning on coral reefs (Morganti et al., 2017; Freeman et al., 2020b). HMA sponges utilize 

nitrogenous waste that is excreted from LMA sponge species (Morganti et al., 2017). This allows 

HMA and LMA species to live in close proximity to each other, facilitating the dense 

assemblages of varied species of sponges that are often seen on coral reefs (Morganti et al., 

2017). Furthermore, symbiont-derived benefit to host sponges have been shown to vary across 

species using stable isotopically labeled carbon and nitrogen compounds taken up by microbial 

symbionts (Freeman et al., 2020b). The ability to utilize different portions of DOM that we see in 

the results of this study could allow sponges to coexist on coral reefs in dense assemblages. 

One hypothesis for how sponges process DOM is that sponges may broadly be net 

producers of humic-like compounds that are more recalcitrant to microbial degradation and tend 
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to accumulate in the ocean (Letourneau et al., 2020; Olinger et al., 2021). My work is the first to 

use the fluorescent component of DOM as a proxy for the broader profile of DOM and to gain 

insight into sponge-induced changes in humic-like and changes in amino acid-like compounds, 

which likely differ in their lability to coral reef microbes (Quinlan et al., 2018; Wegley Kelly et 

al., 2022). In general, differences in humic-like and amino acid-like fDOM components were 

observed across sponge species, suggesting that we may not be able to group all sponges together 

in terms of their impact on degradation of DOM. 

Variation in the use of fDOM components by species was visible to some extent in the 

ordination with percent change of the fDOM components. In general, vectors for amino acid-like 

fDOM, humic-like fDOM, and total dissolved nitrogen seemed to drive some distinction by 

species as seen in Figure 15. High variability in the use of fDOM is well documented (Wurl, 

2009; Nelson et al., 2015) and while there was not complete separation by species in the 

ordinations performed here, the results support differences in resource use across species and it 

may be that relatively minor differences in nutrient use is enough to facilitate the coexistence of 

sponge species, an observation made in other systems such as plants (Kulmatiski et al, 2020), 

fish (Knickle & Rose, 2014), and anurans (Cloyed & Eason, 2017).  

Further differences in the processing of fDOM in these sponges can be seen in the 

heatmap which compared profiles of relative changes (i.e., changes in nutrient concentrations 

scaled between -1 and 1 for each species) in nutrient concentrations across species. Interestingly, 

the patterns that emerged from the nutrient profiles conflicted, to an extent, with the clear 

separations visible which may be a result of small changes in nutrients that are amplified when 

made into a relative profile. The results of these nutrient profiles, however, provide another view 

of fDOM processing across species and yielded four distinct patterns (see Figure 21). Pattern 
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group 1 includes A. fulva, I. birotulata, and V. rigida all tended produce humic-like signals 

(except lignin-like fDOM signals) with a mixture of consumption and release of amino acid-like 

fDOM. I. birotulata and V. rigida did show some separation by humics in the ordination, and the 

net release of humics may be an attribute of all three sponge species but to varying degrees. 

Pattern group 2 consists of A. crassa and I. felix and had similar humic-like trends to pattern 

group 1 but also had net production of lignin-like and amino acid-like fDOM components. 

Pattern group 3 included N. digitalis, A. compressa, and C. aculeata which are all LMA sponges 

that did not host either of the phototrophic or nitrifying symbionts, however, these three sponges 

tended to consume a broader spectrum of fDOM with low net production of some amino acid-

like components. This is reflected to some extent the ordination where these three sponges align 

more with the vectors for amino-acid like components and notably A. compressa ellipse is 

distinct potentially and this species consumed relatively more DOM than the other two species in 

pattern 3. Pattern group 4 contains A. cauliformis and X. muta, this grouping had broad net 

consumption of all fDOM components to varying degrees. Sponges have been found to host 

symbionts that can break down complex molecules, such as lignin- and other humic-like fDOM 

which may explain the differences in humic-like fDOM consumption by species (Robbins et al., 

2021). 

Sponge processing of fDOM is likely shaped in part by the composition of fDOM in the 

surrounding seawater. The production of DOM in the ocean is thought to be driven by metabolic 

release by heterotrophic microbes, metabolic overflow by photoautotrophs, and viral lysis and 

predation of multiple plankton groups (e.g., bacterioplankton, zooplankton) (Carlson & Hansell, 

2015). Marine picocyanobacteria are unicellular prokaryotic phytoplankton that are abundant and 

widely distributed throughout the ocean. Synechococcus and Prochlorococcus are two of the 
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most commonly found groups, including on coral reefs (Zhao et al., 2017). Despite their small 

size, they are major primary producers in the world’s oceans and contribute to the marine DOM 

pool in the ocean’s surface (Zhao et al., 2017). For example, picocyanobacteria-derived fDOM 

was recently shown to be an important source of fDOM at a global ocean scale, with similar 

optical properties and fDOM components between picocyanobacteria-derived fDOM and fDOM 

from the sea surface and deep-sea in the Sargasso Sea, a large expanse of the northern Atlantic 

Ocean (Sommer et al., 2015; Zhao et al., 2017; Fong, Ng & Ng, 2018). Importantly, 

picocyanobacteria produce more humic-like fDOM components than previously thought and 

may be a source of humic-like fDOM on coral reefs (Zhao et al., 2017). Therefore, lignin-like 

and other humic-like fDOM observed in the inhalant seawater in this study may have been 

present in the water due to phytoplankton and/or nearby reef. The collection site was relatively 

isolated and surrounded by a sand patch with scattered patch reefs comprised of sparse 

encrusting algae, sponges, and soft corals. Limited studies of DOM on coral reefs have also 

documented release of high concentrations of DOC from corals and from algae, although they 

composition of the that DOC and the fDOM components differ between them (Haas et al. 2013; 

Quinlan et al, 2018; Wegley Kelly et al., 2022). It is known that exudates from corals have been 

found to accumulate faster and are composed of higher portions of amino-acid like fDOM than 

algal exudates which do not accumulate and produce higher portions of humic-like fDOM 

(Quinlan et al., 2018; Wegley Kelly et al., 2022). This study indicated that sponges as a group do 

not align strictly with coral or algae based on the release of fDOM. Rather, there are differences 

in release of fDOM across species. The species-specific release of humic-like or amino acid-like 

compounds may have implications for understanding nutrient cycling on coral reefs and how 

nutrient dynamics may change as sponge populations change with environmental perturbations.  
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Limitations and Future Directions 

There are some limitations to this study. Because of the location of the field site, which is 

approximately 5 miles from the Mote Marine Lab or 40 minutes by boat, the collection of data 

for this project was dependent on the weather and marine forecast. The collection of samples had 

to be prematurely stopped due to the impending tropical storm Fred and hurricane Grace (Pasch, 

2022). This caused the sample size of the collections to be smaller (5-6 samples per species) than 

planned for (7-10 samples per species) with a larger sample size there may have been more 

identifiable differences. These impending storms also impacted the turbidity of the water, with 

some days being very turbid and others being less turbid. This in addition to possible natural 

variation across the artificial reef caused some differences by day in the inhalant water, but most 

of that appears to be mitigated when looking at the percent change. Indeed, given the natural 

changes in water flow, composition over the sampling period, and fewer than planned replicates, 

the observation of any signal by species is supportive of at least some resource partitioning of the 

DOM pool across sponge species. There are several correlations between the types of fDOM 

(Figure 9) for inhalant, exhalant and percent change seen in the results. Even though the amino 

acid-like and humic-like are comprised of material, fDOM is related which explains the 

correlations seen between several of the fDOM types (Coble et al., 1990; Jørgensen et al., 2011; 

Coble, 2013). 

Additionally, sponges are generally sensitive, and many will stop pumping if touched, 

keeping that in mind, when the Vacusip apparatus was set up the lines were close to the 

pinacoderm (outer layer of cells of the sponge) without touching, however, this means that, 

inevitably, some non-filtered water contaminated each of the samples. Knowing this, the changes 

that are seen in the exhalant and percent change data are exciting and show the need for further 
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study. It is also possible that low concentrations of fDOM limited the amount of fDOM that was 

identified, since a 350nm absorption coefficient was used, other studies have used 280 in areas 

with decreased fDOM concentrations (Li et al., 2022). 

Future directions of this work will be to look at the pumping rates, specific microbial 

communities of the sponges that were collected for this project, and fDOM indices. 

Understanding the pumping rates of these sponges will allow for better understanding of how 

much DOM is processed by volume and time which will aid in understanding how sponges will 

impact oceanic DOM in the future. Studies have found that the microbial composition of sponges 

is related to host species but that the primary attributing factor to the variation in community 

composition of symbionts was the presence or absence of photosymbionts in 11 invertebrates 

from the Great Barrier Reef (Bourne et al., 2013; Li et al., 2022). Understanding the specific 

microbial communities that these sponges host could be another piece to understand the puzzle 

of sponge nutrient processing. This will create a more detailed picture of the role sponges and 

their microbial communities play in processing nutrients on coral reefs and will aid in the 

understanding of how reefs will change in the future as global climate change progresses. Easson 

and Thacker (2014) found that the relatedness of hosts was a factor in the composition and 

abundance of sponge microbial communities. Future work could focus on including the 

relatedness of the sponge species with the microbial communities to investigate if that factor 

plays a role in how these sponges utilize DOM. Previous work with fDOM has looked at fDOM 

indices, such as humification index, biological index, and the fluorescence index, to understand 

the complexity of the DOM (Miranda et al., 2018; Wegley Kelly et al., 2022). Moving forward 

using to better understand the composition of the fDOM being processed could be done using 

these indices. 



35 
 

 

CONCLUSION 
 

There are multiple factors that affect how sponges utilize and process DOM on coral reefs, 

including but not limited to, microbial community composition and physiology of the host 

species. Overall, there was a lack of support for differences in processing DOM by microbial 

abundance alone. Instead, there was support for distinct differences in DOM processing across 

sponge species and microbial compositions. These results support the idea that sponges exist on 

a spectrum of resource partitioning that are shaped by the host and the symbiont community 

rather than divided into discrete categories by microbial abundance or community composition. 

This project is a portion of a larger study that will provide a deeper understanding of the role 

of sponges in nutrient cycling on reefs in the Florida Keys and insight into ecological and 

evolutionary forces that have shaped sponge community assemblages in the Caribbean. Such 

data provide essential context for investigating the impact of current environmental stressors on 

reef structure, create a fuller picture of the role sponges and their microbial communities in 

process nutrients on coral reefs, and aid in the understanding of how reefs will change in the 

future as global climate change progresses.   



36 
 

REFERENCES 
Amon RMW, Benner R. 1994. Rapid cycling of high-molecular-weight dissolved organic matter in the 

ocean. Nature 369:549–552. DOI: 10.1038/369549a0. 

Archer SK, Stevens JL, Rossi RE, Matterson KO, Layman CA. 2017. Abiotic conditions drive significant 

variability in nutrient processing by a common Caribbean sponge, Ircinia felix. Limnology and 

Oceanography 62:1783–1793. DOI: 10.1002/lno.10533. 

Asadzadeh SS, Kiørboe T, Larsen PS, Leys SP, Yahel G, Walther JH. 2020. Hydrodynamics of sponge 

pumps and evolution of the sponge body plan. eLife 9:e61012. DOI: 10.7554/eLife.61012. 

Asadzadeh SS, Larsen PS, Riisgård HU, Walther JH. 2019. Hydrodynamics of the leucon sponge pump. 

Journal of The Royal Society Interface 16:20180630. DOI: 10.1098/rsif.2018.0630. 

Atkinson MJ, Falter JL. 2020. Biogeochemistry of coral reefs. In: Black KD, Shimmield GB eds. 

Biogeochemistry of Marine Systems. Blackwell, 40–64. DOI: 10.1201/9780367812423-2. 

Azam F, Fenchel T, Field J, Gray J, Meyer-Reil L, Thingstad F. 1983. The Ecological Role of Water-

Column Microbes in the Sea. Marine Ecology Progress Series 10:257–263. DOI: 

10.3354/meps010257. 

Bart MC, de Kluijver A, Hoetjes S, Absalah S, Mueller B, Kenchington E, Rapp HT, de Goeij JM. 2020. 

Differential processing of dissolved and particulate organic matter by deep-sea sponges and their 

microbial symbionts. Scientific Reports 10:17515. DOI: 10.1038/s41598-020-74670-0. 

Bart MC, Mueller B, Rombouts T, Ven C, Tompkins GJ, Osinga R, Brussaard CPD, MacDonald B, Engel 

A, Rapp HT, Goeij JM. 2021. Dissolved organic carbon (DOC ) is essential to balance the 

metabolic demands of four dominant NORTH‐ATLANTIC deep‐sea sponges. Limnology and 

Oceanography 66:925–938. DOI: 10.1002/lno.11652. 

Bayer K, Jahn MT, Slaby BM, Moitinho-Silva L, Hentschel U. 2018. Marine Sponges as Chloroflexi Hot 

Spots: Genomic Insights and High-Resolution Visualization of an Abundant and Diverse 

Symbiotic Clade. mSystems 3:e00150-18. DOI: 10.1128/mSystems.00150-18. 



37 
 

Beepat SS, Davy SK, Woods L, Bell JJ. 2020. Short-term responses of tropical lagoon sponges to 

elevated temperature and nitrate. Marine Environmental Research 157:104922. DOI: 

10.1016/j.marenvres.2020.104922. 

Beita-Jiménez A, Alvarado JJ, Mena S, Guzmán-Mora AG. 2019. Benefits of protection on reef fish 

assemblages in a human impacted region in Costa Rica. Ocean & Coastal Management 169:165–

170. DOI: 10.1016/j.ocecoaman.2018.12.023. 

Bell JJ, Bennett HM, Rovellini A, Webster NS. 2018. Sponges to Be Winners under Near-Future Climate 

Scenarios. BioScience 68:955–968. DOI: 10.1093/biosci/biy142. 

Bell JJ, Davy SK, Jones T, Taylor MW, Webster NS. 2013. Could some coral reefs become sponge reefs 

as our climate changes? Global Change Biology 19:2613–2624. DOI: 10.1111/gcb.12212. 

Bellwood DR, Pratchett MS, Morrison TH, Gurney GG, Hughes TP, Álvarez-Romero JG, Day JC, 

Grantham R, Grech A, Hoey AS, Jones GP, Pandolfi JM, Tebbett SB, Techera E, Weeks R, 

Cumming GS. 2019. Coral reef conservation in the Anthropocene: Confronting spatial 

mismatches and prioritizing functions. Biological Conservation 236:604–615. DOI: 

10.1016/j.biocon.2019.05.056. 

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: A practical and powerful approach 

to multiple testing. Journal of the Royal Statistical Society: Series B (Methodological) 57:289–

300. DOI: 10.1111/j.2517-6161.1995.tb02031.x. 

Benner R, Pakulski JD, McCarthy M, Hedges JI, Hatcher PG. 1992. Bulk chemical characteristics of 

dissolved organic matter in the ocean. Science 255:1561–1564. DOI: 

10.1126/science.255.5051.1561. 

Borchiellini C, Manuel M, Alivon E, Boury-Esnault N, Vacelet J, Le Parco Y. 2008. Sponge paraphyly 

and the origin of Metazoa: Sponge paraphyly. Journal of Evolutionary Biology 14:171–179. DOI: 

10.1046/j.1420-9101.2001.00244.x. 



38 
 

Bourne DG, Dennis PG, Uthicke S, Soo RM, Tyson GW, Webster N. 2013. Coral reef invertebrate 

microbiomes correlate with the presence of photosymbionts. The ISME Journal 7:1452–1458. 

DOI: 10.1038/ismej.2012.172. 

Brandl SJ, Casey JM, Meyer CP. 2020. Dietary and habitat niche partitioning in congeneric cryptobenthic 

reef fish species. Coral Reefs 39:305–317. DOI: 10.1007/s00338-020-01892-z. 

Britstein M, Cerrano C, Burgsdorf I, Zoccarato L, Kenny NJ, Riesgo A, Lalzar M, Steindler L. 2020. 

Sponge microbiome stability during environmental acquisition of highly specific photosymbionts. 

Environmental Microbiology 22:3593–3607. DOI: 10.1111/1462-2920.15165. 

Bruno JF, Selig ER. 2007. Regional decline of coral cover in the Indo-Pacific: Timing, extent, and 

subregional comparisons. PLoS ONE 2:e711. DOI: 10.1371/journal.pone.0000711. 

Carlson DJ, Brann ML, Mague TH, Mayer LM. 1985. Molecular weight distribution of dissolved organic 

materials in seawater determined by ultrafiltration: a re-examination. Marine Chemistry 16:155–

171. DOI: 10.1016/0304-4203(85)90020-9. 

Carlson CA, Hansell DA. 2015. DOM sources, sinks, reactivity, and budgets. Biogeochemistry of Marine 

Dissolved Organic Matter. Elsevier, 65–126. DOI: 10.1016/B978-0-12-405940-5.00003-0. 

Catalá TS, Álvarez-Salgado XA, Otero J, Iuculano F, Companys B, Horstkotte B, Romera-Castillo C, 

Nieto-Cid M, Latasa M, Morán XAG, Gasol JM, Marrasé C, Stedmon CA, Reche I. 2016. 

Drivers of fluorescent dissolved organic matter in the global epipelagic ocean: Drivers of FDOM 

in the epipelagic ocean. Limnology and Oceanography 61:1101–1119. DOI: 10.1002/lno.10281. 

Chen M., Kim JH., Nam SI, Niessen F, Hong WL, Kang MH, Hur J.2016  Production of fluorescent 

dissolved organic matter in Arctic Ocean sediments. Sci Rep 6, 39213. 

https://doi.org/10.1038/srep39213 

Cleary DFR, Becking LE, de Voogd NJ, Pires ACC, Polónia ARM, Egas C, Gomes NCM. 2013. Habitat- 

and host-related variation in sponge bacterial symbiont communities in Indonesian waters. FEMS 

Microbiology Ecology 85:465–482. DOI: 10.1111/1574-6941.12135. 



39 
 

Cloyed CS, Eason PK. 2017. Niche partitioning and the role of intraspecific niche variation in structuring 

a guild of generalist anurans. Royal Society Open Science 4:170060. DOI: 10.1098/rsos.170060. 

Coble PG. 1996. Characterization of marine and terrestrial DOM in seawater using excitation-emission 

matrix spectroscopy. Marine Chemistry 51:325–346. DOI: 10.1016/0304-4203(95)00062-3. 

Coble PG. 2007. Marine optical biogeochemistry:  The chemistry of ocean color. Chemical Reviews 

107:402–418. DOI: https://doi.org/10.1021/cr050350+. 

Coble PG. 2013. Colored dissolved organic matter in seawater. Subsea Optics and Imaging. Elsevier, 98–

118. DOI: 10.1533/9780857093523.2.98. 

Coble PG, Green SA, Blough NV, Gagosian RB. 1990. Characterization of dissolved organic matter in 

the Black Sea by fluorescence spectroscopy. Nature 348:432–435. DOI: 10.1038/348432a0. 

Connell JH. 1978. Diversity in tropical rain forests and coral reefs. Science 199:1302–1310. DOI: 

10.1126/science.199.4335.1302. 

Cory RM, McKnight DM, Chin Y-P, Miller P, Jaros CL. 2007. Chemical characteristics of fulvic acids 

from Arctic surface waters: Microbial contributions and photochemical transformations: 

Characteristics of arctic fulvic acids. Journal of Geophysical Research: Biogeosciences 112:n/a-

n/a. DOI: 10.1029/2006JG000343. 

Darwin C, Fitzroy R. 1842. The structure and distribution of coral reefs: Being the first part of the 

geology of the voyage of the Beagle, under the command of Capt. Fitzroy, R. N. during the years 

1832 to 1836. Smith, Elder and Co. (London). 

Dekas AE, Fike DA, Chadwick GL, Green‐Saxena A, Fortney J, Connon SA, Dawson KS, Orphan VJ. 

2018. Widespread nitrogen fixation in sediments from diverse deep‐sea sites of elevated carbon 

loading. Environmental Microbiology 20:4281–4296. DOI: 10.1111/1462-2920.14342. 

Dosse G. 1939. Bakterien- und Pilzbefunde sowie pathologische und Fäulnis-Vorgänge im Meeres- sowie 

Süβwasserschwämmen. Untersuchungen mit dem gegenwärtigen Sterben der Badeschwämme in 

Westindien. Z. Parasitenkd 11:331–356. 



40 
 

Downey RV, Griffiths HJ, Linse K, Janussen D. 2012. Diversity and distribution patterns in high southern 

latitude sponges. PLoS ONE 7:e41672. DOI: 10.1371/journal.pone.0041672. 

Dunn CW, Leys SP, Haddock SHD. 2015. The hidden biology of sponges and ctenophores. Trends in 

Ecology & Evolution 30:282–291. DOI: 10.1016/j.tree.2015.03.003. 

Eakin CM, Morgan JA, Heron SF, Smith TB, Liu G, Alvarez-Filip L, Baca B, Bartels E, Bastidas C, 

Bouchon C, Brandt M, Bruckner AW, Bunkley-Williams L, Cameron A, Causey BD, Chiappone 

M, Christensen TRL, Crabbe MJC, Day O, de la Guardia E, Díaz-Pulido G, DiResta D, Gil-

Agudelo DL, Gilliam DS, Ginsburg RN, Gore S, Guzmán HM, Hendee JC, Hernández-Delgado 

EA, Husain E, Jeffrey CFG, Jones RJ, Jordán-Dahlgren E, Kaufman LS, Kline DI, Kramer PA, 

Lang JC, Lirman D, Mallela J, Manfrino C, Maréchal J-P, Marks K, Mihaly J, Miller WJ, Mueller 

EM, Muller EM, Orozco Toro CA, Oxenford HA, Ponce-Taylor D, Quinn N, Ritchie KB, 

Rodríguez S, Ramírez AR, Romano S, Samhouri JF, Sánchez JA, Schmahl GP, Shank BV, 

Skirving WJ, Steiner SCC, Villamizar E, Walsh SM, Walter C, Weil E, Williams EH, Roberson 

KW, Yusuf Y. 2010. Caribbean Corals in Crisis: Record thermal stress, bleaching, and mortality 

in 2005. PLoS ONE 5:e13969. DOI: 10.1371/journal.pone.0013969. 

Easson CG, Thacker RW. 2014. Phylogenetic signal in the community structure of host-specific 

microbiomes of tropical marine sponges. Frontiers in Microbiology 5. DOI: 

10.3389/fmicb.2014.00532. 

Engelberts JP, Robbins SJ, de Goeij JM, Aranda M, Bell SC, Webster NS. 2020. Characterization of a 

sponge microbiome using an integrative genome-centric approach. The ISME Journal 14:1100–

1110. DOI: 10.1038/s41396-020-0591-9. 

Erwin PM, López-Legentil S, González-Pech R, Turon X. 2012. A specific mix of generalists: bacterial 

symbionts in Mediterranean Ircinia spp. FEMS Microbiology Ecology 79:619–637. DOI: 

10.1111/j.1574-6941.2011.01243.x. 



41 
 

Fan L, Reynolds D, Liu M, Stark M, Kjelleberg S, Webster NS, Thomas T. 2012. Functional equivalence 

and evolutionary convergence in complex communities of microbial sponge symbionts. 

Proceedings of the National Academy of Sciences 109. DOI: 10.1073/pnas.1203287109. 

Faulknet DJ, Harper MK, Haygood MG, Salomon CE, Schmidt EW. 2000. Drugs from the Sea. In: 

Fusetani N ed. Drugs from the sea. Basel ; New York: Karger, 109–111; 114–116. 

Fellman JB, Hood E, Spencer RGM. 2010. Fluorescence spectroscopy opens new windows into dissolved 

organic matter dynamics in freshwater ecosystems: A review. Limnology and Oceanography 

55:2452–2462. DOI: 10.4319/lo.2010.55.6.2452. 

Fenchel T. 1988. Marine plankton food chains. Annual Review of Ecology and Systematics 19:19–38. 

DOI: 10.1146/annurev.es.19.110188.000315. 

Feuda R, Dohrmann M, Pett W, Philippe H, Rota-Stabelli O, Lartillot N, Wörheide G, Pisani D. 2017. 

Improved modeling of compositional heterogeneity supports sponges as sister to all other 

animals. Current Biology 27:3864-3870.e4. DOI: 10.1016/j.cub.2017.11.008. 

Fiore CL, Freeman CJ, Kujawinski EB. 2017. Sponge exhalent seawater contains a unique chemical 

profile of dissolved organic matter. PeerJ 5:e2870. DOI: 10.7717/peerj.2870. 

Fiore CL, Jarett JK, Lesser MP. 2013. Symbiotic prokaryotic communities from different populations of 

the giant barrel sponge, Xestospongia muta. MicrobiologyOpen 2:938–952. DOI: 

10.1002/mbo3.135. 

Fiore CL, Jarett JK, Olson ND, Lesser MP. 2010. Nitrogen fixation and nitrogen transformations in 

marine symbioses. Trends in Microbiology 18:455–463. DOI: 10.1016/j.tim.2010.07.001. 

Fong JFY, Ng YH, Ng SM. 2018. Carbon dots as a new class of light emitters for biomedical diagnostics 

and therapeutic applications. In: Fullerens, Graphenes and Nanotubes. Elsevier, 227–295. DOI: 

10.1016/B978-0-12-813691-1.00007-5. 

Freeman CJ, Easson CG, Baker DM. 2014. Metabolic diversity and niche structure in sponges from the 

Miskito Cays, Honduras. PeerJ 2:e695. DOI: 10.7717/peerj.695. 



42 
 

Freeman CJ, Easson CG, Matterson KO, Thacker RW, Baker DM, Paul VJ. 2020a. Microbial symbionts 

and ecological divergence of Caribbean sponges: A new perspective on an ancient association. 

The ISME Journal 14:1571–1583. DOI: 10.1038/s41396-020-0625-3. 

Freeman CJ, Easson CG, Matterson KO, Thacker RW, Baker DM, Paul VJ. 2020b. Microbial symbionts 

and ecological divergence of Caribbean sponges: A new perspective on an ancient association. 

The ISME Journal 14:1571–1583. DOI: 10.1038/s41396-020-0625-3. 

Freeman CJ, Thacker RW. 2011. Complex interactions between marine sponges and their symbiotic 

microbial communities. Limnology and Oceanography 56:1577–1586. DOI: 

10.4319/lo.2011.56.5.1577. 

Freeman CJ, Thacker RW, Baker DM, Fogel ML. 2013. Quality or quantity: is nutrient transfer driven 

more by symbiont identity and productivity than by symbiont abundance? The ISME Journal 

7:1116–1125. DOI: 10.1038/ismej.2013.7. 

Gloeckner V, Wehrl M, Moitinho-Silva L, Gernert C, Schupp P, Pawlik JR, Lindquist NL, Erpenbeck D, 

Wörheide G, Hentschel U. 2014. The HMA-LMA dichotomy revisited: An electron 

microscopical survey of 56 sponge species. The Biological Bulletin 227:78–88. DOI: 

10.1086/BBLv227n1p78. 

de Goeij J, van den Berg H, van Oostveen M, Epping E, van Duyl F. 2008. Major bulk dissolved organic 

carbon (DOC) removal by encrusting coral reef cavity sponges. Marine Ecology Progress Series 

357:139–151. DOI: 10.3354/meps07403. 

de Goeij JM, van Duyl FC. 2007. Coral cavities are sinks of dissolved organic carbon (DOC). Limnology 

and Oceanography 52:2608–2617. DOI: 10.4319/lo.2007.52.6.2608. 

de Goeij JM, van Oevelen D, Vermeij MJA, Osinga R, Middelburg JJ, de Goeij AFPM, Admiraal W. 

2013. Surviving in a marine desert: The sponge loop retains resources within coral reefs. Science 

342:108–110. DOI: 10.1126/science.1241981. 



43 
 

Gonçalves-Araujo R, Granskog MA, Bracher A, Azetsu-Scott K, Dodd PA, Stedmon CA. 2016. Using 

fluorescent dissolved organic matter to trace and distinguish the origin of Arctic surface waters. 

Scientific Reports 6:33978. DOI: 10.1038/srep33978. 

Gove JM, McManus MA, Neuheimer AB, Polovina JJ, Drazen JC, Smith CR, Merrifield MA, Friedlander 

AM, Ehses JS, Young CW, Dillon AK, Williams GJ. 2016. Near-island biological hotspots in 

barren ocean basins. Nature Communications 7:10581. DOI: 10.1038/ncomms10581. 

Haas AF, Naumann MS, Struck U, Mayr C, el-Zibdah M, Wild C. 2010. Organic matter release by coral 

reef associated benthic algae in the Northern Red Sea. Journal of Experimental Marine Biology 

and Ecology 389:53–60. DOI: 10.1016/j.jembe.2010.03.018. 

Haas AF, Nelson CE, Wegley Kelly L, Carlson CA, Rohwer F, Leichter JJ, Wyatt A, Smith JE. 2011. 

Effects of coral reef benthic primary producers on dissolved organic carbon and microbial 

activity. PLoS ONE 6:e27973. DOI: 10.1371/journal.pone.0027973. 

Hadas E, Ilan M, Shpigel M. 2008. Oxygen consumption by a coral reef sponge. Journal of Experimental 

Biology 211:2185–2190. DOI: 10.1242/jeb.015420. 

Hansen CE, McLauglin J, Hyndes GA, Strzelecki J. 2009. Selective uptake of prokaryotic picoplankton 

by a marine sponge (Callyspongia sp.) within an oligotrophic coastal system. Estuarine, Coastal 

and Shelf Science 84:289–297. 

Hardin G. 1960. The Competitive Exclusion Principle: An idea that took a century to be born has 

implications in ecology, economics, and genetics. Science 131:1292–1297. DOI: 

10.1126/science.131.3409.1292. 

Hardoim CCP, Esteves AIS, Pires FR, Gonçalves JMS, Cox CJ, Xavier JR, Costa R. 2012. 

Phylogenetically and spatially close marine sponges harbour divergent bacterial communities. 

PLoS ONE 7:e53029. DOI: 10.1371/journal.pone.0053029. 

Hentschel U, Fieseler L, Wehrl M, Gernert C, Steinert M, Hacker J, Horn M. 2003. Microbial diversity of 

marine sponges. In: Müller WEG ed. Sponges (Porifera). Progress in molecular and subcellular 



44 
 

biology. Berlin, Heidelberg: Springer Berlin Heidelberg, 59–88. DOI: 10.1007/978-3-642-55519-

0_3. 

Hentschel U, Piel J, Degnan SM, Taylor MW. 2012. Genomic insights into the marine sponge 

microbiome. Nature Reviews Microbiology 10:641–654. DOI: 10.1038/nrmicro2839. 

Hentschel U, Usher KM, Taylor MW. 2006. Marine sponges as microbial fermenters: Marine sponges as 

microbial fermenters. FEMS Microbiology Ecology 55:167–177. DOI: 10.1111/j.1574-

6941.2005.00046.x. 

Hoer DR, Tommerdahl JP, Lindquist NL, Martens CS. 2018. Dissolved inorganic nitrogen fluxes from 

common Florida Bay (U.S.A.) sponges: DIN flux from Florida Bay sponges. Limnology and 

Oceanography 63:2563–2578. DOI: 10.1002/lno.10960. 

HORIBA Scientific. 2018. Excitation Emission Matrix (EEM) A Guide. 

Horn H, Slaby BM, Jahn MT, Bayer K, Moitinho-Silva L, Förster F, Abdelmohsen UR, Hentschel U. 

2016. An enrichment of CRISPR and other defense-related features in marine sponge-associated 

microbial metagenomes. Frontiers in Microbiology 7. DOI: 10.3389/fmicb.2016.01751. 

Hudson N, Baker A, Reynolds D. 2007. Fluorescence analysis of dissolved organic matter in natural, 

waste and polluted waters—a review. River Research and Applications 23:631–649. DOI: 

10.1002/rra.1005. 

Hudspith M, Rix L, Achlatis M, Bougoure J, Guagliardo P, Clode PL, Webster NS, Muyzer G, Pernice 

M, de Goeij JM. 2021. Subcellular view of host–microbiome nutrient exchange in sponges: 

insights into the ecological success of an early metazoan–microbe symbiosis. Microbiome 9:44. 

DOI: 10.1186/s40168-020-00984-w. 

Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, Baird AH, Baum JK, Berumen 

ML, Bridge TC, Claar DC, Eakin CM, Gilmour JP, Graham NAJ, Harrison H, Hobbs J-PA, Hoey 

AS, Hoogenboom M, Lowe RJ, McCulloch MT, Pandolfi JM, Pratchett M, Schoepf V, Torda G, 

Wilson SK. 2018. Spatial and temporal patterns of mass bleaching of corals in the Anthropocene. 

Science 359:80–83. DOI: 10.1126/science.aan8048. 



45 
 

Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero JG, Anderson KD, Baird AH, Babcock RC, 

Beger M, Bellwood DR, Berkelmans R, Bridge TC, Butler IR, Byrne M, Cantin NE, Comeau S, 

Connolly SR, Cumming GS, Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF, Gilmour JP, 

Harrison HB, Heron SF, Hoey AS, Hobbs J-PA, Hoogenboom MO, Kennedy EV, Kuo C, Lough 

JM, Lowe RJ, Liu G, McCulloch MT, Malcolm HA, McWilliam MJ, Pandolfi JM, Pears RJ, 

Pratchett MS, Schoepf V, Simpson T, Skirving WJ, Sommer B, Torda G, Wachenfeld DR, Willis 

BL, Wilson SK. 2017. Global warming and recurrent mass bleaching of corals. Nature 543:373–

377. DOI: 10.1038/nature21707. 

Johannes RE. 1967. Ecology of organic aggregates in the vicinity of a coral reef1: Organic aggregates 

near a coral reef. Limnology and Oceanography 12:189–195. DOI: 10.4319/lo.1967.12.2.0189. 

Jørgensen L, Stedmon CA, Kragh T, Markager S, Middelboe M, Søndergaard M. 2011. Global trends in 

the fluorescence characteristics and distribution of marine dissolved organic matter. Marine 

Chemistry 126:139–148. DOI: 10.1016/j.marchem.2011.05.002. 

Knapp AN, Casciotti KL, Berelson WM, Prokopenko MG, Capone DG. 2016. Low rates of nitrogen 

fixation in eastern tropical South Pacific surface waters. Proceedings of the National Academy of 

Sciences 113:4398–4403. DOI: 10.1073/pnas.1515641113. 

Knickle C, Rose GA. 2014. Dietary niche partitioning in sympatric gadid species in coastal 

Newfoundland: evidence from stomachs and C-N isotopes. Environ Biol Fish 97, 343–355.  DOI: 

10.1007/s10641-013-0156-0. 

Kulmatiski A, Beard KH, Holdrege MC, February EC. 2020. Small differences in root distributions allow 

resource niche partitioning. Ecology and Evolution 10:9776–9787. DOI: 10.1002/ece3.6612. 

Kvennefors ECE, Sampayo E, Ridgway T, Barnes AC, Hoegh-Guldberg O. 2010. Bacterial communities 

of two ubiquitous great barrier reef corals reveals both site- and species-specificity of common 

bacterial associates. PLoS ONE 5:e10401. DOI: 10.1371/journal.pone.0010401. 



46 
 

Lapointe BE, Brewton RA, Herren LW, Porter JW, Hu C, Cannizzaro JP. 2020. Sound science, not 

politics, must inform restoration of Florida Bay and the coral reefs of the Florida Keys. Marine 

Biology 167:67. DOI: 10.1007/s00227-020-3669-z. 

Larsen PS, Riisgåd HU. 1994. The sponge pump. Journal of Theoretical Biology 168:53–63. DOI: 

10.1006/jtbi.1994.1087. 

Lavrov AI, Bolshakov FV, Tokina DB, Ereskovsky AV. 2022. Fine details of the choanocyte filter 

apparatus in asconoid calcareous sponges (Porifera: Calcarea) revealed by ruthenium red fixation. 

Zoology 150:125984. DOI: 10.1016/j.zool.2021.125984. 

Letourneau ML, Hopkinson BM, Fitt WK, Medeiros PM. 2020. Molecular composition and 

biodegradation of loggerhead sponge Spheciospongia vesparium exhalent dissolved organic 

matter. Marine Environmental Research 162:105130. DOI: 10.1016/j.marenvres.2020.105130. 

Leys SP, Yahel G, Reidenbach MA, Tunnicliffe V, Shavit U, Reiswig HM. 2011. The sponge pump: The 

role of current induced flow in the design of the sponge body plan. PLoS ONE 6:e27787. DOI: 

10.1371/journal.pone.0027787. 

Li Y, Zhang Y, Li Z, Wan J, Dang C, Fu J. 2022. Characterization of colored dissolved organic matter in 

the northeastern South China Sea using EEMs-PARAFAC and absorption spectroscopy. Journal 

of Sea Research 180:102159. DOI: 10.1016/j.seares.2021.102159. 

Loh T-L, Pawlik JR. 2014. Chemical defenses and resource trade-offs structure sponge communities on 

Caribbean coral reefs. Proceedings of the National Academy of Sciences 111:4151–4156. DOI: 

10.1073/pnas.1321626111. 

Ludeman DA, Reidenbach MA, Leys SP. 2017. Correction: The energetic cost of filtration by 

demosponges and their behavioural response to ambient currents. Journal of Experimental 

Biology 220:4743–4744. DOI: 10.1242/jeb.173849. 

Maldonado M, Ribes M, van Duyl FC. 2012. Nutrient fluxes through sponges. In: Advances in marine 

biology. Elsevier, 113–182. DOI: 10.1016/B978-0-12-394283-8.00003-5. 



47 
 

Manuel M. 2006. Phylogeny and evolution of calcareous sponges. Canadian Journal of Zoology 84:225–

241. DOI: 10.1139/z06-005. 

Maqbool T, Ly QV, Asif MB, Ng HY, Zhang Z. 2020. Fate and role of fluorescence moieties in 

extracellular polymeric substances during biological wastewater treatment: A review. Science of 

The Total Environment 718:137291. DOI: 10.1016/j.scitotenv.2020.137291. 

Marzuki I, Kamaruddin M, Ahmad R. 2021. Identification of marine sponges-symbiotic bacteria and their 

application in degrading polycyclic aromatic hydrocarbons. Biodiversitas Journal of Biological 

Diversity 22. DOI: 10.13057/biodiv/d220352. 

McMurray S, Pawlik J, Finelli C. 2014. Trait-mediated ecosystem impacts: how morphology and size 

affect pumping rates of the Caribbean giant barrel sponge. Aquatic Biology 23:1–13. DOI: 

10.3354/ab00612. 

Mehta MP, Baross JA. 2006. Nitrogen fixation at 92°C by a hydrothermal vent archaeon. Science 

314:1783–1786. DOI: 10.1126/science.1134772. 

Middelburg JJ, Mueller CE, Veuger B, Larsson AI, Form A, Oevelen D van. 2016. Discovery of 

symbiotic nitrogen fixation and chemoautotrophy in cold-water corals. Scientific Reports 

5:17962. DOI: 10.1038/srep17962. 

Miranda ML, Mustaffa NIH, Robinson TB, Stolle C, Ribas-Ribas M, Wurl O, Zielinski O. 2018. 

Influence of solar radiation on biogeochemical parameters and fluorescent dissolved organic 

matter (FDOM) in the sea surface microlayer of the southern coastal North Sea. Elem Sci Anth 

6:15. DOI: 10.1525/elementa.278. 

Mohamed NM, Colman AS, Tal Y, Hill RT. 2008. Diversity and expression of nitrogen fixation genes in 

bacterial symbionts of marine sponges. Environmental Microbiology 10:2910–2921. DOI: 

10.1111/j.1462-2920.2008.01704.x. 

Mohamed NM, Saito K, Tal Y, Hill RT. 2010. Diversity of aerobic and anaerobic ammonia-oxidizing 

bacteria in marine sponges. The ISME Journal 4:38–48. DOI: 10.1038/ismej.2009.84. 



48 
 

Morais RA, Bellwood DR. 2019. Pelagic subsidies underpin fish productivity on a degraded coral reef. 

Current Biology 29:1521-1527.e6. DOI: 10.1016/j.cub.2019.03.044. 

Moran NA. 2007. Symbiosis as an adaptive process and source of phenotypic complexity. Proceedings of 

the National Academy of Sciences 104:8627–8633. DOI: 10.1073/pnas.0611659104. 

Moran MA, Kujawinski EB, Stubbins A, Fatland R, Aluwihare LI, Buchan A, Crump BC, Dorrestein PC, 

Dyhrman ST, Hess NJ, Howe B, Longnecker K, Medeiros PM, Niggemann J, Obernosterer I, 

Repeta DJ, Waldbauer JR. 2016. Deciphering ocean carbon in a changing world. Proceedings of 

the National Academy of Sciences 113:3143–3151. DOI: 10.1073/pnas.1514645113. 

Morganti T, Coma R, Yahel G, Ribes M. 2017. Trophic niche separation that facilitates co-existence of 

high and low microbial abundance sponges is revealed by in situ study of carbon and nitrogen 

fluxes: Trophic niche separation in sponges. Limnology and Oceanography 62:1963–1983. DOI: 

10.1002/lno.10546. 

Morganti TM, Ribes M, Moskovich R, Weisz JB, Yahel G, Coma R. 2021. In situ pumping rate of 20 

marine demosponges is a function of osculum area. Frontiers in Marine Science 8:583188. DOI: 

10.3389/fmars.2021.583188. 

Morganti TM, Ribes M, Yahel G, Coma R. 2019. Size is the major determinant of pumping rates in 

marine sponges. Frontiers in Physiology 10:1474. DOI: 10.3389/fphys.2019.01474. 

Morganti T, Yahel G, Ribes M, Coma R. 2016. VacuSIP, an improved inex method for in situ 

measurement of particulate and dissolved compounds processed by active suspension feeders. 

Journal of Visualized Experiments:54221. DOI: 10.3791/54221. 

Mueller B, de Goeij JM, Vermeij MJA, Mulders Y, van der Ent E, Ribes M, van Duyl FC. 2014. Natural 

diet of coral-excavating sponges consists mainly of dissolved organic carbon (DOC). PLoS ONE 

9:e90152. DOI: 10.1371/journal.pone.0090152. 

Müller WEG, Müller IM. 2003. Analysis of the Sponge [Porifera] Gene Repertoire: Implications for the 

evolution of the metazoan body plan. in: müller weg ed. sponges (porifera). progress in molecular 



49 
 

and subcellular biology. Berlin, Heidelberg: Springer Berlin Heidelberg, 1–33. DOI: 

10.1007/978-3-642-55519-0_1. 

Muller EM, Sartor C, Alcaraz NI, van Woesik R. 2020. Spatial epidemiology of the stony-coral-tissue-

loss disease in Florida. Frontiers in Marine Science 7:163. DOI: 10.3389/fmars.2020.00163. 

Muscatine L, Kaplan IR. 1994. resource partitioning by reef corals as determined from stable isotope 

composition ii. ~l5n of zooxanthellae and animal tissue versus depth. Pacific Science 48:304–

312. 

Muscatine L, Porter JW, Kaplan IR. 1989. Resource partitioning by reef corals as determined from stable 

isotope composition: I. ?13C of zooxanthellae and animal tissue vs depth. Marine Biology 

100:185–193. DOI: 10.1007/BF00391957. 

Naumann MS, Haas A, Struck U, Mayr C, el-Zibdah M, Wild C. 2010. Organic matter release by 

dominant hermatypic corals of the Northern Red Sea. Coral Reefs 29:649–659. DOI: 

10.1007/s00338-010-0612-7. 

Nebbioso A, Piccolo A. 2013. Molecular characterization of dissolved organic matter (DOM): a critical 

review. Analytical and Bioanalytical Chemistry 405:109–124. DOI: 10.1007/s00216-012-6363-2. 

Nelson CE, Alldredge AL, McCliment EA, Amaral-Zettler LA, Carlson CA. 2011. Depleted dissolved 

organic carbon and distinct bacterial communities in the water column of a rapid-flushing coral 

reef ecosystem. The ISME Journal 5:1374–1387. DOI: 10.1038/ismej.2011.12. 

Nelson CE, Donahue MJ, Dulaiova H, Goldberg SJ, La Valle FF, Lubarsky K, Miyano J, Richardson C, 

Silbiger NJ, Thomas FIM. 2015. Fluorescent dissolved organic matter as a multivariate 

biogeochemical tracer of submarine groundwater discharge in coral reef ecosystems. Marine 

Chemistry 177:232–243. DOI: 10.1016/j.marchem.2015.06.026. 

Nelson NB, Gauglitz JM. 2016. Optical signatures of dissolved organic matter transformation in the 

global ocean. Frontiers in Marine Science 2. DOI: 10.3389/fmars.2015.00118. 



50 
 

Nelson NB, Siegel DA, Michaels AF. 1998. Seasonal dynamics of colored dissolved material in the 

Sargasso Sea. Deep Sea Research Part I: Oceanographic Research Papers 45:931–957. DOI: 

10.1016/S0967-0637(97)00106-4. 

Nielsen C. 2019. Early animal evolution: a morphologist’s view. Royal Society Open Science 6:190638. 

DOI: 10.1098/rsos.190638. 

Ogawa H, Ogura N. 1992. Comparison of two methods for measuring dissolved organic carbon in sea 

water. Nature 356:696–698. DOI: 10.1038/356696a0. 

Olejnik SF, Algina J. 1984. Parametric ANCOVA and the rank transform ANCOVA when the data are 

conditionally non-normal and heteroscedastic. Journal of Educational Statistics 9:129–149. DOI: 

10.3102/10769986009002129. 

Olinger LK, Strangman WK, McMurray SE, Pawlik JR. 2021. Sponges with microbial symbionts 

transform dissolved organic matter and take up organohalides. Frontiers in Marine Science 

8:665789. DOI: 10.3389/fmars.2021.665789. 

Osburn CL, Bianchi TS (eds.). 2017. Linking optical and chemical properties of dissolved organic matter 

in natural waters. Frontiers Media SA. DOI: 10.3389/978-2-88945-081-7. 

Oulhen N, Schulz BJ, Carrier TJ. 2016. English translation of Heinrich Anton de Bary’s 

1878 speech, ‘Die Erscheinung der Symbiose’ (‘De la symbiose’). Symbiosis 69:131–

139. DOI: 10.1007/s13199-016-0409-8. 

Page HN, Hewett C, Tompkins H, Hall ER. 2021. Ocean acidification and direct interactions affect coral, 

macroalga, and sponge growth in the Florida Keys. Journal of Marine Science and Engineering 

9:739. DOI: 10.3390/jmse9070739. 

Pagès J, Torréton J-P, Sempéré R. 1997. Dissolved organic carbon in coral-reef lagoons, by high 

temperature catalytic oxidation and UV spectrometry. Comptes Rendus de l’Académie des 

Sciences - Series IIA - Earth and Planetary Science 324:915–922. DOI: 10.1016/S1251-

8050(97)82505-0. 



51 
 

Parlanti E, Wörz K, Geoffroy L, Lamotte M. 2000. Dissolved organic matter fluorescence 

spectroscopy as a tool to estimate biological activity in a coastal zone submitted to 

anthropogenic inputs. Organic Geochemistry 31:1765–1781. DOI: 10.1016/S0146-

6380(00)00124-8. 

Pasch RJ. 2022. The 2021 Atlantic Hurricane Season: A Long Parade of Storms. Weatherwise 75:14–25. 

DOI: 10.1080/00431672.2022.2065854. 

Pawlik J, McMurray S, Erwin P, Zea S. 2015. A review of evidence for food limitation of sponges on 

Caribbean reefs. Marine Ecology Progress Series 519:265–283. DOI: 10.3354/meps11093. 

Perea-Blázquez A, Davy SK, Bell JJ. 2012. Estimates of particulate organic carbon flowing from the 

pelagic environment to the benthos through sponge assemblages. PLoS ONE 7:e29569. DOI: 

10.1371/journal.pone.0029569. 

Pile AJ, Patterson MR, Savarese M, Chernykh VI, Fialkov VA. 1997. Trophic effects of sponge feeding 

within Lake Baikal’s littoral zone. 2. Sponge abundance, diet, feeding efficiency, and carbon flux. 

Limnology and Oceanography 42:178–184. DOI: 10.4319/lo.1997.42.1.0178. 

Pita L, Rix L, Slaby BM, Franke A, Hentschel U. 2018. The sponge holobiont in a changing ocean: from 

microbes to ecosystems. Microbiome 6:46. DOI: 10.1186/s40168-018-0428-1. 

Poppell E, Weisz J, Spicer L, Massaro A, Hill A, Hill M. 2014. Sponge heterotrophic capacity and 

bacterial community structure in high- and low-microbial abundance sponges. Marine Ecology 

35:414–424. DOI: 10.1111/maec.12098. 

Quinlan ZA, Remple K, Fox MD, Silbiger NJ, Oliver TA, Putnam HM, Wegley Kelly L, Carlson CA, 

Donahue MJ, Nelson CE. 2018. Fluorescent organic exudates of corals and algae in tropical reefs 

are compositionally distinct and increase with nutrient enrichment: Fluorescent organic exudates 

of corals and algae in tropical reefs. Limnology and Oceanography Letters 3:331–340. DOI: 

10.1002/lol2.10074. 



52 
 

Redmond AK, McLysaght A. 2021. Evidence for sponges as sister to all other animals from partitioned 

phylogenomics with mixture models and recoding. Nature Communications 12:1783. DOI: 

10.1038/s41467-021-22074-7. 

Reiswig HM. 1971. Particle feeding in natural populations of three marine demosponges. The Biological 

Bulletin 141:568–591. DOI: 10.2307/1540270. 

Reiswig HM. 1974. Water transport, respiration and energetics of three tropical marine sponges. Journal 

of Experimental Marine Biology and Ecology 14:231–249. DOI: 10.1016/0022-0981(74)90005-7. 

Reiswig HM. 1975a. The aquiferous systems of three marine demospongiae. Journal of Morphology 

145:493–502. DOI: 10.1002/jmor.1051450407. 

Reiswig HM. 1975b. Bacteria as food for temperate-water marine sponges. Canadian Journal of Zoology 

53:582–589. DOI: 10.1139/z75-072. 

Reiswig HM. 1981. Partial carbon and energy budgets of the bacteriosponge Verohgia fistularis (Porifera: 

Demospongiae) in Barbados. Marine Ecology 2:273–293. DOI: 10.1111/j.1439-

0485.1981.tb00271.x. 

Reveillaud J, Maignien L, Eren AM, Huber JA, Apprill A, Sogin ML, Vanreusel A. 2014. Host-

specificity among abundant and rare taxa in the sponge microbiome. The ISME Journal 8:1198–

1209. DOI: 10.1038/ismej.2013.227. 

Ribes M, Coma R, Gili J. 1999. Natural diet and grazing rate of the temperate sponge Dysidea avara 

(Demospongiae, Dendroceratida) throughout an annual cycle. Marine Ecology Progress Series 

176:179–190. DOI: 10.3354/meps176179. 

Ribes M, Jiménez E, Yahel G, López-Sendino P, Diez B, Massana R, Sharp JH, Coma R. 2012. 

Functional convergence of microbes associated with temperate marine sponges: Functional role 

of microbial associations in marine sponges. Environmental Microbiology 14:1224–1239. DOI: 

10.1111/j.1462-2920.2012.02701.x. 



53 
 

Richman S, Loya Y, Sloboclkin LB. 1975. The rate of mucus production by corals and its assimilation by 

the coral reef copepod Acartia negligens1: Coral reef mucus. Limnology and Oceanography 

20:918–923. DOI: 10.4319/lo.1975.20.6.0918. 

Riisgård H, Larsen P. 2010. Particle capture mechanisms in suspension-feeding invertebrates. Marine 

Ecology Progress Series 418:255–293. DOI: 10.3354/meps08755. 

Riisgård H, Thomassen S, Jakobsen H, Weeks J, Larsen P. 1993. Suspension feeding in marine sponges 

Halichondria panicea and Haliclona urceolus:effects of temperature on filtration rate and energy 

cost of pumping. Marine Ecology Progress Series 96:177–188. DOI: 10.3354/meps096177. 

Rix L. 2015. Carbon and nitrogen cycling by Red Sea coral reef sponges. Universitat Bremen. 

Rix L, de Goeij JM, Mueller CE, Struck U, Middelburg JJ, van Duyl FC, Al-Horani FA, Wild C, 

Naumann MS, van Oevelen D. 2016a. Coral mucus fuels the sponge loop in warm- and cold-

water coral reef ecosystems. Scientific Reports 6:18715. DOI: 10.1038/srep18715. 

Rix L, de Goeij J, van Oevelen D, Struck U, Al-Horani F, Wild C, Naumann M. 2018. Reef sponges 

facilitate the transfer of coral-derived organic matter to their associated fauna via the sponge loop. 

Marine Ecology Progress Series 589:85–96. DOI: 10.3354/meps12443. 

Rix L, Goeij JM, Oevelen D, Struck U, Al‐Horani FA, Wild C, Naumann MS. 2016b. Differential 

recycling of coral and algal dissolved organic matter via the sponge loop. Functional Ecology 

31:778–789. DOI: 10.1111/1365-2435.12758. 

Rix L, Goeij JM, Oevelen D, Struck U, Al‐Horani FA, Wild C, Naumann MS. 2016c. Differential 

recycling of coral and algal dissolved organic matter via the sponge loop. Functional Ecology 

31:778–789. DOI: 10.1111/1365-2435.12758. 

Robbins SJ, Song W, Engelberts JP, Glasl B, Slaby BM, Boyd J, Marangon E, Botté ES, Laffy P, Thomas 

T, Webster NS. 2021. A genomic view of the microbiome of coral reef demosponges. The ISME 

Journal 15:1641–1654. DOI: 10.1038/s41396-020-00876-9. 

Rubin-Blum M, Antony CP, Sayavedra L, Martínez-Pérez C, Birgel D, Peckmann J, Wu Y-C, Cardenas 

P, MacDonald I, Marcon Y, Sahling H, Hentschel U, Dubilier N. 2019. Fueled by methane: deep-



54 
 

sea sponges from asphalt seeps gain their nutrition from methane-oxidizing symbionts. The ISME 

Journal 13:1209–1225. DOI: 10.1038/s41396-019-0346-7. 

Sillanpää M, Matilainen A, Lahtinen T. 2015. Characterization of NOM. In: Natural Organic Matter in 

Water. Elsevier, 17–53. DOI: 10.1016/B978-0-12-801503-2.00002-1. 

Simion P, Philippe H, Baurain D, Jager M, Richter DJ, Di Franco A, Roure B, Satoh N, Quéinnec É, 

Ereskovsky A, Lapébie P, Corre E, Delsuc F, King N, Wörheide G, Manuel M. 2017. A large and 

consistent phylogenomic dataset supports sponges as the sister group to all other animals. Current 

Biology 27:958–967. DOI: 10.1016/j.cub.2017.02.031. 

Simpson TL. 1984. The cell biology of sponges. New York, NY: Springer New York. DOI: 10.1007/978-

1-4612-5214-6. 

Smith SV. 1978. Coral-reef area and the contributions of reefs to processes and resources of the world’s 

oceans. Nature 273:225–226. DOI: 10.1038/273225a0. 

Sommer ME, Elgeti M, Hildebrand PW, Szczepek M, Hofmann KP, Scheerer P. 2015. Structure-based 

biophysical analysis of the interaction of rhodopsin with g protein and arrestin. In: Methods in 

Enzymology. Elsevier, 563–608. DOI: 10.1016/bs.mie.2014.12.014. 

Southwell MW, Popp BN, Martens CS. 2008. Nitrification controls on fluxes and isotopic composition of 

nitrate from Florida Keys sponges. Marine Chemistry 108:96–108. DOI: 

10.1016/j.marchem.2007.10.005. 

Southwell MW, Weisz JB, Martens CS, Lindquist N. 2008. In situ fluxes of dissolved inorganic nitrogen 

from the sponge community on Conch Reef, Key Largo, Florida. Limnology and Oceanography 

53:986–996. DOI: 10.4319/lo.2008.53.3.0986. 

Spurgeon JP. 1992. The economic valuation of coral reefs. Marine Pollution Bulletin 24:529–536. 

Stedmon C.A., Markager S., Bro R. 2003. Tracing dissolved organic matter in aquatic environments using 

a new approach to fluorescence spectroscopy. Marine Chemistry, 82: 239-254. 

DOI:https://doi.org/10.1016/S0304-4203(03)00072-0 



55 
 

Steindler L, Huchon D, Avni A, Ilan M. 2005. 16S rRNA Phylogeny of Sponge-Associated 

Cyanobacteria. Applied and Environmental Microbiology 71:4127–4131. DOI: 

10.1128/AEM.71.7.4127-4131.2005. 

Strehlow BW, Pineda MC, Duckworth A, Kendrick GA, Renton M, Wahub A, Azmi M, Webster NS, 

Clode PL. Sediment tolerance mechanisms identified in sponges using advanced imaging 

techniques. PeerJ 5:e3904. DOI: https://doi.org/10.7717/peerj.3904. 

Tanaka Y, Miyajima T, Koike I, Hayashibara T, Ogawa H. 2008. Production of dissolved and particulate 

organic matter by the reef-building corals Porites cylindrica and Acropora pulchra. Bulletin of 

Marine Science 82:237–245. 

Tanaka Y, Miyajima T, Watanabe A, Nadaoka K, Yamamoto T, Ogawa H. 2011. Distribution of 

dissolved organic carbon and nitrogen in a coral reef. Coral Reefs 30:533–541. DOI: 

10.1007/s00338-011-0735-5. 

Taylor MW, Radax R, Steger D, Wagner M. 2007. Sponge-associated microorganisms: evolution, 

ecology, and biotechnological potential. Microbiology and Molecular Biology Reviews 71:295–

347. DOI: 10.1128/MMBR.00040-06. 

Thomas T, Moitinho-Silva L, Lurgi M, Björk JR, Easson C, Astudillo-García C, Olson JB, Erwin PM, 

López-Legentil S, Luter H, Chaves-Fonnegra A, Costa R, Schupp PJ, Steindler L, Erpenbeck D, 

Gilbert J, Knight R, Ackermann G, Victor Lopez J, Taylor MW, Thacker RW, Montoya JM, 

Hentschel U, Webster NS. 2016. Diversity, structure and convergent evolution of the global 

sponge microbiome. Nature Communications 7:11870. DOI: 10.1038/ncomms11870. 

Thomas T, Rusch D, DeMaere MZ, Yung PY, Lewis M, Halpern A, Heidelberg KB, Egan S, Steinberg 

PD, Kjelleberg S. 2010. Functional genomic signatures of sponge bacteria reveal unique and 

shared features of symbiosis. The ISME Journal 4:1557–1567. DOI: 10.1038/ismej.2010.74. 

Thurman EM. 1985. Organic geochemistry of natural waters. Dordrecht ; Boston : Hingham, MA, USA: 

M. Nijhoff ; Distributors for the U.S. and Canada, Kluwer Academic. 



56 
 

Turon M, Cáliz J, Garate L, Casamayor EO, Uriz MJ. 2018. Showcasing the role of seawater in bacteria 

recruitment and microbiome stability in sponges. Scientific Reports 8:15201. DOI: 

10.1038/s41598-018-33545-1. 

Vacelet J, Boury-Esnault N. 1995. Carnivorous sponges. Nature 373:333–335. DOI: 10.1038/373333a0. 

Vacelet J, Donadey C. 1977. Electron microscope study of the association between some sponges and 

bacteria. Journal of Experimental Marine Biology and Ecology 30:301–314. DOI: 10.1016/0022-

0981(77)90038-7. 

Van Duyl F, Gast G. 2001. Linkage of small-scale spatial variations in DOC, inorganic nutrients and 

bacterioplankton growth with different coral reef water types. Aquatic Microbial Ecology 24:17–

26. DOI: 10.3354/ame024017. 

Van Soest RWM, Boury-Esnault N, Vacelet J, Dohrmann M, Erpenbeck D, De Voogd NJ, Santodomingo 

N, Vanhoorne B, Kelly M, Hooper JNA. 2012. Global diversity of sponges (Porifera). PLoS ONE 

7:e35105. DOI: 10.1371/journal.pone.0035105. 

Voultsiadou E, Dailianis T, Antoniadou C, Vafidis D, Dounas C, Chintiroglou CC. 2011. Aegean bath 

sponges: Historical data and current status. Reviews in Fisheries Science 19:34–51. DOI: 

10.1080/10641262.2010.531794. 

Ward B, Capone D, Zehr J. 2007. What’s new in the nitrogen cycle? Oceanography 20:101–109. DOI: 

10.5670/oceanog.2007.53. 

Wegley Kelly L, Nelson CE, Petras D, Koester I, Quinlan ZA, Arts MGI, Nothias L-F, Comstock J, 

White BM, Hopmans EC, van Duyl FC, Carlson CA, Aluwihare LI, Dorrestein PC, Haas AF. 

2022. Distinguishing the molecular diversity, nutrient content, and energetic potential of 

exometabolomes produced by macroalgae and reef-building corals. Proceedings of the National 

Academy of Sciences 119:e2110283119. DOI: 10.1073/pnas.2110283119. 

Weil E, Smith G, Gil-Agudelo D. 2006. INTRODUCTION Status and progress in coral reef disease 

research Ernesto Weil1,*, Garriet Smith2, Diego L. Gil-Agudelo3. Diseases of Aquatic 

Organisms 69:1–7. DOI: 10.3354/dao069001. 



57 
 

Weisz JB, Hentschel U, Lindquist N, Martens CS. 2007. Linking abundance and diversity of sponge-

associated microbial communities to metabolic differences in host sponges. Marine Biology 

152:475–483. DOI: 10.1007/s00227-007-0708-y. 

Weisz JB, Lindquist N, Martens CS. 2008. Do associated microbial abundances impact marine 

demosponge pumping rates and tissue densities? Oecologia 155:367–376. DOI: 10.1007/s00442-

007-0910-0. 

White JR, Patel J, Ottesen A, Arce G, Blackwelder P, Lopez JV. 2012. Pyrosequencing of bacterial 

symbionts within Axinella corrugata sponges: Diversity and seasonal variability. PLoS ONE 

7:e38204. DOI: 10.1371/journal.pone.0038204. 

Wild C, Huettel M, Klueter A, Kremb SG, Rasheed MYM, Jørgensen BB. 2004. Coral mucus functions 

as an energy carrier and particle trap in the reef ecosystem. Nature 428:66–70. DOI: 

10.1038/nature02344. 

Wilkinson CR. 1978. Microbial associations in sponges. I. Ecology, physiology and microbial 

populations of coral reef sponges. Marine Biology 49:161–167. DOI: 10.1007/BF00387115. 

Wilkinson CR, Fay P. 1979. Nitrogen fixation in coral reef sponges with symbiotic cyanobacteria. Nature 

279:527–529. DOI: 10.1038/279527a0. 

Wulff J. 2001. Assessing and monitoring coral reef sponges: Why and how? Bulletin of Marine Science 

69:831–846. 

Wurl O. 2009. Practical guidelines for the analysis of seawater. Boca Raton: CRC Press. 

Yahel G, Sharp JH, Marie D, Häse C, Genin A. 2003. In situ feeding and element removal in the 

symbiont-bearing sponge Theonella swinhoei : Bulk DOC is the major source for carbon. 

Limnology and Oceanography 48:141–149. DOI: 10.4319/lo.2003.48.1.0141. 

Zehr JP. 2009. New twist on nitrogen cycling in oceanic oxygen minimum zones. Proceedings of the 

National Academy of Sciences 106:4575–4576. DOI: 10.1073/pnas.0901266106. 

Zehr JP, Capone DG. 2020. Changing perspectives in marine nitrogen fixation. Science 368:eaay9514. 

DOI: 10.1126/science.aay9514. 



58 
 

Zhang F, Jonas L, Lin H, Hill RT. 2019. Microbially mediated nutrient cycles in marine sponges. FEMS 

Microbiology Ecology 95:fiz155. DOI: 10.1093/femsec/fiz155. 

Zhao Z, Gonsior M, Luek J, Timko S, Ianiri H, Hertkorn N, Schmitt-Kopplin P, Fang X, Zeng Q, Jiao N, 

Chen F. 2017. Picocyanobacteria and deep-ocean fluorescent dissolved organic matter share 

similar optical properties. Nature Communications 8:15284. DOI: 10.1038/ncomms15284. 

  



59 
 

TABLES 
Table 1 Explanation of Core Functions of the sponge symbionts (Modified from Pita et al., 2018) 

Category of 
core 
function Core function Interpretation Refrence   

emphasis on ammonia 
oxidation

  
environmental and host-
derived nutrients

Reviewed by 
Webster et al 2016

Carbon metabolism with 
emphasis on complex 
carbohydrates

Utilization of 
environmental and host-
derived nutrients

Kamke et al 2013 
and Slaby et al 2017

Nitrogen and carbon 
metabolism utilizing creatinine

Utilization of 
environmental and host-
derived nutrients

Moitinho-Silva et al 
2017 and Fan et al 
2012

Vitamin synthesis (especially 
thiamine and vitamin B12)

Overproduction of vitamins 
that are then utilized by 
the sponge host

Thomas et al 2010, 
Fan et al 2012, and 
Fiore et al 2015

Secondary metabolism

 
interaction, defense of the 
holobiont

Carnitine (vitamin BT) utilization
Utilization of host-derived 
component Slaby et al 2017

CRISPR-Cas systems
Defense against 
viruses/phages

Thomas et al 2010, 
Slaby et al 2017, 
and Horn et al 2016

Toxin-antitoxin systems
Defense against foreign 
DNA

Thomas et al 2010, 
Slaby et al 2017, 
and Horn et al 2016

Restriction modification systems
Defense against foreign 
DNA

Thomas et al 2010, 
Slaby et al 2017, 
and Horn et al 2016

Eukaryotic-like protein domains phagocytosis evasion

Thomas et al 2010, 
Liu et al 2012, 
Nguyen et al 2014, 
Díez et al 2017, and 
Burgsdorf et al 2015

Modifications of the 
lipopolysaccharide phagocytosis evasion

Burgsdorf et al 2015 
and Wehrl et al 

Other Mobile genetic elements and 
transposases

Increased levels of 
horizontal gene transfer

Thomas et al 2010, 
Fan et al 2012, Horn 
et al 2016, and Gao 
et al 2014

Metabolic 
Features

Defense 
features
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Table 2 Common fluorescence regions modified from Coble (2007) by Stedmon and Nelson (Nelson & Gauglitz, 2016). 
Peak Region  Type Excitation(nm) Emission(nm) 
α’ A  Humic (Visible, UVBExcitation) 260 400–460 
γ B  Tyrosine-like, protein-like (UVA) 275 305 
α C  Humic (Visible, UVAExcitation) 320–360 420–460 
β M  Marine humic-like (Visible, UVAExcitation) 290–310 370–410 
  N  Protein-like (UVA) 280 370 
δ T  Tryptophane-like, protein-like or phenol-like 

(UVA) 
275 340 

  W  ECOCDOM Fluorometer 380 420 
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Table 3 In-situ reef design. Abbreviated species names are shown with the corresponding replicate number§. Blank spaces 
represent sponges that were not sampled.  

 
§Acra = Aiolochroia crass, Acau = Aplysina cauliformis, Acom = Amphimedon compressa, Ndig = Niphates digitalis, Ibir = 
Iotrochota birotulata, Cacu = Callyspongia aculeata, Ifel = Ircinia felix, Aful = Aplysina fulva, Vrig = Verongula rigida, Xmut = 
Xestospongia muta 
  

Acra-1 Ndig-5 Aful-6 Cacu-7 Aful-8
Acau-1 Acra-2 Ifel-2 Xmut-5 Vrig-5 Vrig-9 Xmut-10
Acom-1 Xmut-6 Vrig-6 Ndig-7 Ndig-9

Acau-3 Acra-3 Xmut-7 Vrig-7 Ifel-7
Ndig-1 Acom-3 Acau-4 Acra-4 Vrig-8
Ibir-1 Ifel-1 Acom-4 Xmut-9 Ibir-10
Ndig-2 Ibir-2 Aful-4 Acau-6 Acra-5 Ifel-6 Aful-9 Cacu-10

Ibir-3 Ibir-4 Acom-6 Acra-7 Aful-10
Cacu-1 Vrig-2 Ndig-4 Cacu-6 Acom-7

Xmut-3 Ndig-3 Cacu-5 Ifel-5 Aful-7 Acom-8 Acau-9 Acau-10

Row 1 Row 2 Row 3 Row 4 Row 5
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Table 4 ANOVA results from percent change of nutrient concentration from sponge processing for normally distributed data 
(marine humic-like, visible humic-like, ultraviolet, tyrosine-like, and tryptophan-like fDOM components. ANOVAS were used to 
understand if sponge species (“Species”), microbial community composition that the sponge hosts {“Microbial Composition), 
and/or the HMA or LMA classification of the host sponge (“Microbial Abundance”) had significant impacts on the way that the 
sponges processed nutrients. Bolded text indicates statistical significance.  

    Df Sum Sq Mean Sq F value Pr(>F) 

Marine Humic Like 
fDOM 

Species 9 19.29046 2.143384 3.060683 0.009673 
Residuals 31 21.70918 0.700296     
Microbial Composition 2 5.162158 2.581079 2.736828 0.077552 
Residuals 38 35.83748 0.943092     
Microbial Abundance 1 2.037961 2.037961 2.039965 0.161173 
Residuals 39 38.96168 0.999017     

Tryptophan Like 
fDOM 

Species 9 7.875072 0.875008 0.829359 0.594576 
Residuals 31 32.70627 1.055041     
Microbial Composition 2 2.322137 1.161069 1.153202 0.326423 
Residuals 38 38.2592 1.006821     
Microbial Abundance 1 0.261325 0.261325 0.25277 0.617959 
Residuals 39 40.32001 1.033846     

Tyrosine Like fDOM 

Species 9 12.8287 1.425411 1.615766 0.154138 
Residuals 31 27.34786 0.882189     
Microbial Composition 2 6.344555 3.172278 3.563093 0.038172 
Residuals 38 33.832 0.890316     
Microbial Abundance 1 0.261325 0.261325 0.25277 0.617959 
Residuals 39 40.32001 1.033846     

Ultraviolet Humic 
Like fDOM 

Species 9 17.53837 1.948708 2.57499 0.024221 
Residuals 31 23.46027 0.756783     
Microbial Composition 2 6.020748 3.010374 3.270472 0.048917 
Residuals 38 34.97789 0.920471     
Microbial Abundance 1 0.43548 0.43548 0.418698 0.521378 
Residuals 39 40.56316 1.040081     

Visible Humic Like 
fDOM 

Species 9 19.50464 2.167182 3.126269 0.008565 
Residuals 31 21.48972 0.693217     
Microbial Composition 2 6.333967 3.166983 3.47213 0.041217 
Residuals 38 34.66039 0.912115     
Microbial Abundance 1 0.28728 0.28728 0.275233 0.602812 
Residuals 39 40.70707 1.043771     
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Table 5 Kruskal Wallace results of percent change of nutrient concentration from sponge processing for non-normally 
distributed data (DOC, TDN, total Raman units, phenylalanine -like, fulvic acid-like, and lignin-like fDOM components). Kruskal 
Wallis tests were used to understand if sponge species (“Species”), microbial community composition that the sponge hosts 
{“Microbial Composition), and/or the HMA or LMA classification of the host sponge (“Microbial Abundance”) had significant 
impacts on the way that the sponges processed nutrients. Bolded text indicates statistical significance. 
 

    
Chi-
squared Df p.value 

DOC 

Species 9.010801 9 0.436278 
Microbial Composition 0.301473 2 0.860074 
Microbial Abundance 1.14966 1 0.28362 

TDN 

Species 7.286518 9 0.607316 
Microbial Composition 1.636614 2 0.441178 
Microbial Abundance 0.012134 1 0.912287 

Total Raman Units 

Species 14.85563 9 0.094979 
Microbial Composition 6.261641 2 0.043682 
Microbial Abundance 0.272865 1 0.601417 

Phenylalanine Like 
fDOM 

Species 12.03426 9 0.211385 
Microbial Composition 4.387393 2 0.111504 
Microbial Abundance 1.034769 1 0.309041 

Lignin Like fDOM 

Species 5.709988 9 0.768556 
Microbial Composition 1.265046 2 0.53125 
Microbial Abundance 0.170068 1 0.680051 

Fulvic Acid Like fDOM 

Species 12.55377 9 0.183858 
Microbial Composition 3.358489 2 0.186515 
Microbial Abundance 1.66969 1 0.1963 
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FIGURES 

 
Figure 1 Sponge body types graphic ascon (A), sycon (S), and leucon (L). Most sponges are leucon, including the ones in this 
study. Insets show the path that water takes through the chambers of the sponge with choanocytes depicted in red. Used with 
author permission (Asadzadeh et al., 2020). 
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Figure 2 Metabolic reconstruction and the proposed exchange of 4 nutrient types between the model species Ircinia ramosa and 
its symbionts (Engelberts et al., 2020). The five major symbiont types found in I. ramose (Actinobacteria, Chloroflexi, 
Nitrospirae, Cyanobacteria, and Poribacteria) model are shown here, giving a general idea of what these symbionts may provide 
for their host. Used with author permission (Engelberts et al., 2020. 

. 
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Figure 3 Size range of particulate and dissolved organic matter including other organic compounds found in water. Used with 
author permission (Nebbioso & Piccolo, 2013). 
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Figure 4 The sponge loop can be explained in a few steps (1) Exudates are released by primary producers like corals and algae 
into the water column in the form of dissolved organic material (DOM) (Naumann et al., 2010; Haas et al., 2011; Mueller et al., 
2014). These primary producers are responsible for releasing up to 50% of their fixed carbon which is a transfer of nutrients and 
potential energy for the reef (Wild et al., 2004; Tanaka et al., 2008; Haas et al., 2010). (2)The DOM is taken up by the sponges 
and their symbionts, known as the sponge holobionts, (3)where they either assimilate the nutrients into their tissues, the (4) 
release particulate organic matter (POM) through sloughing off cells, or are (5) consumed detritivores ingest the sloughed cells or 
feed directly on the sponges(Rix et al., 2018). The arrows indicate trophic level transfer of nutrients, with the question mark 
denoting the unknown components of DOM released by sponges back into the environment, the composition of which may vary 
by sponge species. Image Credit: Keleher via BioRender 
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Figure 5 Schematic of dissolved organic matter. The pool of dissolved organic matter on reefs is complex and comprised of 
several different types of organic material. Dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and fluorescent 
dissolved organic matter (fDOM), which is a subsection of colored dissolved organic matter (CDOM), are the three types being 
focused on in this project. fDOM two primary subsections humic-like and amino acid-like. Image Credit: Keleher via BioRender 

 

Figure 6 Example of EEM plots for samples from two environments characteristic of (a) rivers, (b) new marine productivity. The 
vertical axis is in relative fluorescence intensity for panel a, and fluorescence in QSE for panel b (Coble, 2007). (c) Example of a 
spectroscopy graph for a freshwater sample (F1) and a marine water sample (M6), both collected in April 1996 (Parlanti et al., 
2000). The intensity and the wavelengths at which the peaks occur are what is used to determine the molecule. Used with author 
permission (Parlanti et al., 2000).. 
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Figure 7 In-situ Vacusip setup and artificial reef. The basket contained a series of pressurized 250 mL bottles for sponge inhalant 
and exhalent seawater collection. The tubing was stabilized using the red blocks shown on the cinder block near the sponge to be 
sampled and positioned over the sponge osculum to collect exhalent water. Tubing for inhalant water was positioned in the basket 
to collect surrounding seawater. The tubing was plugged into the 250 mL bottles via syringe to initiate a vacuum to pull in 
seawater at a rate of ~ 1 mL min-1. 
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Figure 8 Flow chart to show steps taken during statistical analysis. 
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Figure 9 Spearman based correlation plot for Inhalant (a), exhalant (b), and percent change (c). Significant correlations are 
indicated by a dot in the figure. The darker and larger the dot, the stronger the correlation, additionally red represents negative 
correlations and blue represents positive correlations.  

 

a b 

c 
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Figure 10 Principal Components Analysis (PCA) using z-score standardized data (a) inhalant (PERMANOVA, F5,46 =4.7028, 
adjusted-p = 0.003), (b)  exhalant (PERMANOVA, F5,48 = 3.7072, adjusted-p = 0.008), and (c) percent change (PERMANOVA, 
F5,46 = 1.3873, p = 0.14) of the seawater samples. Colors correspond to the day that samples were collected. 

a b 

c 



73 
 

 

Figure 11 Principal Components Analysis (PCA) using z-score standardized data for (a) inhalant (PERMANOVA, F4,37 = 1.1117, 
p = 0.304), (b) exhalent (PERMANOVA, F4,37 =0.8446, p = 0.601), and (c) percent change (PERMANOVA, F4,37 = 1.0644, p = 
0.386) of the seawater sample. Colors correspond to rows on the artificial reef. 

  

a 

c 

b 
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Figure 12 Principal Components Analysis (PCA) using z-score standardized data for (a) inhalant (PERMANOVA, F5,46 =4.7028, 
p =0.001), (b) exhalent (PERMANOVA, F5,46 =3.7072, p =0.005), and (c) percent change (PERMANOVA, F5,46 =1.3873, p-0.14) 
of the seawater samples. Colors correspond to the species neighboring the individual that was sampled. 

 

  

a b 

c 
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Figure 13 Principal Components Analysis (PCA) using z-score standardized nutrient data (percent change in nutrients) using 
individual fDOM components. Colors represent microbial abundance (HMA or LMA) (PERMANOVA, F1,40 =0.6164, p-0.646). 

 

Figure 14 Principal Components Analysis (PCA) using z-score standardized nutrient data (percent change in nutrients) using 
individual fDOM components. Colors represent microbial composition. (PERMANOVA, F2,39 =2.3286, p-0.028) 
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Figure 15 Principal Components Analysis (PCA) using z-score standardized data for (a) inhalant (PERMANOVA, F9,32 = 1.1895, 
adjusted-p = 0.168), (b) exhalent (PERMANOVA, F9,32  = 1.4019, adjusted-p = 0.116), and (c) percent change (PERMANOVA, 
F9,32 =1.8521, adjusted-p = 0.04) of the seawater samples. Colors of data on the PCA plot correspond to sponge species. Colors 
next to species in key correspond to microbial composition with green indicating sponges that have both nitrifying and 
photoautotrophic symbionts, pink indicating species that have neither type of symbiont, and blue indicating sponges that have 
nitrifying symbionts but not photoautotrophic symbionts. Vectors in panel C that are overlapping are fulvic acid-like, visible 
humic-like, and ultraviolet-like fDOM. 

a b 

c c 
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Figure 16 Heat map with hierarchical clustering of relative change in nutrients across sponge species. Sponge species are listed 
on the right and types of DOM on the bottom colored by known microbial community composition (a) or (b). Nutrient values 
were log-transformed and converted to relative values for each sponge species.  

a 

b 
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Figure 17 Percent change of total Raman units microbial composition. Pairwise comparison using Dunn’s tests indicated a 
significant difference between the Both and Nitrate groups (p-0.047). No other differences were statistically significant.  

 

  a                 ab                 b 
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Figure 18 Percent change of visible humic-like fDOM by sponge species (a) (Pairwise comparison using Tukey’s tests indicated a 
significant difference between Xmut and Acra (p= 0.029), Xmut and Aful (p=0.044), and Xmut and Ibir (p=0.019). No other 
differences were statistically significant between species.) and microbial composition (b) (Pairwise comparison using Tukey’s 
tests indicated a significant difference between the Both and Nitrate groups (p= 0.037). No other differences were statistically 
significant within the microbial composition.).  

 a   a     a     ab   ab   ab   ab    ab   ab    b 

b 

a 

  b                 ab                a 
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Figure 19 Percent change of ultraviolet humic-like fDOM compounds by microbial composition (Pairwise comparison using 
Tukey’s tests indicated a significant difference between the Neither and Nitrate groups (p= 0.042). No other differences were 
statistically significant within the microbial composition.). 

Figure 20 Percent change of tyrosine-like fDOM by sponge species (a), microbial composition (b), and microbial abundance (c). 
Kruskal Wallis (Pairwise comparison using Tukey’s tests indicated a significant difference between the Neither and Nitrate 
groups (p= 0.045). No other differences were statistically significant within the microbial composition.).  

 ab                 b                 a 

 ab                 b                  a 
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Figure 21 Nutrient profiles seen in the form of this heatmap provide another view of fDOM processing across species and yielded 
four distinct patterns. Pattern group 1 (A. fulva, I. birotulata and V. rigida), Pattern group 2 (A. crassa and I. felix), Pattern group 
3 (N. digitalis, A. compressa, and C. aculeata), Pattern group 4 (A. cauliformis and X. muta). 
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