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ABSTRACT 

 

Implications of irradiance 

for the Red Sea Tridacna giant clam holobiont 

Susann Roßbach 

 

Giant clams (Tridacninae subfamily) are prominent members of Indo-Pacific corals reefs, 

including the Red Sea, where they play multiple roles and are of distinct ecological significance 

for these communities. Tridacninae stand out among other bivalves as one of the few molluscan 

groups that live in a symbiosis with dinoflagellate Symbiodiniaceae. This relationship is 

comparable to the symbiosis of corals and their associated algae, where the symbionts provide 

a substantial amount of the respiratory carbon demand of the host through their photosynthetic 

activity. Their photosymbiosis restricts the distribution of the Tridacninae holobiont (i.e. giant 

clam host, symbiotic algae and associated bacteria) to the sunlit, shallow waters of the euphotic 

zone, where organisms receive sufficient incident light to maintain their high rates of primary 

production and calcification. However, giant clams in these shallow reefs are simultaneously 

exposed to potentially high and damaging levels of solar (UV) radiation. 

This thesis includes research on the Red Sea Tridacna spp. holobiont from an ecosystem to 

microscale level. It assess the abundance and distribution of Red Sea giant clams, including 

their associated symbiotic microalgae and bacterial microbiome. Further, it describes the strong 

light-dependency of calcification and primary production of Red Sea Tridacna maxima clams 

and reports on the effective photo-protective mechanisms that have been evolved by these 

clams to thrive in shallow reefs, despite levels of high solar irradiance. Tridacninae developed 

effective behavioral mechanisms for photo-protection, by which the clam is able to flexibly 

adjust its shell gaping behavior to incident light levels within a narrow time frame. On a 

microscale, Tridacninae use advanced photonic structures (iridocytes) within their tissues to 

mitigate the potential negative effects of high solar UV radiation, and to promote the 

photosynthesis of their symbiotic algae. 
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Understanding the role of the Tridacna spp. holobiont for Red Sea coral reefs, its contributions 

to overall productivity, and its abundances in the region may serve as a baseline for further 

studies on this charismatic invertebrate. It may also contribute to the conservation efforts from 

local to regional scales, and eventually aid the protection of Tridacninae in the Red Sea and 

elsewhere. 
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1. Introduction 

 

1.1. Tridacninae – an important member of Indo-Pacific 

coral reefs 

 

Giant clams (Cardiidae; Tridacninae subfamily) are among the largest (Beckvar 1981) and 

fastest-growing (Bonham 1965) bivalves on Earth and represent an important component of 

Indo-Pacific reef communities (Neo et al. 2015). They have evolved from a Byssocardium-like 

ancestor (Fig. 1.1-1) in the early Miocene (23.03 – 5.33 Mya) (Benzie and Williams 1998; 

Harzhauser et al. 2008), from where they divided into two genera, i.e. Hippopus and Tridacna.  

 

Figure 1.1-1 Byssocardium emarginatum (Deshayes, 1829), a potential ancestor of modern Tridacninae. 

 

The more recent integration of molecular tools in research on Tridacninae led to several 

rediscoveries and new species descriptions, facilitating better understanding of the taxonomical 

status of this subfamily (Neo et al. 2017). To date, the taxonomy comprises 12 extant and 

described species, two in the genus Hippopus, H. hippopus (Linnaeus 1758) and H. porcellanus 

(Rosewater 1982), and 10 in the Tridacna genus, T. gigas (Linnaeus 1758), T. maxima (Röding 
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1798), T. noae (Röding, 1798), T. derasa (Röding 1798), T. squamosa (Lamarck 1819), 

T. crocea (Lamarck 1819), T. squamosina (Sturany 1899; formerly T. costata; Richter et al. 

2008), T. mbalavuana (Ladd 1934; formerly T. tevoroa; Lucas et al. 1991), T. rosewateri 

(Sirenko and Scarlato 1991; formerly T. lorenzi; Monsecour 2016), as well as the recently 

resurrected  T. elongatissima (Bianconi 1856; Fauvelot et al. 2020), but also a cryptic species 

(undescribed in Huelsken et al. 2013). Three of these species can be found in the Red Sea: 

T. squamosa (Roa-Quiaoit 2005), T. squamosina and Tridacna maxima (Fig.1.1-2), with the 

latter being the most abundant (Roa-Quiaoit 2005; Jantzen et al. 2008). 

Our understanding of the biogeographic ranges and the phylogeography of the different species 

is also continuously amended as research progresses (Van Wynsberge et al. 2016). In general, 

Tridacninae are distributed along shallow coasts and coral reefs from South Africa to the 

Pitcairn Island (32°E to 128°W), and from southern Japan to western Australia (24°N to 15°S) 

(Neo et al. 2017) (Fig 1.1-2). The greatest species diversity of giant clams can be found in the 

Coral Triangle (Spalding et al. 2007; bin Othman et al. 2010), an ecosystem well known for its 

high marine species diversity (Bouchet 2009).   

 

 

Figure 1.1-2 Natural geographic distribution of giant clam (Tridacninae) species. Species that have been reported 

for the Red Sea are highlighted in red (Modified from Neo et al., 2017). 
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Tridacnae are a basic component and of distinct ecological significance for a (healthy) reef 

(Neo and Todd 2013; Neo et al. 2015; Van Wynsberge et al. 2016). They contribute to overall 

reef productivity (Andréfouët et al. 2005; Gilbert et al. 2006) and play multiple roles in the 

framework of coral reef communities, such as providing substrate for epibionts (Yonge 1955; 

Vicentuan-Cabaitan et al. 2014), shelter for commensal organisms (De Grave 1999) and food 

for several predators and scavengers (Alcazar 1986). Collectively, Tridacninae increase the 

topographic relief of coral reefs (Cabaitan et al. 2008) and, by producing calcium carbonate 

shell material, giant clams can occasionally even form reef-like structures (Andréfouët et al. 

2005; Gilbert et al. 2005). They are also assumed to act as reservoirs of algal symbionts 

(Symbiodiniaceae) (DeBoer et al. 2012). As giant clams filter large volumes of water and 

absorb dissolved organic carbon, they are even thought to counteract eutrophication by 

performing a ‘giant clam loop’, which would resemble the ‘sponge loop’ (De Goeij et al. 2013), 

a highly efficient recycling pathway for dissolved organic matter (DOM) converting it in 

eutrophic coral reefs (Klumpp et al. 1992; Mies 2019). 

Due to their habitat specificity (Hart et al. 1998; Neo et al. 2009) and longevity (Hardy and 

Hardy 1969), Tridacninae are exceedingly vulnerable to exploitation (e.g. “harvest” for food 

and souvenirs) and environmental degradation, caused by human activities and climate change 

(Ashworth et al. 2004; Van Wynsberge et al. 2016). Due to their massive carbonate shells and 

high biomass, giant clams were useful to humans already since pre-historic times as a material 

and food source (Hviding 1993). In the Asian Pacific region, giant clams are still harvested for 

their adductor muscle and mantle meat for restaurants and their shells for ornamental purposes 

(Lucas 1994). They are also cultivated in aquaculture for the tropical marine aquarium market 

(Heslinga et al. 1984; Mies et al. 2017) as well as for restocking natural populations (Gomez et 

al. 1998; Guest et al. 2008; Waters et al. 2013). 

On a global scale, Tridacninae species typically occur in the range of 0.1 to 0.0001 clams per 

square meter (m–2). However, exceptional abundances with up to 500 individuals per m-2 were 

reported in the early 2000s for an atoll reef in French Polynesia (Andréfouët et al. 2005; Gilbert 
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et al. 2005). Survey information on global stocks (Neo et al. 2017) suggest that areas with low 

abundance correlate with high (historical) exploitation. Areas with high numbers are often 

marine protected areas, far away from human population, or characterized by low fishing 

pressure. Currently, all giant clam species are listed in the IUCN Red List of Threatened Species 

(IUCN 2016) and protected under Appendix II of the Convention on International Trade in 

Endangered Species of Wild Fauna and Flora (CITES), with most of them under a lower 

risk/conservation dependent status. However, Lucas (2014) highlighted that “giant clam species 

are extinct or in danger of extinction in many parts of their distributions, and the IUCN status 

of tridacnine species is therefore in urgent need of updating” (Lucas 2014; Neo et al. 2017). 

Besides the commercial exploitation and depletion of natural stocks, giant clams are also 

predicted to be vulnerable to climate change effects (e.g. high water temperatures and low 

oxygen levels) (Andréfouët et al. 2013), and mass die-offs were already reported in some 

regions, such as French Polynesia (Addessi 2001). Due to their wide range of ecosystem 

services for coral reefs, the importance of the conservation of Tridacninae spans, therefore, 

beyond the preservation of a single taxon (Neo et al. 2017). 
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1.2. Tridacninae in the Red Sea 

 

Invertebrates, including giant clams, are the most diverse group of organisms in Red Sea coral 

reefs (Berumen et al. 2013). Their overall status, abundance and distribution in the region are, 

however, poorly documented, and only a small number of previous studies included 

Tridacninae. These included mostly specimens from the Gulf of Aqaba (e.g. Jantzen et al. 2008; 

Nuryanto and Kochzius 2009; Hui et al. 2016), the Egyptian coast (e.g. Ullmann 2013; 

Mohammed et al. 2014), and a few, single reefs in the central and southern Saudi Arabian Red 

Sea (e.g. Pappas et al. 2017; Fauvelot et al. 2020).  

Due to its pronounced environmental gradients, often reaching extreme values, the Red Sea is 

recognized as a ‘natural laboratory’ (Berumen et al. 2019), where studies on the impact of this 

extreme and / or changing environment (e.g. rising water temperatures, increases in solar 

irradiances, etc.) on marine biota can provide some sense of ‘forecast’ for other regions 

worldwide. This is because environmental conditions, experienced by Red Sea (coral reef) 

organisms are comparable to those that are predicted for most tropical reefs over the next 50 

years (Grimsditch and Salm 2006). In fact, the Red Sea is one of the world’s warmest and most 

saline water bodies and displays distinct natural latitudinal gradients of temperature (Chaidez 

et al. 2017), salinity (Arz et al. 2003) and nutrient availability (Ngugi et al. 2012; Sawall et al. 

2015) (Fig. 1.2-1).  

 

Figure 1.2-1 Maps illustrating the latitudinal gradients (annual averages) in the Red Sea. (a) Temperature, (b) 

Salinity, (c) Dissolved Oxygen, (d) Phosphate (from Ngugi et al. 2012). 
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The shallow connection to the Indian Ocean via the Strait of Bab el Mandeb in the southern 

Red Sea causes a limitation in freshwater input and water exchange and leads, along with the 

arid nature of the watershed where no rivers discharge in the Red Sea, to high evaporation rates 

(Eshel and Naik 1997; Arz et al. 2003). Surface water temperatures are overall high and increase 

towards the South, with maximum sea surface temperatures ranging from 33.0 to 33.9 ºC during 

the summer (Chaidez et al. 2017; Agulles et al. 2020), while salinity is especially high in the 

North and decreases towards lower latitudes. 

The Red Sea is also characterized by deep penetration depths of ultraviolet radiation (UVR), 

and doses are still moderately high in water depths of 3 – 5 m (Dishon et al. 2012; Al-Aidaroos 

et al. 2015; Overmans and Agustí 2019,2020). This is especially true for reefs in the northern 

and central Red Sea, located on narrow shelves in clear oceanic waters (Pilcher and Abou Zaid 

2000; Richter and Abu-Hilal 2004), while southern Red Sea reefs are more characterized by 

turbid waters, due to higher amounts of suspended particles (Hassan et al. 2002). Red Sea reefs 

also face a number of anthropogenic threats, including habitat destruction (Badr et al. 2009), 

overfishing (Hasan 2005; Spaet and Berumen 2015), and unsustainable tourism (Gladstone et 

al. 2013). 

Assessing the abundance and distribution of Tridacninae in the Red Sea and identifying the 

potential drivers for local densities is therefore crucially needed as a basis for understanding 

their ecological role in these local reefs. It may further serve as a baseline for future studies on 

this charismatic invertebrate. 
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1.3. Tridacninae as holobionts 

 

Tridacninae stand out among mollusks as one of the very few groups that live in a symbiotic 

relationship with photosynthetic dinoflagellates of the Symbiodiniaceae family (Yonge 1936; 

Taylor 1969). This symbiotic relationship is assumed to have evolved already during the 

Oligocene (33.9 – 23 Mya) when Tridacnines (species assigned to different extinct taxa 

including Byssocardium (Fig. 1.1-1) invaded tropical waters (Schneider 1996). Albeit the 

symbiotic relationship between giant clams and Symbiodiniaceae resembles the one that is 

well-known for corals, both have evolved convergent and temporally independent. In particular, 

the symbiosis between corals and Symbiodiniaceae might already date back to the Jurassic 

period (~ 140 – 200 Mya) (LaJeunesse et al. 2018).  

Further, contrary to corals, which host their symbionts in the endodermal cells that line the 

gastrovascular cavity, Symbiodiniaceae in giant clams are located extracellularly in a tubular 

system, originating from the digestive diverticular ducts of the stomach and extending mainly 

into the outer mantle (Norton et al. 1992) (Fig. 1.3-1). Tridacninae acquire their algal symbionts 

from the water column via filter-feeding during their larval stage (Fitt and Trench 1981). 

However, it is not clear if the clam already benefits during this early uptake (Ishikura et al. 

1999; Hirose et al. 2006), or if the symbiotic relationship starts after their metamorphosis 

(Yonge 1936; Fitt et al. 1984; Fitt et al. 1986). They are also assumed to have evolved a 

sophisticated photonic cooperation between their algal symbionts and specialized cells 

(iridocytes), located in their outer mantle tissue, which act as nano-reflectors and potentially 

promote the availability of wavelengths of light that are beneficial for photosynthesis (Holt et 

al. 2014; Ghoshal et al. 2016). 

As reviewed by Baker (2003), the previously identified clam - associated Symbiodiniaceae 

belong to the genera of Cladocopium, Durusdinium and Symbiodinium (previously known as 

clades C, D and A respectively, but recently revised by LaJeunesse (2018)), (Baillie et al. 2000; 

Carlos et al. 2000; Ikeda et al. 2017). While Tridacninae specimens of the same species have 

been also shown to associate with symbionts from all these genera simultaneously (DeBoer et 
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al. 2012), the community composition seems to be dependent on the specific species, as well 

as its location and thermal environment (Belda-Baillie et al. 1999; DeBoer et al. 2012; Mies 

2019). 

 

Figure 1.3-1 Schematic drawing of a cross-section of a giant clam. Symbiotic dinoflagellates are located in the 

primary and secondary sinus tubes that are extending from the stomach into the outer mantle. Modified from Knop 

1996. 

 

Tridacninae are generally described as being mixotrophic (Klumpp et al. 1992), covering  their 

energy demand through filter-feeding and through photosynthesis. This dual capacity is 

assumed to support their fast calcification and organic growth rates, exceeding those of most 

other bivalves (Klumpp and Griffiths 1994; Rossbach et al. 2019). However, as the algal 

symbionts occasionally can cover up to 100% of the respiratory carbon demand of the clams 

(Trench et al. 1981; Klumpp et al. 1992; Klumpp and Griffiths 1994), some species are 

considered to be net (photo)-autotrophs (Klumpp and Griffiths 1994; Jantzen et al. 2008). This 

photo-symbiosis seems to be obligatory for the clam host, as previous studies report that 



24 

 

 
 

Tridacninae often perish in the absence of their symbionts (Addessi 2001; Leggat et al. 2003), 

for example after bleaching (i.e. the expulsion of their symbiotic algae (Glynn 1993)). Besides 

contributing to the gross physiological performance of giant clams, the successful 

photosymbiosis between Tridacninae and Symbiodiniaceae is probably also one of the reasons 

why the calcification in these bivalves is strongly light-dependent (Ip et al. 2017; Ip et al. 2018; 

Chew et al. 2019; Rossbach et al. 2019), and why the availability of light seems to be a critical 

factor affecting the growth of giant clams in general (Lucas et al. 1989; Hiong et al. 2017b). 

While this symbiotic relationship of Tridacninae and Symbiodiniaceae has been studied 

extensively, little is known about the bacterial community associated with giant clams, albeit 

their importance in animal and plant functioning is widely acknowledged (McFall-Ngai et al. 

2013; Bang et al. 2018). The associated bacterial microbiome of photo-symbiotic reef 

organisms, including giant clams, seems to play an important role in organisms’ health. It 

provides different roles - from the processing of nutrients to the protection from diseases (Sweet 

and Bulling 2017), as well as the capacity to help the host to adapt to environmental changes 

and extremes (Ainsworth et al. 2010). Microbial diversity and abundance in marine invertebrate 

holobionts are reported to be high (Olson and Kellogg 2010) and changes of the microbiota, 

initiated by environmental changes and / or stressful conditions have been shown to be linked 

to an impaired overall health and a higher predisposition for diseases (Vezzulli et al. 2013; 

Lokmer and Wegner 2015).  

Over the last couple of decades, several studies examined microbial communities associated 

with corals, including archaea, bacteria, viruses, and microbial protists (Wegley et al. 2004; 

Thurber et al. 2009; Van Oppen et al. 2009; Bayer et al. 2013). For corals, environmental factors 

such as elevated temperatures, nutrient concentrations, but also the geographic location and 

depth, as well as the relative coral / algae cover of the habitat have been shown to influence the 

host-associated microbiome (Pantos et al., 2015, Roder et al., 2015). In bivalves, the presence 

or absence of special pathways driving microbial - host interactions in the hemolymph and other 

tissues is thought to significantly impact the microbiome structure and, in turn, influence 
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resistance or susceptibility to e.g. microbial diseases (Vezzulli et al., 2018). The relationship of 

bivalves and their bacterial microbiome bacteria has been often described as symbiotic (Lokmer 

et al. 2016) and associated bacteria are either hosted in the gill or the gut of the bivalve host 

(Prieur et al. 1990), where they assist the digestion of food, as shown for Crassostrea gigas 

larvae (Prieur et al. 1990). Further, symbiotic bacteria may supply the host with vitamins and 

amino acids as it has been shown for the Pacific vesicomyid clam Calyptogena magnifica which 

can be found at cold seeps (Newton et al. 2008). Some symbiotic bacteria protect their bivalve 

host from pathogens by either preventing the settlement of strains by growing in high densities 

themselves (Pujalte et al. 1999) or by the production of antimicrobial agents (Castro et al. 2002). 

Although research on bacterial communities associated with bivalve species dates back more 

than 100 years (Round 1914; Bates and Round 1916; Round 1916), most studies focused on 

commercially important species only, such as Crassostrea spp., Mytilus spp., and Venerupis 

spp. (Meisterhans et al. 2016; Pierce et al. 2016; Pierce and Ward 2018; Vezzulli et al. 2018). 

Further, because of the economic value and consumption of these species by humans, the 

majority of the literature has been focused on the impact of bacterial pathogens (Romalde et al. 

2014; Wendling et al. 2014), in particular Vibrio spp. (Pruzzo et al. 2005; Beaz‐Hidalgo et al. 

2010; Romalde et al. 2014). In general, previous studies also focused on the interactions of the 

bivalve host organism with its associated bacterial communities, rather than targeting microbial 

diversity patterns.   

 In giant clams, the community composition of the associated bacteria and their putative 

function remains very much unknown and only some recently published work has begun to 

investigate the bacterial microbiome harbored by Tridacninae (Guibert et al. 2020a; Guibert et 

al. 2020b). 
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1.4. Tridacninae and solar irradiance 

 

Although solar irradiance plays a key role in the ecology of giant clams, due to their 

photosymbiotic relationship with Symbiodiniaceae, scientists only recently started to study how 

the light environment can influence the calcification physiology and general metabolic rates 

(e.g. photosynthesis) of the Tridacninae holobiont.  

In other photosynthetic calcifying organisms, a positive correlation between calcification and 

light, specifically the photosynthetic active radiation (PAR; 400 – 700 nm),  has been observed, 

through direct enhancement of calcification in phototrophs (e.g., coccolithophorids and 

calcifying algae), or indirectly through symbiosis in foraminifera and reef-building corals 

(Allemand et al. 2011). For corals, this phenomenon was observed early (Yonge 1931) and 

described as Light Enhanced Calcification (LEC) (Gattuso et al. 1999). However, the 

mechanisms behind LEC are not well understood yet and different hypotheses have been 

proposed. First, photosynthetic uptake of CO2 by the symbionts, therefore lowering CO2 levels 

while increasing pH and the concentration of carbonate ion at the calcification site could favor 

calcium carbonate precipitation (McConnaughey and Whelan 1997). Second, the removal of 

inhibiting substances (such as phosphates) by the symbionts during photosynthesis (Simkiss 

1964) or the light-induced production of signaling molecules by the symbionts could lead to an 

increase in enzymatic activity essential for the calcification of the host (Ip et al. 2015; Ip et al. 

2017; Boo et al. 2018; Ip et al. 2018; Chew et al. 2019). Growth and calcification rates in 

calcifying organisms are therefore considered to be controlled by the corresponding light 

intensities (Barnes and Taylor 1973) and as the penetration of light decreases with depth, so is 

the calcification rate expected to decrease (Goreau 1963). Although processes of calcification 

and especially of LEC, have been extensively studied for corals during the last decades, detailed 

knowledge about calcification in Tridacninae is still scare. For giant clams, it is assumed that 

the light-dependent expression of certain transport enzymes can be related to increased H+ 

excretion and thus light–enhanced calcification (Hiong et al. 2017a). Ip et al. (2015) report for 

T. squamosa that the exposure to light results in the production of signaling molecules by the 
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algal symbionts which - once released to the animal tissue - are activating a cascade of 

transcriptional, translational and post-translational events in the inner mantle (Ip et al. 2015). 

This process leads to a significant increase in the effectiveness of enzymatic transports in the 

inner mantle, the site of calcification in giant clams (Hiong et al. 2017a). Despite these recent 

efforts in understanding LEC processes in giant clams at the molecular level (Ip et al. 2006; Ip 

et al. 2015; Boo et al. 2017; Ip et al. 2017a; Hiong et al. 2017a; Hiong et al. 2017b; Boo et al. 

2018; Chew et al. 2019), experiments assessing calcification rates in relation to incident 

irradiance and the implication of high irradiance stress on metabolic performances of giant 

clams are scarce. Yet they are needed to understand, for example, the circumstances that could 

trigger bleaching and potentially die-off events in Tridacninae, as previous work on T. gigas, 

has shown that, when occurring in combination with elevated water temperatures, high 

irradiances can be the primary trigger for bleaching, i.e. the expulsion of the algal symbionts 

(Buck 2000; Buck et al. 2002). 

The requirement of the algal symbionts for sufficient levels of PAR is probably also among the 

(main) drivers for the depth-dependent distribution of Tridacninae, with giant clams being most 

abundant in waters < 10 m (Van Wynsberge et al. 2016). In these shallow depths and especially 

in (sub-) tropical oceans and seas, such as the Red Sea (Al-Aidaroos et al. 2015) which receives 

intense incident solar radiation (Khogali and Al-Bar 1992), they are, however, also exposed to 

potentially harmful levels of solar ultraviolet radiation (UVR, 280 – 400 nm) (Smith and Baker 

1979). These highly-energetic, short wavelengths of the UVR negatively affect a broad range 

of marine organisms across benthic and planktonic communities (Banaszak and Lesser 2009b; 

Banaszak and Lesser 2009a; Llabrés et al. 2013; Häder et al. 2015). Both UV-A (320 – 400 

nm) and UV-B (280 – 320 nm) were found to have significant and often detrimental effects on 

cellular processes in various life stages of marine organisms (Helbling and Zagarese 2003). 

Impacts of UVR exposure include a number of processes, such as (1) DNA damage and 

increased oxidative stress (Shick et al. 1995; Van De Poll et al. 2001), (2) decreased growth 

and calcification rates (Van De Poll et al. 2001; Gao and Zheng 2010), (3) reduced 
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photosynthesis (Lesser 1996; Gao and Zheng 2010; Regaudie‐de‐Gioux et al. 2014) and (4) 

changes in respiration rates (Agustí et al. 2014). Therefore, UVR plays a significant ecological 

role in the marine environment (Llabrés et al. 2013; Häder et al. 2015) and organisms, including 

Tridacninae had to develop protective mechanisms against UV-induced damage. For example, 

a previous study on potential UV-protective properties of the giant clam T. crocea reported that 

UV-B completely suppressed photosynthesis in isolated zooxanthellae, yet, it had only minor 

effects on the symbionts embedded within the host tissue (Ishikura et al. 1997). They explained 

this photo-protective mechanism with the presence of mycosporine-like amino acids (MAAs) 

in the giant clams’ mantle tissue, which are known to act as UV-absorbing compounds (Shick 

et al. 1992; Banaszak et al. 2006). In regard to the UV sensitivity of giant clams (Wilkens 1984), 

another important photodamage-preventing mechanism came recently into focus: the three–

dimensional system of brightly reflective cells in the epithelia of Tridacninae, called iridocytes 

(Holt et al. 2014; Ghoshal et al. 2016). These cells have been proposed to backscatter 

(potentially harmful) wavelengths of the electromagnetic spectrum, including UV irradiances, 

which are shifted toward less energetic wavelengths (Holt et al. 2014; Kim et al. 2017). This 

mechanism has been hypothesized to establish optimal conditions for the photosynthetic 

performance of the clams’ symbionts while protecting the clam from photodamage (Holt et al. 

2014; Ghoshal et al. 2016). The photo-protective role of Iridocytes and the role of UV in 

affecting the performance of Tridacna giant clams in these shallow, where environmental UV 

levels are comparably high, remains, however, hypothetical and has not been experimentally 

tested yet.   
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2. Objectives and Contribution 

 
 

This thesis comprises research on the Red Sea Tridacna spp. holobiont from an ecosystem to a 

microscale level: It includes surveys on abundances and the distribution of Red Sea giant clams, 

as well as their associated symbiotic microalgae and bacterial microbiome along the Saudi 

Arabian Red Sea coast. Further, it assesses the implications of irradiance on calcification and 

primary production of the Tridacna holobiont, and investigates the microscale photo-protective 

mechanisms, which these clams developed, in order to thrive under high solar irradiances in 

shallow reefs.  

Understanding the role of the Tridacna spp. holobiont for Red Sea coral reefs, including its 

abundances in the region and its contributions to overall productivity, may therefore serve as a 

baseline for further studies on this charismatic invertebrate. It may also contribute to the 

conservation efforts from local to regional scales, and eventually aid the protection of 

Tridacninae in the Red Sea and elsewhere.  

 

Objective 1: To determine the oval abundances of Tridacna spp. in the Saudi Arabian Red 

Sea and identify factors that are influencing local densities.  

Objective 2: To assess the community structure of associated Symbiodiniaceae, and the 

bacterial microbiome of Red Sea Tridacna maxima giant clams.  

Objective 3: To understand the overall implications of incident irradiances (especially in 

shallow reefs) on the metabolism of T. maxima. 

Objective 4: To understand which light-protective mechanism Tridacninae evolved to cope 

with high levels of incident irradiances in shallow reefs. 
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3.1.1. Abstract 

 

Giant clams (Subfamily Tridacninae), are important members of Indo-Pacific coral reefs, 

playing multiple roles in the framework of these communities. Although they are prominent 

species in Red Sea reefs, data on their distribution and densities in the region are scarce. The 

present study provides the first large-scale survey of Red Sea Tridacna spp. densities, where 

we examined a large proportion of the Saudi Arabian Red Sea coast (1,300 km; from 18˚ to 

29˚N). Overall, Tridacninae were found at densities of 0.19 ± 0.43 individuals m-2 (± SD). Out 

of the total 4,002 observed clams, the majority (89 %) were Tridacna maxima, with 0.17 ± 0.37 

individuals m-2, while only 11 % were Tridacna squamosa clams with 0.02 ± 0.07 individuals 

m-2. We also report on a few (total 6) Tridacna squamosina specimens, found at a single reef. 

We identified different geographical parameters (i.e., latitude and distance to shore) and local 

environmental factors (i.e. depth and reef zone) as the main drivers for local Tridacna spp. 

densities. Our results show that the drivers influencing the densities of Red Sea giant clams are 

complex due to their co-occurrence and that this complexity might explain the high variation 

in Tridacninae abundances across the Indo-Pacific, but also within a given reef. We also 

estimate that giant clam calcification likely contributes to an average of 0.7 %, but potentially 

up to 9 %, of the overall mean calcium carbonate budget of Red Sea coral reef communities. 
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3.1.2. Introduction 

 

Giant clams of the Tridacninae subfamily, ranking among the largest (Beckvar 1981) and 

fastest-growing bivalves on Earth, are charismatic and important components of Indo-Pacific 

coral reef communities (Bonham 1965; Neo et al. 2015). They are an important ecosystem 

engineer, contributing to the reef carbonate structure (Andréfouët et al. 2005; Neo et al. 2015) 

and play multiple other roles in this ecosystem. They provide food for predators and scavengers 

(Alcazar 1986), shelter for commensal organisms (De Grave 1999), and serve as a settling 

substrate for epibionts (Vicentuan-Cabaitan et al. 2014).To date, this bivalve subfamily 

comprises 12 extant species (Neo et al. 2017; Fauvelot et al. 2020), found in greatest diversity 

in the Central Indo-Pacific, especially Polynesia, but also in Australian waters (both, Pacific 

and Indian Ocean),  and the Red Sea (bin Othman et al. 2010; Neo et al. 2017). However, their 

taxonomical status, as well as their distribution ranges and phylogeography are continuously 

revised (Fauvelot et al. 2020). 

All giant clam species are currently listed on the IUCN Red List of Threatened Species (IUCN 

2016) and protected under Appendix II of the Convention on International Trade in Endangered 

Species of Wild Fauna and Flora (CITES). Most of them are considered to be at a lower 

risk/conservation-dependent status; however, according to Neo et al. (2017), the IUCN status 

of Tridacninae is in urgent need of updating. For the Red Sea, three species of giant clams have 

been previously reported (e.g. by Roa-Quiaoit 2005; Richter et al. 2008; Huber and Eschner 

2010; Ullmann 2013), namely Tridacna squamosa Lamarck 1819, Tridacna squamosina 

Sturany 1899 (previously described as T. costata by Richter et al. 2008) and Tridacna maxima 

Röding 1798. The latter, also called the ‘small giant clam’, is assumed to be the most abundant 

giant clam species in the Red Sea (Jantzen et al. 2008; Pappas et al. 2017; Lim et al. 2020). 

Previously reported densities of T. maxima vary substantially, with typical averages ranging 

between 10-4 to 10-5 individuals per meter square (m2), in different regions of the Indo-Pacific 

(Neo et al. 2017). Only in very few cases, T. maxima has been reported in much higher densities, 
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for example for some reefs in French Polynesia with averages of 1.6 – 2.7 individuals per m2 

(Andréfouët et al. 2009) and a maximum of 544  individuals per m2 (Gilbert et al. 2005).  

Large variability of the abundance of Tridacninae could be explained by several environmental 

and biogeographic factors. The availability of light is crucial for these clams, as they stand out 

among bivalve mollusks due to their symbiotic relationship with dinoflagellates of the 

Symbiodiniaceae family (Yonge 1936; Taylor 1969; LaJeunesse et al. 2018). Due to their 

photo-symbiotic relationship, and the resulting mixotrophic feeding strategy (Jantzen et al. 

2008), Tridacninae can even reach a net photoautotrophic metabolism (Klumpp et al. 1992; 

Klumpp and Griffiths 1994). Processes of light-enhanced calcification are presumed to be the 

main reason why Tridacninae show high calcification rates (Ip et al. 2017b; Ip et al. 2018; Boo 

et al. 2019; Chew et al. 2019; Rossbach et al. 2019) and their subsequent impressive sizes. The 

requirement for photosynthetically active radiation (PAR, 400 – 700 nm) of their algal 

symbionts restricts giant clams to sunlit, shallow waters, where they are - at the same time - 

exposed to potentially high levels of ultraviolet (UV) radiation (Overmans and Agustí 2020; 

Rossbach et al. 2020b) and high water temperatures (Andréfouët et al. 2013).  

Existing studies on densities of giant clams across depth report the highest numbers of 

Tridacninae per m2 in shallow reefs (<10 m), principally reef flats and the reef edge (Van 

Wynsberge et al. 2016; Rossbach et al. 2019). The recently described, strong light-dependency 

of calcification in Red Sea giant clams (Rossbach et al. 2019), may therefore be among the 

main drivers which restrict the depth-distribution of Tridacninae within the reef. In addition to 

the availability of light, sea temperatures (Apte et al. 2019) and wave exposure are also 

important environmental factors for symbiotic benthic organisms (Williams et al. 2013), and 

are potentially impacting the overall abundances of Tridacninae. Other habitat parameters, for 

example the substrate and overall geomorphology of the reef could influence larval settlement 

success, as giant clam larvae have been reported to favor high substrate rugosity (e.g. on coral 

rubble) to settle (Alcazar and Solis 1986; Neo et al. 2009). Furthermore, at a regional spatial 

scale, the ‘reef-type’ seems to have a major influence on giant clam abundances (Andréfouët et 
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al. 2009). For example, higher densities are found in enclosed vs. open atoll reefs, and inside 

lagoons rather than at the outer reef slope (Van Wynsberge et al. 2016). Due to their specific 

habitat preference (Yonge 1975; Hart et al. 1998) and their presumed longevity (Chambers 

2007), giant clams are exceedingly vulnerable to exploitation (e.g. harvest for food and 

souvenirs) and environmental degradation, caused by human activities and climate change 

(Ashworth et al. 2004; Van Wynsberge et al. 2016). Consequently, giant clam densities are 

reported to show a negative correlation with local human population size per surface area of 

shallow reef, which could be mainly explained by a higher fishing pressure, usually associated 

with a larger population (Van Wynsberge et al. 2016). Yet, in general, the extent to which all 

these different factors potentially affect the distribution and local abundances of giant clams, 

has been rather poorly assessed so far (Van Wynsberge et al. 2016). This holds true for the 

entire geographical Indo-Pacific distribution range of Tridacninae, but especially for poorly 

scientifically surveyed coral reefs, such as those in the Red Sea (as reviewed by Van Wynsberge 

et al., 2016). 

The Red Sea presents distinct natural latitudinal gradients of temperature (Chaidez et al. 2017), 

salinity (Arz et al. 2003) and nutrient availability (Sawall et al. 2015), all of them displaying a 

high spatial variability (Ngugi et al. 2012). Surface water temperatures are overall high and 

increase towards the South, with maximum sea surface temperatures ranging from 33.0 to 

33.9˚C during the summer (Chaidez et al. 2017; Agulles et al. 2020). Red Sea coral reefs have 

also repeatedly faced thermal stress associated to heatwaves, especially in the southern region 

(Monroe et al. 2018; Osman et al. 2018; Anton et al. 2020). Although waters in the North are 

more transparent to wavelengths of the UV spectrum than those in the southern Red Sea, they 

receive in general less intense solar radiation due to the higher latitude (Overmans and Agustí 

2019). Thus, overall maximum UV doses, received in the water column at both, northern and 

southern Red Sea reefs might be comparable (Overmans and Agustí 2019). There are also two 

wind patterns in the region: In the North, the wind systems remains relatively constant 

throughout the year, with winds coming predominantly from the North-West (Sofianos and 
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Johns 2002; Zarokanellos et al. 2017). In the South, the wind system is additionally regulated 

by the dynamics of the Indian monsoon, and the wind changes the direction to South-East 

during the northern hemisphere winter (Al Saafani and Shenoi 2004; Sofianos and Johns 2015). 

Red Sea coral reefs also face a number of anthropogenic threats, including unsustainable 

tourism (Gladstone et al. 2013), habitat destruction (Badr et al. 2009), and overfishing (Hasan 

2005; Spaet and Berumen 2015). Unlike the Asian Pacific region, where Tridacninae are still 

commercially harvested (Lucas 1994; Larson 2016), the collection of giant clams was 

prohibited by the Saudi Arabian Wildlife Commission in the early 2000s (Gladstone 2000; 

AbuZinada et al. 2004), thus protecting local Tridacninae communities in the eastern Red Sea 

for the past two decades. 

To date, densities of giant clams in the Red Sea have been mostly assessed for northern 

latitudes, including the Egyptian Red Sea coast (Zuschin et al. 2001; Ullmann 2013) and the 

Gulf of Aqaba (Roa-Quiaoit 2005), as well as at a few scattered reefs along the Saudi Arabian 

Red Sea coast (Roa-Quiaoit 2005; Rossbach et al. 2019). However, except for Rossbach et al. 

(2019), none of these previous studies assessed the depth-related distribution of Tridacna spp., 

although previous research clearly indicates that depth can have a significant impact on the 

density estimates of Tridacninae (Van Wynsberge et al. 2016; Rossbach et al. 2019).  

Here we present a large-scale survey of the density of Tridacna spp. in the eastern Red Sea, 

where we assessed the number of individuals per m-2 of reef, along approximately 1,300 km of 

the Saudi Arabian Red Sea coastline (ranging from 29˚N to 18˚N). We further aim to identify 

the most important environmental and biogeographical factors (e.g. light availability, water 

temperature, wave exposure and distance to shore) that could potentially influence the overall 

densities of Tridacninae in the eastern Red Sea. 
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3.1.3. Material and Methods 

 

Abundance surveys 

Between December 2016 and April 2019, we visited 58 different reefs along the Saudi Arabian 

Red Sea coast (Fig. 3.1-1a, see Appendix 1.1 for a more detailed map), and performed a total 

of 661 belt transects on Tridacna spp. densities, either via snorkeling or SCUBA diving. The 

surveyed reefs were categorized  according to their geographical location, ranging from reefs 

at 29˚N in the Gulf of Aqaba to 18˚N at the southern Farasan Banks, and grouped into the 

northern (25˚, 27˚, 29˚N), central (21˚, 22˚, 24˚N) and southern (18˚, 19˚ and 20˚N) Red Sea 

(according to Raitsos et al. 2013; Fig. 3.1-1a). We also considered the distance to shore, as reefs 

were located either nearshore (< 10 km away from shore), midshore (10 – 20 km) or offshore 

(> 20 km) (according to Furby et al. 2013; Fig. 3.1-1b). At a respective reef, we would further 

differentiate between the windward or leeward site of the reef, dependent on the predominant 

exposure to wind (according to Al Saafani and Shenoi 2004; Fig. 3.1-1b). At both sites (i.e. 

windward and leeward), we conducted 30 m long belt transects, recording all Tridacna 

specimens within a 1 m2 wide corridor (i.e., 30 m2 for each transect; Fig. 3.1-1c), covering a 

total Red Sea coral reef area of 20,976 m2. Belt transects have been established as a standard 

surveying method, as their ease of use and adaptable length has been shown to be most suitable 

to assess the density range of Tridacna spp., and its habitat substratum configurations (Van 

Wynsberge et al. 2016). The belt transects were conducted at different depths, between 0.5 m 

and 15 m, depending on the depth extension of the respective reef, with a minimum of six and 

a maximum of 21 transects per site (Fig. 3.1-1d). We grouped the transects then into three 

categories, i.e. conducted at depths shallower than 2 m, between 2 and 6.5 m and deeper than 

6.5 m (Fig. 3.1-1d) and also considered the reef architecture, as transects covered the reef flat, 

the edge, and the slope (Fig. 3.1-1d), with slopes having an inclination of more than 50 degrees 

being considered as ‘steep slopes’. 
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Figure 3.1-1 (a) Map of Red Sea, highlighted in red are the 58 surveyed reefs along the Saudi Arabian coastline, 

(b) Schematic of surveyed reefs located nearshore (< 10 km from the shore), midshore (10 – 20 km) and offshore (> 

20 km), indicating the windward and leeward side (according to predominant northwesterly winds in the Red Sea). 

(c) Illustration of a SCUBA diver conducting a belt transect. (d) Schematic reef with reef flat, edge and slope, 

highlighting the three surveyed depth zones, > 2m, 2 - 6.5m and > 6.5m. 

 

Temperature data 

Annually averaged water temperatures of the last ten years (2007 – 2017) were extracted from 

the corresponding data set of Agulles et al. (2020). Their 3-D gridded temperature product 

(TEMPERSEA), with a spatial resolution of 0.25˚ × 0.25˚, compares satellite observations of 

sea surface temperature and reconstructs sea temperatures in the upper layer (for depths < 100 
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m). We used these averaged annually water temperatures from depths shallower than 5 m, at 5 

to 10 m, and in those deeper than 10 m, an additional factor in the analysis of potential drivers 

for Tridacna spp. densities in the Red Sea.  

Data filtering  

For the potential regional predictors of clam densities, we used the following broad-scale 

physical variables for each of the surveyed reefs: (A) latitude, i.e. southern (18˚, 19˚ and 20˚N), 

central (21˚, 22˚, 24˚N) and northern Red Sea (25˚, 27˚, 29˚N), (B) distance to shore, i.e. 

nearshore (< 10 km away from shore), midshore (10 – 20 km) and offshore reefs (> 20 km), 

(C) predominant exposure to wind, i.e. windward and leeward sites, (D) annually averaged 

water temperatures of the last ten years, (E) depth, i.e. < 2 m, 2 – 6.5 m and > 6.5 m, and (F) 

reef zone, i.e. reef flat, edge, slope and steep slope (where the inclination was more than 50 

degrees). 

Statistical analyses  

We used generalized mixed-effects linear models with the lme() function from the nlme R 

package (Version 3.6.1; Pinheiro et al. 2015) adding reef ID as a random factor because several 

transects were deployed on each site. We first performed simple mixed-effects models for each 

potential driver of the densities of Tridacna spp. independently to assess their effects at the 

basin level. All these simple mixed-models were linear regressions (y∼x) of categorical 

variables except for temperature, which was included as a continuous variable, and analyzed 

using a polynomial type 2 model (y∼x + x2). We used a likelihood ratio test to assess the 

significance of the fixed variables at p-values < 0.05. To assess differences across levels of 

treatment we performed a post-hoc Tuckey test using the lsmeans () package (Russell 2016). 

Statistical significance was reported at p-values < 0.05. 

We then performed a more complex exploration of the potential drivers for Tridacna spp. 

densities, by combining their effects in a single model. To do this, we first examined potential 

correlations between independent predictors (Appendix 1.2) and, if correlated, selected the best 



45 

 

 
 

independent variable based on the Akaike Information Criterion (AIC, Appendix 1.3). We 

started with a model that included all independent variables and the paired interactions between 

them, and reef as a random factor (Appendix 1.4). After that, we followed a step-wise model 

simplification approach to find the most parsimonious model (Crawley 2012), using AIC to 

exclude predictors in the model (Burnham and Anderson 2004; Appendix 1.4). The R-square 

of the model was calculated using the r.squaredGLMM() function from the MuMIn R package. 

Again, we used a likelihood ratio test to assess the significance of the fixed variables and a 

post-hoc Tuckey test to assess differences across levels of treatment at p-values < 0.05. All 

graphs were created using the ggplot2 R package (Wickham 2009).  
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3.1.4. Results 

 

We recorded a total of 4,002 Tridacna spp. clams, with an overall average (± SD) density of 

0.19 ± 0.43 individuals m-2 and a median density of 0.07 individuals m-2 (The full dataset can 

be assessed in the PANGEA repository at doi.org /10.1594 /PANGAEA.921114). The majority 

of the individuals (89 %) were identified as T. maxima (Fig. 2a), while only about 11 % were 

T. squamosa specimens (Fig. 3.1-2b). In addition, we found a few specimens (n = 6) of the 

extremely rare T. squamosina (Fig. 3.1-2c) at one single reef in the southern Red Sea.  

 

Figure 3.1-2 Photos of Tridacna spp. specimens with (a) Tridacna maxima, (b) Tridacna squamosa and (c) Tridacna 

squamosina. d) Densities of Tridacna spp., T. maxima and T. squamosa as individuals per m-2 along the Saudi 

Arabian Red Sea coast. Grey dots symbolize densities of Tridacninae at each conducted transect, the red line 

indicates the averaged density 

On average, and for the entire surveyed coastline, the density of the ‘small giant clam’ 

T. maxima was 0.17 ± 0.37 individuals per m2 (Fig. 3.1-2d). However, densities varied 

substantially between reefs, with up to 3.03 ± 1.28 individuals m-2 at a few reefs located in the 

Al Wajd Lagoon (northern Red Sea), to no clams being present at some reefs in the Farasan 

Banks (southern Red Sea). Specimens of T. squamosa were present at 45 reefs and with an 

overall density of 0.02 ± 0.07 individuals m-2. 



47 

 

 
 

Drivers of Tridacna spp. density 

Densities (± SD) of Tridacna spp. showed a strong North-South gradient, with significantly 

more clams present in the northern reefs (> 25˚) with 0.46 ± 0.84 individuals m-2, than in the 

South (18˚, 19˚, and 20˚N), where the average density was 0.10 ± 0.20 individuals m-2 

(F-value = -3.28, p-value = 0.005, Fig. 3.1-3a, Appendix 1.4 and 1.5). In the central Red Sea 

(21˚ – 24˚N), averaged Tridacna spp. density was 0.17 ± 0.23 individuals m-2. The distance to 

the shore had a significant influence on giant clam densities, with more clams being present in 

reefs located nearshore (i.e. <10 km away from shore) than at reefs located offshore (i.e. > 20 

km away from the coast) (Fig. 3.1-3b, F-value = 2.84, p-value = 0.017, Appendix 1.4 and 1.5).

  

 

Figure 3.1-3 Tridacna spp. densities as individuals per m2 at (a) reefs in the northern (25˚, 27˚, 29˚N), central (21˚, 

22˚, 24˚N) and southern (18˚, 19˚ and 20˚N) Red Sea and at (b) surveyed reefs located nearshore (< 10 km), midshore 

(10 - 20 km) and offshore (> 20 km). Grey dots symbolize densities of Tridacninae at each conducted transect, the 

red line indicates the averaged density. Different capital letters indicate statistically significant differences in density 

(p < 0.05). 

 

Within a given reef, we found a number of drivers that, mostly due to their correlation with 

each other and / or co-occurrence, had a significant influence on the density of Tridacna spp. 

giant clams in Red Sea coral reefs (Appendix 1.4 and 1.5). When examining the specific 

environmental factors of wind exposure (i.e. sites located wind - or leeward), we observed 

significantly higher densities of Tridacna spp. at the leeward side of reefs (Fig. 3.1-4a) (F = 
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23.14, p  < 0.001). There was also a relationship between annually averaged temperature and 

Tridacna spp. density (Fig. 3.1-4b), and our empirical data suggest that the thermal optimum 

for Tridacna spp. densities in Red Sea coral reefs is at 26.3˚C (Fig. 3.1-4b). This is also 

reflecting the North-South gradients in the Red Sea, as all of the reefs experiencing mean annual 

temperatures above 27˚C were located in the southern Red Sea (Appendix 1.2). When 

comparing Tridacna spp. densities between different depths (Fig. 4c), we found that the giant 

clams were significantly more abundant in waters shallower than 6.5 m (i.e. at < 2m and 

between 2 and 6.5m; p < 0.001; respective F values can be found in Appendix 1.5) in 

comparison to deeper depths (i.e > 6.5 m). Furthermore, we found significantly less Tridacna 

spp. specimens at the reef slope than at the flat (F = 4.77, p < 0.001) and edge (F = 5.59, p < 

0.001) (Fig. 3.1-4d), and even fewer clams at steep reef slopes, in comparison to the reef flat 

(F = 5.32, p < 0.001) and edge (F = 6.09, p < 0.001).  

To address the correlation and co-occurrence of the independent drivers, which we identified 

to have a significant influence on the densities of Red Sea Tridacna spp., (Appendix 1.4 and 

1.5) we ran a model testing the effect of geographical location, meaning the latitude at which 

the reef was located (i.e. southern, central and northern), the effect of the site, depending on the 

wind exposure (i.e. leeward or windward), and the depth (i.e. < 2 m, 2 – 6.5 m and > 6.5 m), as 

well as their interactions (Fig. 3.1-4e; Table 3.1-1) on clam density.  The model revealed 

Tridacna spp. densities to vary significantly with latitude, wind exposure and depth, as well as 

significant interactions between these three factors (Table 3.1-1, Appendix 1.4). Overall, the 

generalized linear model including these variables, interaction terms and random factor, 

accounted for 86 % of the variability in Tridacninae densities in the eastern Red Sea (R2 = 

0.859). 
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Figure 3.1-4 Tridacna spp. densities as individuals per m2, plotted for (a) wind exposure (windward and leeward 

reef site), (b) annually averaged ambient water temperatures (˚C) with an optimum temperature at 26.3˚C, 

highlighted with an red cross,  (c) depth  (< 2m, 2 - 6.5m and > 6.5m), as well as the (d) reef zone (flat, edge, slope, 

and steep slope). Grey dots symbolize densities of Tridacninae at each conducted transect, the red line indicates the 

averaged density. Different capital letters indicate statistically significant differences in density (p < 0.05). Panel (e) 

shows data for each individual belt transect and for the different latitudes (southern, central, and northern Red Sea), 

wind exposure (leeward and windward), and depth zone (< 2m, 2 - 6.5m, and > 6.5m) as boxplots, including the 

median (line) and average (dot) density. 

 

Table 3.1-1 Results of the generalized mixed-effects linear models, testing the independent drivers of Tridacna spp. 

densities 

Independent driver DF F-Value p-value 

Depth 2 51.70 <0.0001 

Wind Exposure 1 32.01 <0.0001 

Latitude 2 5.14 0.009 

Depth*Wind exposure 2 15.41 <0.0001 

Depth*Latitude 4 16.57 <0.0001 
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3.1.5 Discussion 

 

Observed Tridacninae species  

During the fieldwork and SCUBA dives for the present study, we encountered all three giant 

clam species that had been previously reported for the Red Sea, i.e. T. maxima, T. squamosa 

and T. squamosina (Fig. 3.1-2a-c). While we observed T. maxima and T. squamosa along the 

entire study area (i.e. Saudi Arabian Red Sea coastline from the northern part of the Gulf of 

Aqaba to the southern Farasan banks), we found T. squamosina exclusively in a single location 

in the southern Red Sea. To date, there are only two other reports on the presence of this species 

in the region, from the Gulf of Aqaba (Richter et al. 2008) and from a single location at the 

Farasan Islands (Fauvelot et al. 2020). In accordance to our findings, these previous surveys 

report on the extremely low density of this species (e.g. 0.9 ± 0.4 individuals per 1000 m2 in 

the Gulf of Aqaba; Richter et al. 2008) and although it has been reported that T. squamosina 

presents up to > 80 % of the fossil Tridacninae shells in the Red Sea (Richter et al. 2008), 

nowadays this species presumably represents less than 1 % of the present stocks. It is not yet 

clear what caused this putatively steep population decline of T. squamosina, but the extremely 

rare sightings of this species may warrant legal protection, such as being added to the IUCN 

Red List. Densities of, and species allocation between the two other species, T. maxima (89% 

of individuals), and T. squamosa (11 %) were consistent with previous reports on Red Sea 

Tridacninae (e.g. Roa-Quiaoit 2005; Ullmann 2013; Pappas et al. 2017).   

Overall abundances of Tridacna spp.  

Densities of Tridacna spp. in the Red Sea showed a strong latitudinal gradient, decreasing 

nearly 5-fold from North to South. Locally, densities were occasionally very high, for example 

with up to 3.03 ± 1.28 T. maxima individuals m-2 at a reef in the Al Wajd lagoon in the northern 

Red Sea, matching the highest Tridacna spp. densities reported in the literature (Table 3.1-2; 

Andréfouët et al. 2005; Andréfouët et al. 2009). 

In the northern and central part of the Saudi Arabian Red Sea coast, the reef systems are 

typically characterized by fringing reefs with steep drop-offs and interrupted offshore barrier 
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reefs (Montaggioni et al. 1986; Edwards et al. 1987). In contrast, the southern region is more 

characterized by less-developed fringing reefs, and shallow bays and lagoons, which are often 

bordered by mangroves, extensive reef lagoons and nutrient-rich waters (Edwards et al. 1987; 

Raitsos et al. 2013). The observed latitudinal North-South gradient of giant clam abundance is 

consistent with previous reports on Tridacna spp. in the Red Sea (Roa-Quiaoit 2005). However, 

comparing the present survey data with previous studies from the region also highlights the 

occasionally strong variances between and among different sites (Table 3.1-2). In some 

occasion, for example when comparing the assessed abundances within the Al Wajd Lagoon in 

the northern Red Sea, reported densities of Tridacna spp., by Roa-Quiaoit (2005), are 

approximately 15 times lower (0.04 ± 0.06 clams m-2; ± SD) than those recorded in the present 

study (0.60 ± 1.03 clams m-2). This difference is most likely due to two reasons: (1) the specific 

variability of environmental factors (e.g. wave exposure and light availability) among sites, 

which probably influences the suitability of the reef for settlement and the thriving of Tridacna 

spp., as discussed hereafter; and (2) the differences in sampling effort, especially with regard 

to survey depths, since most previous studies only surveyed at one or few depths (e.g. Bodoy 

1984; Ashworth et al. 2004; Roa-Quiaoit 2005), while the present study covered seven different 

depths from the surface to 15 m. These differences may explain the discrepancy in observed 

numbers, as it has been shown that the depth of these surveys can significantly impact 

abundance estimates (Van Wynsberge et al. 2016).  

Globally, the averaged densities of T. maxima typically range between 10-4 to 10-5 individuals 

per m2 (Neo et al. 2017). Therefore, the data obtained for the present study suggest that the 

averaged densities of T. maxima in the Saudi Arabian Red Sea are well within the upper range, 

with 0.17 ± 0.37 individuals per m2, but with locally up to 3.03 ± 1.28 clams m-2 (e.g. at some 

reefs in the Al Wajd lagoon). Only a few exceptional studies report higher densities of this 

species, for example in some reefs of French Polynesia, with reports of averaged densities 

between 1.6 to 2.7 individuals m-2 (Andréfouët et al. 2009), but locally up to 544 individuals 

m-2 (Gilbert et al. 2005), as well as for the Ningaloo Marine Park in Western Australia with 
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0.86 ± 0.41 individuals per m2 (Black et al. 2011), and 0.42 individuals per m2 in Kiribati 

(Chambers 2007) (Table 2). For T. squamosa, surveys on abundances are in general scarce, but 

the few available reports present numbers that were 40 to 95 % (Guest et al. 2008; Neo et al. 

2018; respectively) lower compared to the average number found in eastern Red Sea reefs in 

this present study (Table 3.1-2). 

Yet, when comparing Tridacna spp. densities on a global scale and across regions, it is 

important to consider the latest revisions of the Tridacninae taxonomy, including the recent 

evidence for high cryptic diversity (Kubo and Iwai 2007; Huelsken et al. 2013; Fauvelot et al. 

2020). Especially for regions that are inhabited by a number of different giant clam species (e.g. 

the Coral Triangle, Western Pacific and the Eastern Indian Ocean), previous density estimates 

for T. maxima, the species with the broadest geographical distribution (bin Othman et al. 2010), 

may thus be under- or over-  estimated (Johnson et al. 2016; Van Wynsberge et al. 2017). This 

could be particularly true where reefs are also inhabited by the recently resurrected Tridacna 

noae (Su et al. 2014), as this species has been reported to be frequently misidentified as T. 

maxima (Su et al. 2014; Borsa et al. 2015; Neo and Low 2017). Occasional confusion of T. 

maxima and T. squamosa have been also previously suspected for the Red Sea (Pappas et al. 

2017). However, as the same observers as in the present study, reached a very high and 

genetically confirmed accuracy in previous species-targeted sampling (Lim et al. 2020), and 

since the presented ratio of 89 % T. maxima and 11 % T. squamosa clams corresponds to past 

reports on species allocation in the region (Jantzen et al. 2008; Pappas et al. 2017), we are 

confident that presented numbers actually reflect what can be found in Red Sea coral reefs. 
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Table 3.1-2 Comparison of reports on average densities of Tridacna maxima, Tridacna squamosa, and Tridacna 

spp. (pooled data for both species) in the Red Sea and globally. Densities are given as individuals per m2 and if 

available with standard deviation (*) or standard error (†). Where necessary, values were converted from a 100 m2, 
b 50 m2 or c 25 m2. 

 Location Lat 

[ºN] 
Country Sites 

[n] 
Depth Abundance [individuals m-2] Reference 

T. spp T. maxima T. squamosa  

R
e
d

 S
ea

 

Gulf of Aqaba 29 Jordan 14 >10m 0.005 ± 0.007 a* 0.009 ± 0.009 a* 0.002 ± 0.002 a* 
Roa-

Quiaoit, 

2005 
Gulf of Aqaba 29 KSA 2 >10m 0.09 ± 0.13* 0.08 ± 0.14* 0.01 ± 0.03* This study 

Gulf of Aqaba 28 Egypt 6 >5m 0.04 b N/A N/A Ashworth 

et al., 2004 

Sinai 27 Egypt 3 >10m 0.8 a N/A N/A 
Roa-

Quiaoit, 

2005 

Duba 27 KSA 10 >10m 0.15 ± 0.16* 0.15 ± 0.16* 0.00 This study 

El Quseir 26 Egypt 1 >10m N/A 0.32 ± 0.03 c N/A Ullmann, 

2013 

Port Safaga 26 Egypt 68 >10m N/A 0.76 ± 2.12 c N/A Zuschin et 

al., 2000 

Al Wajd 25 KSA 1 >10m 0.04 ± 0.06 a* N/A N/A 
Roa-

Quiaoit, 

2005 

 

Al Wajd 

25 KSA 12 >10m 0.78 ± 1.18* 0.65 ± 0.98* 0.12 ± 0.20* This study 

Central 21-24 KSA 13 >10m 0.20 ± 0.24* 0.19 ± 0.22* 0.01 ± 0.20* This study 

Central 21-22 KSA 12 >2m N/A 0.2 b N/A Bodoy, 

1984 

Jeddah 21 KSA 1 >10m 0.03 ± 0.03 a* N/A N/A 
Roa-

Quiaoit, 

2005 

Central 20-19 KSA 21 >10m 0.15 ± 0.23* 0.14 ± 0.22* 0.01 ± 0.03* This study 

Central 19 Sudan 4 >10m <0.1 a* N/A N/A 
Roa-

Quiaoit, 

2005 

 Farasan 

Banks 
18 KSA 4 >10m 0.01 ± 0.03* 0.01 ± 0.02* 0.00 ± 0.02* This study 

Farasan 

Islands 
16 KSA 1 >10m <0.01 a N/A N/A Roa-

Quiaoit, 

2005 
South 14-15 Yemen 3 >10m 0.04 a N/A N/A 

O
th

e
r
 r

e
g
io

n
s 

East Indian 

Ocean 

/ Singapore 7 >6m 0.001 ± 0.002 a* <0.001 a* 0.003 ± 0.004 a* Guest et al., 

2008 

East China 

Sea 

/ Japan 7 >15m N/A 0.012 a <0.001 a Neo et al, 

2018 

South Pacific / French 

Polynesia 

1 >10m N/A 0.19 N/A Laurent 

2001 

South Pacific / Cook 

Islands 

27 >10m N/A 0.42 N/A Chambers, 

2007 

East Indian 

Ocean 

/ Western 

Australia 

20 >2m N/A 0.86 ± 0.41† N/A Black et al., 

2011 

South Pacific / 

French 

Polynesia 

12 >3m N/A 1.60 ± 0.31† N/A Andréfouët 

et al., 2009 

South Pacific / 1 >10m N/A 2.7 N/A Andréfouët  

et al., 2005 

South Pacific / 2 >10m N/A 200 - 544 N/A Gilbert et 

al., 2005 
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Drivers for abundances of Tridacna spp. in the Red Sea  

To compare observed densities from the present study with previous assessments from the Red 

Sea (Zuschin et al. 2000; Ashworth et al. 2004; Roa-Quiaoit 2005; Ullmann 2013) which 

mainly report on genus level only, we then pooled densities of T. maxima and T. squamosa, 

considering them as Tridacna spp. for the analysis on potential drivers influencing the 

abundances of Red Sea Tridacninae. 

We identified a number of drivers that, mostly in combination and / or due to their correlation 

and co-occurrence, have a significant influence on the densities of Tridacna spp. in Red Sea 

coral reefs (Appendix 1.2). The Red Sea area is characterized by a relatively stable and uniform 

wind system, with consistent northwesterly winds blowing over the sea throughout the year, 

except for the reversal in the South during the northern hemisphere winter (Sofianos and Johns 

2002; Zarokanellos et al. 2017). Red Sea coral reefs are mainly of the fringing type 

(Montaggioni et al. 1986), and grow close to the mainland (Mergner and Schuhmacher 1974; 

Brachert and Dullo 1991), with a predominantly windward located fore reef zone and a leeward 

located back reef (Montaggioni et al. 1986). We found Tridacna spp. to be significantly more 

abundant in these leeward, sheltered parts of the reef, which is consistent with previous reports 

on giant clam densities in other regions worldwide (Andréfouët et al. 2009; Van Wynsberge 

2016). In general, also the ‘reef type’ may have a substantial effect on the densities of giant 

clams (Andréfouët et al. 2009; Van Wynsberge et al. 2016).  

There are a number of environmental factors that can potentially influence the density of clams 

in the shallow waters of lagoons and the back-reef. For instance, a potentially reduced water-

exchange could lead to a decrease in oxygenation. In fact, it was suggested that the mass 

mortality events of giant clams in French Polynesia in 2009/2010 were the result of prolonged 

periods of low swell and low winds that prevented a renewal of the lagoonal water (Andréfouët 

et al. 2015; Van Wynsberge et al. 2017). For the back-reef of Red Sea fringing reefs, however, 

it was reported that there are no, or only very infrequent, long-term stagnations (leading to an 

irregular inflow of oxygenated water) in the innermost parts of the reefs (Montaggioni et al. 
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1986). Thus, giant clams in shallow Red Sea reefs are less likely to be exposed to occasional 

low-oxygen levels (Giomi et al. 2019). Sheltered conditions inside the reef lagoon may even 

support the larval supply, resulting in higher densities inside these sheltered lagoons, in 

comparison to the outer reef slope, as suggested by Van Wynsberge et al. (2016). This would 

be further supported by our findings that Red Sea Tridacna spp. can be found in highest 

densities at reefs located inside the Al Wajd lagoon, located in the central / northeastern part of 

the Red Sea, which is characterized by extensive coral reef formations with a live coral cover 

that ranges between ∼30 % to ∼70 % (Chalastani et al. 2020). Occasionally, however, the 

temperature in shallow waters can become very high, especially during the summer months, 

which can potentially cause bleaching (i.e. the expulsion of the symbiotic microalgae) by the 

clams (Addessi 2001; Leggat et al. 2003). Additionally, high water temperatures have been 

previously shown to result in lower overall survival of Tridacninae larvae (Neo et al. 2013; 

Enricuso et al. 2018) and a general increase in mortality (Addessi 2001; Junchompoo et al. 

2013; Apte et al. 2019). Indeed, we also identified water temperature as a potential driver 

influencing the densities of Tridacna spp. in the Red Sea. The highest density of clams was 

estimated at an average yearly water temperature of 26.3˚C, which was reflected in a decrease 

in densities from North to South, where the average annual temperatures are higher than in the 

northern Red Sea (Appendix 1.2; Chaidez et al. 2017; Agulles et al. 2020). The recent 

experimental findings that water temperatures above 30.7˚C can lead to a strong bleaching 

response in T. maxima (Brahmi et al. 2019) and the reported negative effect of elevated seawater 

temperatures on the embryonic and larval development of T. gigas (Enricuso et al. 2019) and 

T. squamosa clams (Eckman et al. 2019) further support our findings of a rather low yearly-

mean thermal optimum of Tridacninae. In the oligotrophic waters of the Red Sea, giant clams 

in shallow waters are potentially also exposed to high levels of incident radiation, in particular 

highly energetic UV (Overmans and Agustí 2020). Yet, recent studies suggest that giant clams 

are well adapted to these short wavelengths and developed different photo-defensive 

mechanisms (Ishikura et al. 1997; Rossbach et al. 2020a; Rossbach et al. 2020b) allowing them 

to thrive even under high solar irradiances. 
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The availability of photosynthetically-active radiation within the PAR spectrum (400 – 700 

nm), however, has been previously suggested to influence the depth-related abundances of 

Tridacninae (Jantzen et al. 2008; Rossbach et al. 2019). Our data likewise demonstrate a strong 

depth-dependency of giant clam densities, with significantly less individuals in depths below 

6.5 m. As the survey depth can have a significant impact on the estimates of Tridacna spp. 

abundances, with expected higher densities reported for shallow reefs (i.e. 0 – 5 m; Van 

Wynsberge et al. 2016), this might again explain the differences between previously reported 

densities of Red Sea giant clams (e.g. Roa-Quiaoit 2005) and those in the present study. As 

photosymbiotic organisms, and occasionally even functional phototrophs (Klumpp and 

Griffiths 1994; Jantzen et al. 2008), Tridacna spp. rely on their symbionts and their 

photosynthetic activity to yield their carbon respiratory requirements (Trench et al. 1981; 

Klumpp et al. 1992) and promote their high calcification rates (Ip et al. 2017a; Ip et al. 2017b; 

Boo et al. 2019; Chew et al. 2019; Rossbach et al. 2019). Their distribution may, therefore, also 

be influenced by underwater light penetration (Schuhmacher 1973), as variations in suspension 

load in the reefs has been shown to fundamentally influence the abundances of Tridacna spp. 

(Zuschin and Piller 1997). This could also provide a further explanation for the latitudinal 

decrease in abundances from North to South. Tridacninae in the northern and central Red Sea 

can be found on narrow shelves, where the reefs are exposed to clear oceanic waters (Richter 

and Abu-Hilal 2004) while the reef waters in the southern Red Sea are more turbid due to higher 

amounts of suspended particles (Kotb et al. 2004) in these nutrient- and plankton-rich waters.  

Particularly the significant differences in densities of Tridacna spp. according to the reef zone 

(i.e. flat, edge, slope and steep slope) highlights the intertwining of drivers that together 

modulate their abundance. The clams can be mainly found at reef flats and the edge, where they 

receive sufficiently high incident light levels, which are required by their algal symbionts to 

support and maintain their high metabolic rates. However, the high temperature and irradiance, 

which the clams might occasionally experience in shallow waters, could explain why most of 

the clams can be found on the reef edge. Here, the clams receive sufficient incident light, while 
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being simultaneously exposed to a constant flow of well- oxygenated and cooler water. This 

pattern concurs with the previous report by Ashworth et al. (2004), who also observed higher 

numbers of Tridacna spp. at the reef edge. We found that giant clam numbers decreased with 

depth along the reef slope and that clams were significantly less abundant at steep reef slopes. 

There are a number of possible explanations and potential causes. For example the topography 

of the settling substrate, as it has been reported that giant clam larvae, like those of corals, prefer 

to settle on substrates which provide shelter via grooves, pits and crevices (Petersen et al. 2005; 

Neo et al. 2009), where they (as they further develop) penetrate the substrates (mostly 

mechanically but probably supported by chemical boring) and attach themselves permanently 

with their byssus threads (Yonge 1962). The slopes of a coral reef might thus be less suitable 

for their settlement. At steep slopes, reef organisms also receive only limited amounts of 

incident light (Vermeij and Bak 2002; Lesser et al. 2018), due to shading of the reef wall, which 

may influence their densities. Furthermore, in the Red Sea, steep outer reef slopes are mostly 

found at offshore reefs, which is where we observed lower clam density. It is therefore not 

possible to unravel if the abundances of Tridacna spp. are reduced at offshore reefs because of 

a co-occurrence of factors, including higher proportion of steep slopes at these reefs. 

Globally, giant clam populations have been reported to be highly vulnerable to anthropogenic 

over-exploitation (Lewis et al. 1988; Lucas 1994; Gilbert et al. 2006; Larson 2016), as they can 

be easily accessed, especially in shallow reefs (Ashworth et al. 2004). Indeed, fishing pressure 

may have been a driver for Red Sea Tridacna spp. abundances in previous times (as reported 

by Bodoy 1984; Gladstone 2000; and Ashworth et al. 2004). Yet, since the collection of giant 

clams has been banned by the Saudi Arabian Wildlife Commission since the early 2000s 

(Gladstone 2000; AbuZinada et al. 2004), and after consultation with several local fishermen 

at various sites along the Saudi Arabian coastline (S.R., personal communication), confirming 

that Tridacninae are not targeted in local fisheries since the ban, we presume that harvesting 

pressure is most likely not among the drivers for giant clam densities in the eastern Red Sea. 
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Contribution of Tridacninae to calcium carbonate budgets  

Coral reefs, due to the biological activity of their communities, play an important role in the 

oceanic carbon budget. Although scleractinian corals are certainly the main contributors to the 

calcium carbonate budget of reefs, other calcifying organisms, including giant clams are also 

contributing. As reported previously, the average net calcification of T. maxima in shallow reefs 

(< 10 m) is about 0.47 ± 0.03 μmol CaCO3 cm-2 of mantle surface per hour, and averaged mantle 

surface area of clams in these depths is 140 cm2 (Rossbach et al. 2019). Therefore, considering 

the average density of T. maxima of 0.21 ± 0.40 clams m-2 in shallow depths (< 10 m) in Red 

Sea reefs reported here, giant clams account for approximately 0.3 % of the total reef area. 

Their estimated contribution to the overall reef net calcification would be therefore about 14 

µmol CaCO3 m-2 h-1, resulting in 114 kg CaCO3 ha-1 y-1. Given that overall calcification rates 

of entire Red Sea coral reefs communities are estimated to be around 16.425 kg CaCO3 ha-1 

y-1 (Silverman et al. 2007), giant clams may thus contribute to about 0.7 % to overall reef 

calcification. Locally, at those reefs with highest abundances (i.e. in the Al Wajd lagoon), they 

may even contribute up to 9 %. 
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3.1.6 Conclusion 

 

In summary, it is evident that there is not one main, but a number of different geographical (i.e., 

latitude and distance to shore) and local environmental drivers (i.e. depth and reef zone) that 

influence Tridacna spp. densities in the Red Sea. Their co-occurrence and complexity of many 

drivers might also explain the high variation in Tridacninae densities across different sites, 

which is congruent with existing reports on Tridacna spp. densities from other parts of the 

world, where censuses revealed comparably large variations among sites (e.g. in Western 

Australia; Black et al. 2011). Only the latest insights on their overall abundances, provided by 

this study, in combination with the recent efforts in understanding the population structures and 

dynamics of Tridacninae in the region (Lim et al. 2020) can give a comprehensive picture of 

their status in the Red Sea. The presented data on the large-scale abundances of Tridacna spp. 

in Saudi Arabian Red Sea waters may therefore serve as a baseline to understand the importance 

of this charismatic reef invertebrate for Red Sea coral reefs, and to assess future trends. It may 

also contribute to the conservation efforts from local to regional scales and eventually aid the 

protection of Tridacninae in the entire Red Sea and elsewhere. 
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3.2.1. Abstract 

 

Giant clams (Tridacninae) are important members of Indo-Pacific coral reefs and among the 

few bivalve groups that live in a symbiosis with unicellular algae (Symbiodiniaceae). Despite 

the importance of these endosymbiotic dinoflagellates for clam ecology, the diversity and 

specificity of these associations remains relatively poorly studied, especially in the Red Sea. 

Here, we used the internal transcribed spacer 2 (ITS2) rDNA gene region to investigate 

Symbiodiniaceae communities associated with Red Sea Tridacna maxima clams. We sampled 

five sites spanning 1,300 km (10° of latitude, from the Gulf of Aqaba, 29°N, to the Farasan 

banks, 18°N) along the Red Sea’s North-South environmental gradient. We detected a diverse 

and structured assembly of host-associated algae with communities demonstrating region- and 

site-specificity. Specimens from the Gulf of Aqaba harbored three genera of Symbiodiniaceae, 

i.e. Cladocopium, Durusdinium, and Symbiodinium, whilst at all other sites clams associated 

exclusively with algae from the Symbiodinium genus. Of these exclusively Symbiodinium-

associating sites, the more northern (27° and 22°) and more southern sites (20° and 18°) formed 

two separate groupings despite site-specific algal genotypes being resolved at each site. These 

groupings were congruent with the genetic break seen across multiple marine taxa in the Red 

Sea at approximately 19°, and along with our documented site specificity of algal communities, 

contrasted the panmictic distribution of the T. maxima host. As such, our findings indicate a 

flexibility in T. maxima-Symbiodiniaceae associations that may explain its relatively high 

environmental plasticity and offers a mechanism for environmental niche adaptation. 

 

 

 

 



66 

 

 
 

3.2.2. Introduction 

 

Giant clams (Tridacninae subfamily) are prominent members of Indo-Pacific corals reefs, 

where they play important ecological roles (Neo et al. 2015), by providing a food source for 

different predators and scavengers (Alcazar 1986), shelter for commensal organisms (De Grave 

1999), and settling substrate for epibionts (Vicentuan-Cabaitan et al. 2014). As Tridacninae 

filter large volumes of water, thereby absorbing dissolved organic carbon (Klumpp and 

Griffiths 1994), they are even hypothesized to form a ‘giant clam loop’, resembling the ‘sponge 

loop’ (De Goeij et al. 2013; Mies 2019). Further, giant clams are considered an ecosystem-

engineering species (Neo et al. 2015), as they can form reef-like structures (Andréfouët et al. 

2005; Gilbert et al. 2005). They are also harvested by humans for food and ornamental purposes 

(Brown and Muskanofola 1985; Mies et al. 2017). 

Tridacninae stand out among other bivalves as they are one of the few molluscan groups that 

live in a symbiotic relationship with dinoflagellate in the family Symbiodiniaceae (Yonge 1936; 

Taylor 1969). The relationship is comparable to the symbiosis of corals and their associated 

algae with respect to the symbionts providing a substantial amount of energy in the form 

photosynthates for the host. Clam veliger larvae acquire free-living Symbiodiniaceae from the 

water column (Fitt and Trench 1981) and harbor their symbionts extracellularly in a tubular 

system, that originates from the digestive diverticular ducts of the stomach, extending mainly 

in the outer mantle (Norton et al., 1992). Although Tridacninae have generally been described 

as mixotrophic (Klumpp et al. 1992; Hawkins and Klumpp 1995), this photosymbiosis seems 

to be obligate for the clam host, as previous studies report that Tridacninae often perish in the 

absence of their algal symbionts (Addessi 2001; Leggat et al. 2003), for example following 

bleaching (i.e. the expulsion of their symbiotic algae; Glynn 1993).  

A considerable biological diversity exists within symbiosis-forming Symbiodiniaceae taxa 

(Thornhill et al. 2014; LaJeunesse et al. 2018). Importantly, the physiology of the algal 

symbionts may modulate the phenotype of their marine invertebrate hosts (Cunning et al. 2015; 
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Silverstein et al. 2015; Rädecker et al. 2018; Terraneo et al. 2019; Howells et al. 2020). 

Characterization of these algal assemblages, including assessing their potential for change, is 

therefore of particular importance when considering the adaptive potential of the holobiont (the 

consideration of the animal host and all associating organisms as a single unit). By virtue of 

their socio-economic and ecological value these associations have received considerable 

attention in corals (LaJeunesse et al. 2004; Thornhill et al. 2006; Sampayo et al. 2008; Stat et 

al. 2009; LaJeunesse et al. 2010; LaJeunesse et al. 2014; Pettay et al. 2015; LaJeunesse et al. 

2018; Lewis et al. 2019). In contrast, Tridacninae-Symbiodiniaceae associations have received 

limited attention (as reviewed by Mies 2019). 

Among the markers that are available for assessing Symbiodiniaceae diversity, the internal 

transcribed spacer 2 (ITS2) of the rRNA gene array is most commonly used (LaJeunesse 2002; 

Cunning et al. 2017; Smith et al. 2017a; Hume et al. 2018a; Hume et al. 2018b; Hume et al. 

2019). This marker is considerably multicopy in nature with a single Symbiodiniaceae cell 

potentially containing hundreds of copies of the gene (LaJeunesse 2002; Thornhill et al. 2007; 

Arif et al. 2014). While this intragenomic character may complicate analyses, profiling 

approaches such as the SymPortal framework (Hume et al. 2019), where sets of sequences may 

be considered diagnostic of a given genotype, make use of this intragenomic diversity to afford 

improved resolutions. 

Use of the ITS2 marker, and to a lesser extent the full ITS region, is common in the assessment 

of Tridacninae-Symbiodiniaceae associations (Weber 2009; DeBoer et al. 2012; Pappas et al. 

2017; Lim et al. 2019). The resolutions achieved in these studies varies according to the specific 

marker (i.e. ITS2 or full ITS region; Weber 2009; Pappas et al. 2017), the sequence technology 

used (Lim et al. 2019), and the degree to which intragenomic sequence diversity is taken into 

account (Lim et al. 2019). However, due to analytical (e.g. treatment of all sequence diversity 

as intergenomic in origin; Lim et al. 2019) and technological (e.g. DGGE; DeBoer et al. 2012) 

limitations, resolutions in these studies are generally limited to assessment of the most abundant 

ITS2  sequence present. This level of resolution masks the majority of ecologically relevant 
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inferences as considerable phenotypic diversity exists between Symbiodiniaceae taxa that share 

a most abundant ITS2 sequence in common (Hume et al. 2013; Arif et al. 2014; LaJeunesse et 

al. 2014; Thornhill et al. 2014; Hume et al. 2015).  

In general, Tridacninae have been reported to associate with Symbiodiniaceae of three genera 

(Baillie et al. 2000; Carlos et al. 2000; Weber 2009; Ikeda et al. 2017; Lim et al. 2019), 

Cladocopium, Durusdinium and Symbiodinium, previously known as Clades C, D and A 

respectively (recently revised by LaJeunesse et al. 2018). Tridacninae are also known being 

capable of associating with multiple Symbiodiniaceae genera simultaneously (DeBoer et al. 

2012; Mies 2019). Previous work alludes to the specific community composition being 

dependent on a number of factors including, but not limited to, location, thermal regime, light 

regime, and host size (Belda-Baillie et al. 1999; DeBoer et al. 2012; Lim et al. 2019; Mies 

2019). 

Characterization of T. maxima-Symbiodiniaceae associations within the Red Sea are limited to 

two studies (Weber 2009; Pappas et al. 2017; hereafter referred to as Weber and Pappas et al., 

respectively), that cover a limited geographical range. Pappas et al. investigated 207 samples, 

from nine sites, all located at 22°N at the eastern coast of the central Red Sea and within 28 km 

of the ‘Thuwal’ site from this study, while Weber analyzed samples from a total of 20 clams, 

originating from four sites, of which two were located in the Gulf of Aqaba at 27° and 28°N, 

and two off the Egyptian coast in the north-western Red Sea at a latitude of 25° and 27°, 

respectively (Fig. 3.2-1). Given the extraordinary latitudinal hydrographical gradients that exist 

in the Red Sea (Arz et al. 2003; Chaidez et al. 2017; Berumen et al. 2019; Agulles et al. 2020), 

the coverage thus far available provides a limited representation of the region. Here we build 

on these prior characterizations using the ITS2 marker and the SymPortal framework to conduct 

a fine-scale characterization of Symbiodiniaceae associations in Red Sea Tridacna maxima 

giant clams across the Red Sea’s North-South gradient (from the Gulf of Aqaba at a latitude of 

29°N to the Farasan banks at 18°N), covering 1,300 km of overwater distance, and 

environmental differences. 
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3.2.3. Material and Methods 

 

Sample collection 

Between January 2018 and January 2019, we collected a total of 45 mantle tissue samples, 

comprised of each nine Tridacna maxima specimens, collected at five different reefs along the 

Saudi Arabian Red Sea coastline. Samples were collected via SCUBA in water depths between 

2 and 5.5 m with sampling sites following a latitudinal gradient covering 10° of latitude (Fig. 

3.2-1a). Sampling sites were located in in the North-eastern Red Sea, i.e. Haql in the Gulf of 

Aqaba at 29° (34.937314 N, 29.259089 E) and Duba at 27°(27.304722 N, 35.622222 E); in the 

central Red Sea, i.e. Rose reef, located close to King Abdullah University of Science and 

Technology in Thuwal at 22° (22.322222 N, 38.857222 E), and in the South-eastern Red Sea, 

i.e. at a reef close to Al Lith at 20° (20.158111 N, 40.210603 E) and in the Farasan banks at 18° 

(18.503297 N, 40.661747 E) (Fig. 3.2-1a).  

 

Figure 3.2-1 Sampling map. (a) The five sampling sites of T. maxima along the Saudi Arabian Red Sea coast in the 

northern (29° and 27°), central (22°), and southern (20° and 18°) Red Sea. Black arrows indicate sampling sites from 

two previous studies, i.e. W1-4 (Weber 2009) and P1-9 (Pappas et al. 2017) (b) Maximum annual surface 

temperatures (averaged for 1982 – 2015; from Chaidez et al., 2017). (c) Salinity (from Ngugi et al., 2012). 
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In covering a wide range of latitudes along the Red Sea coast, the sampling sites also reflect 

distinct environmental settings with regard to temperature (Fig. 3.2-1b) and salinity (Fig. 3.2-

1), which display pronounced latitudinal gradients in the region (Ngugi et al. 2012; Chaidez et 

al. 2017). 

During the sampling, a metal bolt was used to keep the shell valves open and a small piece of 

mantle tissue of approximately 1 cm2 was cut using a scalpel. Samples were then immediately 

frozen in liquid nitrogen and transported back to the laboratory where they were kept at -80°C 

until further analysis. 

Tissue homogenization and DNA isolation 

The frozen T. maxima mantle tissue samples were homogenized using a Freezer/Mill® (Model 

6875, SPEX® Sample Prep, USA) by grounding up the tissues in liquid nitrogen at a rate of 

ten impacts per second for a total of 90 seconds. The ground tissues were then dissolved in 5 

ml MilliQ water (sterilized under UV light for one hour) and the homogenate was transferred 

to 1.5 ml Eppendorf tubes. Samples were frozen at -20°C until further processing. 

In total, we extracted DNA from 48 samples, corresponding to 45 T. maxima mantle tissue 

samples and 3 negative controls (1 to assess for DNA extraction kit contamination, 1 to assess 

for PCR reagent contamination, 1 to assess for general lab contamination). DNA extractions 

from the tissue samples were extracted with the Qiagen DNeasy 96 Blood & Tissue Kit 

(Qiagen, Hilden, Germany) following the manufacturer's instructions with minor 

modifications. Briefly, 90 μl of the tissue homogenate was added to 1.5 ml Eppendorf tubes 

containing 90 μl of ATL buffer and 20 μl of Proteinase K and incubated in an Eppendorf 

thermomixer at 56°C and 300 rpm for 1 hr. DNA extractions were then continued according to 

manufacturer’s instructions. DNA concentrations were measured using a Qubit 2.0 fluorometer 

(ThermoFisher Scientific). 

To amplify the ITS2 region, the primers SYM_VAR_5.8S2: 5′ (TCGTCGGCAGCGTCAGAT 
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GTGTATAAGAGACAG)GAATTGCAGAACTCCGTGAACC 3′ and SYM_VAR_REV: 5′ 

(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG)CGGGTTCWCTTGTYTGACTT

CATGC 3′ (Hume et al. 2013; Hume et al. 2015; Hume et al. 2018b)  were used (Illumina 

adaptor overhangs underlined). For all samples, triplicate PCRs were performed using 1ul of 

DNA (3 – 20 ng) using the Qiagen Multiplex PCR kit and a final primer concentration of 0.5 

μM in a reaction volume of 10 μl. Thermal cycling conditions were: 95°C for 15 min, followed 

by 30 cycles of 95°C for 30 s, 56°C for 90 s, 72°C for 30 s, and a final extension cycle of 72°C 

at 10 min. Five µL of the PCR were run on a 1% agarose gel to visualize amplification.  

The PCR negative did not return valid ITS2 sequence reads and the DNA extraction control 

returned a greatly reduced number of reads and was dominated by a sequence that was not a 

DIV in any of the predicted ITS2 type profiles (Supplementary Figure 1). By contrast, the 

general laboratory negative control returned a predicted profile that matched the profile most 

dominant at the Duba (27°) site. However, since this profile was only found in 5 samples that 

all originated from Duba, and that other profiles were predicted at this site, it can be assumed 

that there was no bias introduced from putative contaminants in the analysis.  

Sequencing of internal transcribed spacer 2 (ITS2)  

Symbiodiniaceae communities were characterized using next-generation sequencing of the 

rDNA ITS2 region (ITS2). Triplicates for each sample were pooled, and samples were cleaned 

using ExoProStar 1-step (GE Healthcare). Samples were then indexed using the Nextera XT 

Index Kit v2 (dual indexes and Illumina sequencing adaptors added). Successful addition of 

indexes was confirmed by comparing the length of the initial PCR product to the corresponding 

indexed sample on a 1 % agarose gel. Samples were then cleaned and normalized using the 

SequalPrep Normalization Plate Kit (Invitrogen). The ITS2 libraries were pooled in an 

Eppendorf tube (4 μl per sample) and concentrated using a CentriVap Benchtop Vacuum 

Concentrator (Labconco). Following this, quality of the library was assessed using the Agilent 

High Sensitivity DNA Kit on the Agilent 2100 Bioanalyzer (Agilent Technologies). 
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Quantification was done using Qubit (Qubit dsDNA High Sensitivity Assay Kit, Invitrogen). 

Sequencing was performed at 6 pM with 20 % phiX on the Illumina MiSeq platform at 2 × 301 

bp paire in the KAUST Bioscience Core Laboratory (BCL). Raw sequencing data are available 

under NCBI BioProject accession number #657469. Demultiplexed paired fastq.gz sequencing 

files were submitted directly to the remote instance of SymPortal for analysis (symportal.org; 

Hume et al. 2019). The SymPortal analytical framework was used to predict ITS2 profiles as 

proxies of Symbiodiniaceae genotypes, and to generate between sample dissimilarity metrics, 

based on ITS2 sequence assemblages. Multiple distance matrices are produced as default by 

the SymPortal framework (see Appendix 2.2 - 2.4 and GitHub repository https://github.com 

/didillysquat/rossbach_2020 for the outputs used in this study). For this study we worked with 

the Bray-Curtis derived dissimilarity matrix that included a square root transformation of the 

sequence abundances. The framework leverages information encoded in the intragenomic 

sequence diversity, harbored within the Symbiodiniaceae genome, to offer fine scale 

delineations. 

Reanalysis of ITS1-5.8S-ITS2 haplotypes from previous characterizations 

Two previous clam-Symbiodiniaceae characterizations exist from the Red Sea (i.e. Weber 2009 

and Pappas et al. 2017). These studies characterized the dominant Symbiodiniaceae genotypes 

by analyzing the full ITS region (ITS1-5.8S-ITS2) of the rRNA array resolved via Sanger 

sequencing. To assess for similarity in sampled haplotypes between these studies, we collated 

all sequences of Red Sea origin from them, computed a multiple sequences alignment using 

MAFFT (Katoh and Standley 2013), cropped at the 5’ and 3’ end of the alignment so that, with 

the exception of three short sequences that were removed from the alignment, all sequences 

were represented across the full alignment length. For reference, the A1 ITS2 sequence, as 

defined in the SymPortal remote database (symportal.org) was included in the alignment 

(independent of any cropping). The full alignment is provided in Appendix 2.4. 
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3.2.4. Results 

 

T. maxima ITS2 haplotypes from the Red Sea 

To consolidate the current and previous efforts with regard to Symbiodiniaceae typing of 

T. maxima in the Red Sea, we compared the ITS2 sequences determined by Pappas et al. (2017) 

and Weber (2009) to our dataset. After cropping and alignment, three haplotypes that showed 

congruence with the phylogenies generated in Pappas et al. represented 179 out of the 222 

sequences. In the ITS2 region each haplotype exactly matched the A1 ITS2 sequence. The 

second and third most abundant haplotypes differed from the first by mutations in the ITS1 and 

5.8S regions, respectively. Two distinct haplotypes were present in the Weber sequence 

collection. The most abundant haplotype was recovered from both sites sampled on the eastern 

Red Sea in Egypt (W3 and W4, see Figure 1), and one of the Gulf of Aqaba sites (W2). This 

haplotype was an exact match to one of the lesser abundant haplotypes sampled by Pappas et 

al. at the central, eastern Red Sea location. The second haplotype recovered by Weber was 

found in all specimens sampled at the second, more northern Gulf of Aqaba site (W1) and 

exactly matched the most abundant haplotype sampled by Pappas et al. (Appendix 2.5). One of 

the sequences in the Weber collection had an ambiguous nucleotide call at the exact location of 

the mutation that differentiates the third major haplotype of the Pappas et al. collection. It is 

thus highly likely, that all three major haplotypes sampled by Pappas et al., were recovered a 

decade earlier by Weber. 

ITS2-type profiles of T. maxima across the Red Sea 

Out of the 13 predicted distinct T. maxima associated ITS2 profiles predicted, the majority were 

Symbiodinium in origin (8 distinct profiles, recovered in 45 samples, representing 97.07% of 

the profile-defining sequences), while the others were either Cladocopium (4 distinct profiles, 

recovered in 5 samples, representing 2.63 % of the profile-defining sequences), or Durusdinium 

(recovered in 1 sample, representing 0.30 % of the profile-defining sequences). Most profiles 

were defined by 3 or more defining intragenomic variants (DIVs; 10/13 profiles) (Fig, 3.2-2). 
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While in general, a greater number of DIVs defining a profile is associated with an increased 

likelihood that the profile accurately represents a unique genotype, we found 6 single-DIV 

profile samples. These profiles had the A1 sequence predicted as the sole profile and likely 

represent the sampling of rarer Symbiodiniaceae genotypes (Appendix 2.6). 

Symbiodiniaceae diversity 

All non-Symbiodinium profiles were recovered from the Gulf of Aqaba (29°) where several 

clam samples harbored a mix of Symbiodiniaceae genera. Genera-level diversity was therefore 

highest at this site and absent at the four other sites (Fig. 3.2-2). Whilst sequences from 

Symbiodinium were more abundant than those from Cladocopium and Durusdinium (76% ± 

24 % vs. 22 % ± 23 % and 3 % ± 8 %, respectively; Appendix 2.2 and 2.3) in the Gulf of Aqaba, 

differences in ITS2 array copy number between different Symbiodiniaceae taxa, specifically at 

the genus level, preclude the accurate inference of the relative abundance of these 

Symbiodiniaceae genera at this site.  

 

Figure 3.2-2 Symbiodiniaceae diversity of T. maxima across the Red Sea. Genus annotated abundances of ITS2 

sequences and predicted ITS2 type profiles (above and below, respectively) arranged by sampling site. For each 

recovered genus, the 20 most common post-MED ITS2 sequences are plotted with remaining sequences binned into 

a single ‘other’ category. Predicted profiles are plotted below the sequences. Please refer to Appendix 2.1 for a more 

thoroughly annotated version of this figure. 
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Symbiodinium (intra-genus) diversity 

Given the prominent association of T. maxima with Symbiodinium, we did a dedicated analysis 

to elucidate fine-scale differences of association. Variation between-sample dissimilarity 

within sites was highest in the two northern most sites, the Gulf of Aqaba (29°) and Duba (27°; 

Fig. 3.2-3a). This observation, based on a sequence assemblage metric, is in concordance with 

the higher number of profiles predicted at the sites (5 distinct profiles; Fig. 2.3-4). The central 

(i.e. Thuwal, 22°) and the two southern sites (i.e. Al Lith, 20° and Farasan banks, 19°) displayed 

the lowest assemblage variation and only two distinct profiles per site, with a notably high 

degree of profile homogeneity (at each site, 8 out of the 9 samples had the same single predicted 

profile; Fig. 3.2-4). 

Across the 5 sampled sites, 3 groups formed based on sequence assemblage dissimilarity (Fig. 

3.2-3-a). The Gulf of Aqaba (29°) grouped separately from all other sites displaying the highest 

average between-site sample variation (Fig. 3.2-3b). The remaining four sites formed two 

groups, the first group consisting of the northern site at Duba (27°) and the central site at Thuwal 

(22°) and the second group with the two southern sites (i.e. Al Lith, 20° and Farasan banks, 

19°). The Gulf of Aqaba and the central/northern grouping were more similar to each other than 

to the southern grouping (Fig. 3.2-3b, c). 
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Figure 3.2-3 Symbiodinium diversity of T. maxima across the Red Sea. Only sequences of Symbiodinium origin were 

considered in the calculation of the distance matrix and relative abundances were calculated relative to the total 

absolute abundance of Symbiodinium sequences on a per sample basis. Relative abundances were square root 

transformed before distance computation. (a) Each group of bar plots represents one site, ordered left to right as most 

southerly, to most northerly. Within each group 6 bars are plotted. The first 5 bars within each group represent the 

sites in the same South to North order. The sixth bar represents the average distance between the site in question and 

all other sites. For each site’s grouping of bars, the bar relating to the same site (e.g. the blue/first bar, in the first 

group) details the average within site distance. Otherwise, bars that correspond to a site other than the site’s group 

represent the average between sample distance for the group site and site represented by the bar in question. (b) and 

(c) Principal component analysis (PCoA) based on Bray-Curtis distances. PC1 vs. PC2 and PC1 vs. PC3, 

respectively. The PcoA, shows the grouping of T. maxima host samples based on associated Symbiodinium 

sequences from the five sampling sites: in the Gulf of Aqaba - 29° (purple/Y), Duba - 27° (red/triangle), Thuwal - 

22° (green/+), Al Lith - 20° (orange/square) and Farasan banks - 18° (blue/circle). Black arrows indicate samples 

with the single-DIV profile of ‘A1’. 
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Discounting the single-DIV A1 profile occurrences, in general, a high site-profile specificity 

was apparent, with a single specific profile dominant at each site (Fig. 3.2-4). However, in some 

cases these dominant profiles were found at other sites at rarer abundances. Specifically, the 

A1-A13a-A13b profile dominant at Al Lith (20°) was recovered from a single sample in the 

Farasan banks (19°), and the two profiles dominant at Thuwal (22°) and Duba (27°) (A1-A1aw-

A1em and A1-A1z, respectively) were recovered at the Gulf of Aqaba (29°). A reciprocal 

commonality was not recorded (i.e. the dominant profile at the Gulf of Aqaba, A1-A1bw-A1bf-

A1bx, was not recovered at Duba or Thuwal, and the dominant profile at Farasan banks, A1-

A113a-A1eh-A13b, was not recovered at Al Lith). 

 

 

Figure 3.2-4 Symbiodinium type profile distribution across sites. Relative abundance of 20 most common post-MED 

ITS2 Symbiodinium sequences and predicted ITS2 type profiles (above and below, respectively) arranged by 

sampling site. Remaining sequences are binned into a single ‘other’ category. 
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3.2.5. Discussion 

 

Characterization of T. maxima-Symbiodiniaceae associations 

Here, we have leveraged intragenomic diversity of the ITS2 marker to generate fine-scale 

delineations of T. maxima-associated Symbiodiniaceae communities along 10° of latitude, 

spanning from the southern to the northern East coast of the Red Sea. In agreement with 

previous studies on Tridacninae-Symbiodiniaceae associations from other regions, such as the 

Cook Islands and Papua New Guinea (Weber 2009), as well as Indonesia (DeBoer et al. 2012), 

we found that Red Sea T. maxima clams harbor Symbiodiniaceae from three different genera, 

Symbiodinium, Cladocopium and Durusdinium. Our results also show that T. maxima can 

establish symbiosis with all of these symbionts genera simultaneously, a finding that is also 

consistent with previous reports from other regions. While Symbiodinium profiles were found 

in all T. maxima specimens investigated, only clams from the northernmost site in the Gulf of 

Aqaba (29°) also harbored symbionts with Cladocopium and Durusdinium profiles. A similar 

location-dependency of the specific community composition of associated Symbiodiniaceae 

was previously reported for giant clams from the Coral Triangle (DeBoer et al. 2012) and the 

northern South China Sea (Lim et al. 2019), where differences were assumed to be mainly 

shaped by location of the habitat, specifically depending on the thermal and light regime 

(DeBoer et al. 2012; Lim et al. 2019), but also the host size (Lim et al. 2019). 

Our finding, that Symbiodinium seems to be the dominant genus in Red Sea T. maxima clams 

is consistent with the few available reports from the region. However, these previous studies, 

from the Egyptian, north-western Red Sea coast and the Gulf of Aqaba (Weber 2009), as well 

as from reefs in the central-eastern Saudi Arabian Red Sea (Pappas et al. 2017), concluded that 

Red Sea giant clams associate exclusively with Symbiodinium. Our results show however, that 

Red Sea T. maxima also associates with Cladocopium and Durusdinium. However, these genera 

appear to be less dominant than Symbiodinium, and our finding of these genera at a single site 

in the Gulf of Aqaba, coupled to Weber’s finding of only Symbiodinium at two Gulf of Aqaba 
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sites suggest that their association with Tridacninae are rare and may be restricted to a small 

site-specific distribution. 

Our finding of a considerable diversity of Symbiodinium populations that have the A1 sequence 

as their most abundant ITS2 sequence is also in agreement with the multiple distinct ITS 

haplotypes previously reported from Weber and Pappas et al. (each of which had an exact match 

to the A1 ITS2 sequence). The resolution afforded by our intragenomic-diversity-defined ITS2 

profiles and the full ITS region haplotypes may be similar. Of the 9 sites sampled by Pappas et 

al, a site referred to as ‘site 1’ in their study was closest to our ‘Thuwal’ site (presumably the 

same sampling site; although all sampling sites were within 28 km distance to our Thuwal site). 

Three approximately equally dominant haplotypes were recovered from this ‘site 1’. In contrast, 

we recovered only a single dominant ITS2 profile. However, the single-DIV A1 profile 

recovered in one of our samples, is likely symptomatic of the additional extant diversity at this 

site. As such differences in the number of operational taxonomic units recovered may be largely 

due to sampling methodology (i.e. sampling depths, numbers of samples etc.) rather than a 

difference in resolution. Finally, our findings of shared profiles between Thuwal (22°), Duba 

(27°) and the Gulf of Aqaba (29°) are also in agreement with the findings of identical ITS 

haplotypes recovered at Weber’s sites in Egypt (north-western Red Sea) and the Gulf of Aqaba, 

and Pappas et al.’s Thuwal sites in the central-eastern Red Sea (as demonstrated by our 

reanalysis of available Symbiodiniaceae ITS haplotype data from the Red Sea). Importantly, 

the fact that the ITS haplotype samplings were conducted approximately 8 years apart, would 

indicate a significant temporal stability of these clam-Symbiodiniaceae associations and 

corroborate previous notions of high symbiont fidelity (Terraneo et al. 2019; Howells et al. 

2020), even though putative episodes of bleaching (Hume et al. 2020). However, and contrary 

to the temporal stability of such associations, we found largely distinct site associations, as 

discussed in the following.  
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Diversity and regional structuring of Symbiodiniaceae assemblages correlate with regional 

hydrographic gradients 

The Red Sea displays distinct natural latitudinal gradients of temperature (Chaidez et al. 2017; 

Agulles et al. 2020), which are overall high and increase towards the South, and salinity (Arz 

et al. 2003; Ngugi et al. 2012), which is high in the North and shows a decrease towards lower 

latitudes. The antagonistic nature of these two gradients produces a high diversity of prevailing 

environmental conditions in Red Sea coral reefs, with a strong spatial variance, especially when 

comparing reefs from the North (i.e. cooler and more saline) to those in the South (i.e. warmer 

and less saline). 

These pronounced latitudinal and environmental gradients have been shown to shape the 

genetic population structure of a number of marine species, resulting in a distinct genetic break 

of their populations at a latitude of approximately 19°N (Shefer et al. 2004; Froukh and 

Kochzius 2007; Nanninga et al. 2014; Giles et al. 2015). Specifically, they have been reported 

to shape symbiont associations, for example in Porites corals, where associated algal symbionts 

have been shown to shift from a Cladocopium‐ to a Durusdinium-dominated community, along 

the North–South gradient of the Red Sea (Terraneo et al, 2019). Our results indicate a regional 

and site-specific structuring of giant clam-Symbiodiniaceae associations along the latitudinal 

environmental gradient in the Red Sea. At the regional level we identified 3 groupings, based 

on sequence assemblage dissimilarity, reflecting the latitudinal North-South gradient, as ITS2 

assemblages from the Gulf of Aqaba (29°) and the central/northern grouping were more similar 

to each other than to the southern grouping. However, of particular note is the observed 

grouping of Duba (27°) and Thuwal (22°) in the northern and central Red Sea, respectively, 

despite the very large geographical distance (~ 700 km) between these two sites. However, the 

Symbiodiniaceae communities at Thuwal (22°) and Al Lith (20°) were considerably dissimilar 

despite the short geographic distance (~ 250 km) between these sites.  This genetic structuring 

yet further supports the concept of a genetic discontinuity across Red Sea marine taxa at 
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approximately 19 - 20°N (Shefer et al. 2004; Froukh and Kochzius 2007; Nanninga et al. 2014; 

Giles et al. 2015).  

Of the 5 sites sampled in this study, Symbiodiniaceae communities were more diverse in the 

northern sites (i.e. Gulf of Aqaba, 29° and Duba, 27°) than in the more southerly sites. 

Symbiodiniaceae communities in the Gulf of Aqaba, where T. maxima harbored 

Symbiodiniaceae from different genera, were particularly diverse (although see the 

Symbiodinium-only recovery of Weber in the Gulf of Aqaba). These northern sites are 

characterized by the highest salinities (up to 40.5; Reiss and Hottinger 2012), yet overall lowest 

sea surface temperatures in the Red Sea with a temperature maximum of about 27°C in the 

summer (Reiss and Hottinger 2012; Chaidez et al. 2017). In addition, the northern Red Sea, and 

especially the Gulf of Aqaba, is characterized by a strong hydrographical seasonality (Badran 

2001; Manasrah et al. 2007), and particularly low water temperatures during the winter months 

(20°C; Reiss and Hottinger 2012). Comparably extreme and fluctuating environmental 

conditions also exist in the Arabian Gulf, where waters are also hypersaline (>41.5; Yao and 

Johns 2010) and organisms experience a pronounced seasonality, reflected in the extreme range 

of water temperatures between summer (35°C) and winter (15°C; Hume et al. 2018a). In the 

Arabian Gulf, however, these extreme environmental conditions have been reported to lower 

the diversity of associated Symbiodiniaceae in different coral species (D'Angelo et al. 2015; 

Smith et al. 2017b). Whilst both are hypersaline and have a considerable seasonal fluctuation, 

the maximum temperatures of the Gulf of Aqaba are considerably lower than those in the 

Arabian Gulf. The relatively cooler waters of these more northern Red Sea sites, relative both 

to the Arabian Gulf and the more southerly Red Sea sites, can be hypothesized, therefore, to be 

the most likely driver of Symbiodiniaceae assemblage diversity. 
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Panmictic distribution of T. maxima suggests environmental- rather than host genotype-driven 

assemblage structuring 

The observed site-specific structure of the Red Sea giant clam-Symbiodiniaceae associations 

contrasts with the recently reported population structure of the T. maxima host. Current 

evidence points towards a genetic disparity between the Red Sea T. maxima clams and other 

populations from the West Indian Ocean (Fauvelot et al. 2020), but that the population inside 

the Red Sea is characterized by high gene flow among regions and panmixia (Lim et al. 2020). 

Yet, Lim et al. also observed a high level of host haplotypic diversity within the Red Sea 

population of T. maxima (i.e. a number of haplotypes at each site), which contrasts with the 

observed homogeneity of the associated Symbiodiniaceae assemblages that we identified here, 

especially in the more southern sites. In corals, fine scale resolutions of Symbiodiniaceae 

assemblages often strongly correlate to host genotype (Hume et al. 2018a; Howells et al. 2020; 

Hume et al. 2020). However, if the Red Sea T. maxima populations are assumed to be a single 

well-connected, yet diverse population, this would suggest that the prevailing environmental 

conditions, which are also known to strongly influence coral-Symbiodiniaceae associations 

(Oliver and Palumbi 2009; Ziegler et al. 2015; Terraneo et al. 2019), are the driving forces of 

the observed structure. Whether this relatively high clam-symbiont flexibility is a product of 

the location in which the algal symbionts reside within the host tissue (i.e. extracellularly in 

clams vs intracellularly in corals) remains to be investigated. 
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3.2.6. Conclusions 

 

The finding of multiple T. maxima mtCOI marker haplotypes (distinct from those found in the 

wider Indian Ocean) at most of the Red Sea sites sampled would suggest that either one or 

multiple endemic panmictic populations of T. maxima are present along the latitude of the Red 

Sea. Given the taxonomically broad support of the 19° genetic discontinuity it would seem 

exceptional that no such break is seen in T. maxima population(s). Either the host must be 

considered to possess an exceptional plasticity to survive in such a range of environments, or it 

must have some other mechanisms by which it is able to niche adapt. Given the diversity of 

recovered Symbiodiniaceae genotypes in this study, it would appear that T. maxima-

Symbiodiniaceae associations have a degree of flexibility and that there is a relatively high 

diversity of Symbiodiniaceae with which this host may associate. Given that the high site 

fidelity seen in this study is most likely environmentally driven, flexibility in these associations 

may offer a mechanism of adaptation for the host. In contrast to corals, where more fine-scale 

resolutions increasingly reveal a relatively specific host-genotype-determined algal 

assemblage, such a flexibility in clams represents, if confirmed, a mechanism conferring giant 

clams an additional resilience to warming. Indeed, whereas coral reefs in the Red Sea, 

particularly those in the southern Red Sea, have experienced intense warming-induced 

bleaching in the past, such mass bleaching events have not been reported for Red Sea 

T. maxima populations (Lim et al., 2020). Testing this hypothesis would require experimental 

assessment of thermal performance of T. maxima under concurrent manipulation of their 

symbionts. 
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4.1.1 Abstract 

 

Tropical giant clams of the subfamily Tridacninae, including the species Tridacna maxima, are 

unique among bivalves as they live in a symbiotic relationship with unicellular algae and 

generally function as net photoautotrophs. Light is therefore crucial for these species to thrive. 

Here we examine the light dependency of calcification rates of T. maxima in the central Red 

Sea as well as the patterns of its abundance with depth in the field. Red Sea T. maxima show 

the highest densities at a depth of 3 m with 0.82 ± 0.21 and 0.11 ± 0.03 individuals m-2 (mean 

± SE) at sheltered and exposed sites, respectively. Experimental assessment of net calcification 

(μmol CaCO3 cm-2 h-1) and gross primary production (μmol O2 cm-2 h-1) under seven light levels 

(1061, 959, 561, 530, 358, 244, and 197 μmol quanta m-2 s-1) showed net calcification rates to 

be significantly enhanced under light intensities corresponding to a water depth of 4m (0.65 ± 

0.03 μmol CaCO3 cm-2 h-1; mean ± SE), while gross primary production was 2.06 ± 0.24 μmol 

O2 cm-2 h-1 (mean ± SE). We found a quadratic relationship between net calcification and tissue 

dry mass (DM in gram), with clams of an intermediate size (about 15 g DM) showing the 

highest calcification. Our results show that the Red Sea giant clam T. maxima stands out among 

bivalves as a remarkable calcifier, displaying calcification rates comparable to other tropical 

photosymbiotic reef organisms such as corals. 
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4.1.2 Introduction 

 

Giant clams (family Cardiidae, subfamily Tridacninae) are among the largest and fastest 

growing bivalves on earth, reaching up to 1 m in size (Rosewater 1965) and growth rates of up 

to 8 – 12 cm yr-1 in the largest species, Tridacna gigas (Beckvar 1981). In the Indo-Pacific, 

giant clams are considered ecosystem-engineering species (Neo et al. 2015), playing multiple 

roles in the framework of coral reef communities, such as providing food for a number of 

predators and scavengers (Alcazar 1986), shelter for commensal organisms (De Grave 1999), 

and substrate for epibionts (Vicentuan-Cabaitan et al. 2014). By producing calcium carbonate 

shell material they can occasionally even form reef-like structures (Andréfouët et al. 2005).  

However, due to their specific habitat preference (Yonge 1975; Hart et al. 1998) and their 

presumed longevity (Chambers 2007), Tridacninae are exceedingly vulnerable to exploitation 

and environmental degradation (Ashworth et al. 2004; Van Wynsberge et al. 2016). In South-

East Asia, giant clams have been harvested for human consumption (adductor muscle and 

mantle meat) and for their shells (Lucas 1994) already since pre-historic times (Hviding 1993). 

Giant clams are also reared in aquaculture farms for the fishkeeping market (Bell et al. 1997) 

and in an effort to restock the natural population (Gomez and Mingoa-Licuanan 2006). 

Currently, all giant clam species are listed in the IUCN Red List of Threatened Species (IUCN 

2016) and protected under Appendix II of the Convention on International Trade in Endangered 

Species of Wild Fauna and Flora (CITES). Most of them are considered to be lower 

risk/conservation-dependent status; however, the IUCN status of tridacnine species is in need 

of up-dating according to Neo et al. (2017). Besides the pressure of fishing on natural stocks, 

giant clams are also predicted to be vulnerable to the effects of climate change, including heat 

waves which have been associated with mass die-off events of Tridacninae in French Polynesia 

(Andréfouët et al. 2013).  

Giant clams are one of the few molluscan groups living in symbiotic relationship with 

dinoflagellates of the genus Symbiodinium (Yonge 1936; LaJeunesse et al. 2018), likewise to 

corals and sea anemones. They are generally described as being mixotrophic (Klumpp et al. 
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1992), obtaining their energy from both filter-feeding and photosynthesis; however, some 

species appear to be even functionally autotrophic (Beckvar 1981; Jantzen et al. 2008). This 

dual capacity is assumed to support their fast calcification and growth rates, exceeding those of 

most other bivalves (Klumpp and Griffiths 1994). Thus, the availability of light seems to be a 

critical factor affecting the growth and overall performance of giant clams (Lucas et al. 1989). 

To date, several studies have examined long-term growth rates of giant clams in response to 

different environmental factors, such as nutrient enrichment (Hastie et al. 1992; Hoegh-

Guldberg 1997; Belda-Baillie et al. 1998), water temperature (Hart et al. 1998; Schwartzmann 

et al. 2011), and wave exposure (Hart et al. 1998). Only a few studies assessed net calcification 

of Tridacninae as a short-term process and how environmental factors, especially light, are 

influencing the calcification, physiology, and general metabolic rates of Tridacninae. A positive 

correlation between light and calcification has been observed in several photosynthetic 

calcifying organisms, symbiotic (e.g. scleractinian corals) or not (e.g. coccolithophorids and 

calcifying algae) (Allemand et al. 2011). For corals, the term light-enhanced calcification 

(LEC) has been coined (Yonge 1931); however, the underlying mechanisms remain poorly 

understood and various hypotheses have been proposed. (1) The photosynthetic uptake of 

carbon dioxide by the symbionts lowers CO2 levels while increasing pH and the concentration 

of carbonate ions at the calcification site, which eventually could favour calcium carbonate 

precipitation (McConnaughey and Whelan 1997); (2) the removal of inhibiting substances 

(such as phosphates) by the symbionts during photosynthesis (Simkiss 1964) or (3) the light-

induced production of signalling molecules by the symbionts could lead to an increase in 

enzymatic activity, essential for the calcification of the host (Ip et al. 2015). Only within the 

last years has it been possible to investigate LEC mechanisms at the molecular level (Moya et 

al. 2008; Bertucci et al. 2015), leading to an increasing number of publications reporting light 

enhanced expression of enzymes, such as carbonic anhydrase, supporting shell formation in 

giant clams (Ip et al. 2006; Ip et al. 2015; Ip et al. 2017b; Hiong et al. 2017a; Hiong et al. 2017b; 

Chan et al. 2018; Chew et al. 2019). There is also evidence of the light-enhanced expression of 
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gene encoding for those transporters/enzymes needed for calcification within the inner mantle 

and ctenidium of Tridacna squamosa (Ip et al. 2017a; Hiong et al. 2017a; Hiong et al. 2017b; 

Chew et al. 2019). 

As both tissues lack the presence of symbiotic algae, it has been supposed that light could also 

directly affect the giant clam host. Despite recent progress in understanding LEC processes in 

Tridacninae, much remains unknown to date. Previous studies mostly focused on molecular 

processes or long-term (several months) effects of light on growth rates, assessed either as an 

increase in shell length (Lucas et al. 1989; Adams et al. 2013) or total weight (Adams et al. 

2013), and did not differentiate between different light intensities. Only a small number of 

studies actually reported short-term (hours to few days) effects of light on calcification. They 

either focused on the development of proxies (strontium/calcium ratio) for parameters of the 

daily light cycle (Sano et al. 2012) through tracer (strontium) incorporation or aimed to 

understand environmental and physiological parameters controlling daily trace element 

incorporation, using the total alkalinity (TA) anomaly technique (Warter et al. 2018). As growth 

and calcification rates in calcifying organisms are considered to be controlled by the 

corresponding light intensities (Barnes and Taylor 1973) and as the penetration of light 

decreases with depth, so the calcification rate is expected to decrease (Goreau 1963). Tridacna 

maxima, the most abundant giant clam species in the Red Sea, can be found on shallow reef 

flats and edges, usually shallower than 10 m, where light intensity is high due to these 

transparent waters of tropical, oligotrophic oceans (Van Wynsberge et al. 2016). Although 

tridacnid clams are one of the most dominant and charismatic molluscan taxa in the Red Sea 

(Zuschin et al. 2000), little is known about their ecology in this area. In addition, the majority 

of studies on Tridacninae in the region exclusively focused on the Gulf of Aqaba in the northern 

Red Sea (e.g. (Roa-Quiaoit 2005; Jantzen et al. 2008; Richter et al. 2008), which represents less 

than 2 % of the entire basin of the Red Sea (Berumen et al. 2013).  

In the present study, we assessed the net calcification rates (as μmol calcium carbonate per 

hour) of T. maxima in two short incubation experiments under seven different incident light 
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levels (corresponding to a water depth of 0 – 14 m) and in the dark, as well as photosynthetic 

rates at three experimental light levels corresponding to the high-light conditions in shallow 

waters (0 – 4 m). Further, we assessed in situ abundances of T. maxima in different depth zones 

(0.5 – 11 m) at a sheltered reef and an exposed reef in the central Red Sea. To our knowledge, 

this is the first study quantifying the light dependence of short-term net calcification rates of 

tridacnid clams of the Red Sea, interrelating these rates to their abundances in the field. 
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4.1.3 Material and Methods 

 

Clam abundance surveys 

 

Abundance surveys on T. maxima were conducted either via snorkeling or SCUBA diving at 

two reefs in the eastern central Red Sea (Fig. 4.1-1). The first station was Abu Shosha 

(22.303833 N, 39.048278 E), a small inshore reef, where abundances were examined at the 

sheltered, leeward side (South-East) of the reef which is relatively protected from wave action 

and currents (Khalil et al. 2013). Additionally, abundances were assessed at a second station 

(20.753764 N, 39.442561 E), a fringing reef close to Almojermah, where we conducted 

transects at the exposed, windward side (northwest) of the reef.  

 

Figure 4.1-1 (a) Map of the Red Sea. Abundance surveys and sampling of clams for incubation experiments were 

conducted at both, a sheltered reef (Station 1; 22.303833 N, 39.048278 E) and an exposed reef (Station 2; 20.753764 

N, 39.442561 E), (b) satellite image of sheltered reef (Station 1), (c) satellite image of exposed, fringing reef 

(Station 2). 
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At both stations, belt transects were conducted at six different depths (0.5, 1.5, 3, 5, 8, and 

11 m). At the sheltered reef, a total area of 1000 m2 was covered, and we conducted six transects 

at each depth. At the exposed reef 560 m2 were covered, with three transects at each depth. 

Transect lines of 25 m were deployed and all T. maxima specimens within 2 m of the transect 

were counted (e.g. 50 m2 area was covered on each transect). In addition, their length (maximum 

anterior to posterior distance) was recorded at the sheltered reef, using a measuring tape to the 

nearest centimeter. 

Clam incubations to obtain net calcification rates 

We determined net calcification (see section below) in T. maxima during two consecutive 

incubation experiments. During the first incubations, conducted in December 2016, we assessed 

net calcification of T. maxima under four different, moderate experimental light levels, 

mimicking light intensities at different water depths ranging from 4 to 14 m and during a dark 

incubation. In November 2016, 20 specimens of T. maxima (shell length of 17 ± 2 cm; mean ± 

SD) were collected at a water depth of about 4 m at a sheltered reef site (Station 1) 

(Fig. 4.1-1). As T. maxima is often embedded in the substrate, specimens were removed by 

carefully cutting their byssus with a knife. The incubations took place in December 2016 at the 

Coastal and Marine Resources Core Lab (CMOR) of King Abdullah University of Science and 

Technology (KAUST) in Thuwal, Saudi Arabia. The experimental setup consisted of 10 flow-

through independent LDPE (low density polyethylene) outdoor aquaria (30 L). Each aquarium 

contained 2 clams (in total 20), cleaned with a brush from epibionts prior to the experiment. 

Aquaria were supplied with water by gravity through an intermediate PVC (polyvinylchloride) 

tank of 77 L, itself receiving water pumped from the adjacent Red Sea surface water at a flow 

of 0.22 m3 h-1, leading to a complete water exchange in each single aquarium every 80 min. To 

maintain ambient Red Sea surface water temperatures, all aquaria were immersed to the last 

top centimeter in a large flow-through pool of 12 m3, receiving the overflowing water from the 

intermediate tank and the 10 experimental tanks. An Exo1 probe (YSI Incorporated, Yellow 

Springs, USA) was used to log water temperature and salinity at 30 min frequency. Both 
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remained constant during the experimental period, with an average temperature of 

27.2 ± 0.8 °C (mean ± SD, n = 672) and salinity of 38.4 ± 0.8 (mean ± SD, n = 672). 

Experimental aquaria were shaded with nets to reproduce light levels that mimicked natural 

conditions at different depths on the reef. 

We conducted short-term incubations of 6 h (from approximately 09:30 to 15:30 mean solar 

time) under four different shadings and one dark incubation (at night) (n = 10), allowing a 3 d 

acclimatization period to the clams prior to each incubation. During the incubations, the flow-

through system was turned off in order to determine changes in seawater carbon chemistry over 

time as a measure for calcification processes. Photosynthetically active radiation (PAR) was 

recorded with a light logger (Odyssey Logger, Dataflow Systems Ltd., New Zealand) as μmol 

quanta m-2 s-1 and averaged over the incubation period, as natural light conditions fluctuated 

over the course of the day. Experimental light levels comprised 530, 358, 244, and 197 μmol 

quanta m-2 s-1. Using data on depth-dependent decrease in light levels (Dishon et al. 2012), we 

calculated the extinction of light with water depth. The experimental irradiation levels, 

therefore, correspond to incident light conditions at about 4, 8, 12, and 14 m water depths. No 

additional food was provided, as natural and unfiltered seawater was flowing into the tanks. 

During the subsequent incubation, conducted in April 2018, we examined net calcification and 

primary production of T. maxima under three additional experimental high-light levels, 

addressing light effects encountered in very shallow waters (between 0 and 4 m). We collected 

eight specimens of T. maxima (shell length of 17 ± 1 cm; mean ± SD) at a water depth of about 

4 m at an exposed, fringing reef close to Almojermah (Station 2) (Fig. 4.1-1). The incubation 

experiment was conducted onboard R/V Thuwal in a setup consisting of two big PVC flow-

through tanks (350 L each) containing nine individual PVC tanks (10 L), eight of them 

containing one clam each (cleaned from epibionts) and one serving as a control tank. To 

maintain ambient Red Sea surface water temperatures, all aquaria were immerged into the flow-

through pool and water was constantly pumped (0.36 m3 h-1), ensuring a constant water 

exchange and movement in the individual tanks. Temperature and salinity were checked four 
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times a day using a handheld CTD (conductivity, temperature, depth) probe (CastAway-CTD, 

SonTek, USA). Both remained constant during the experimental period, with an average 

temperature of 31.5 ± 0.3 °C (mean ± SD, n = 16) and salinity of 38.2 ± 0.1 (mean ± SD, n = 

16). During the incubations, the individual tanks were closed air-tight with see-through PVC 

lids and water movement was generated with battery-driven motors (Underwater motor, 

Playmobil, Germany). Nets were used for shading and therefore to reproduce light levels that 

mimicked natural conditions at different depths on the reef. We conducted closed short-term 

incubations of 3 h (from approx. 11:00 to 14:00 mean solar time) under three different shadings 

and one dark incubation (at night), allowing 1 d acclimatization to the clams prior to each 

incubation. Measurements of PAR intensities were identical to the first round of incubations. 

Experimental light levels comprised 561, 959, and 1061 μmol quanta m-2 s-1. The amount of 

light received by the highest experimental light level was identical to light received directly at 

the water surface in the reef of collection at the same time of the day. Experimental irradiation 

levels correspond to incident light conditions at 0, 0.5, and 4 m. No additional food was 

provided, as raw unfiltered seawater was used. 

Carbonate chemistry 

 

At the start, after 3 h and after 6 h of incubation, seawater was sampled from each experimental 

aquarium in gastight 100 mL borosilicate bottles (Schott Duran, Germany) and poisoned with 

mercury chloride, following (Dickson et al. 2007). Each sample was analysed for TA by open-

cell titration with an AS-ALK2 titrator (Apollo SciTech, USA) using certified seawater 

reference material (CRM) (Andrew Dickson, Scripps Institution of Oceanography). During the 

incubations at moderate light levels (530, 358, 244, and 197 μmol quanta m-2 s-1), additional 

samples for dissolved inorganic carbon (DIC) were analysed using an ASC3 infrared DIC 

analyser (Apollo SciTech, USA). Further components of the carbonate system were calculated 

with R package Seacarb (Lavigne and Gattuso 2013) using first and second carbonate system 

dissociation constants of (Millero 2010) as well as the dissociations of HF and HSO4
-  (Dickson 

1990; Dickson and Goyet 1994), respectively. Carbonate chemistry at the beginning of each 
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incubation and in all experimental aquaria were comparable with mean (± SD) TA of 2324 ± 

83 and ΩAra of 3.44 ± 0.33 (n = 50) during the moderate light incubations and a TA of 2489 ± 

38 (n = 4) during the high-light incubations (Appendix 3.1 and 3.2). 

Net calcification  

 

Net calcification (NC in μmol CaCO3 h-1) was estimated from changes in total alkalinity (TA) 

using the alkalinity anomaly technique (Smith and Key 1975) using the following equation: 

𝑁𝐶 = −
∆𝑇𝐴

2
×

1

∆𝑡
  ,           (Eq. 4.1.1) 

where ΔTA is the variation of TA during the time (t) of the incubations and the factor 2 accounts 

for a decrease in TA by two equivalents per CaCO3 precipitated (Zeebe and Wolf-Gladrow 

2001). Calcification rates were expressed relative to either mantle surface area (cm2) or tissue 

dry mass (g). For the mantle surface area, the power relationship between standard length in 

centimeters (L) and mantle area (cm2) (Jantzen et al. 2008) was used to calculate the mantle 

surface in cm2. For tissue dry mass (DM in gram) of clams, all clams were dissected and their 

biomass was determined subsequently to the incubation experiment. Clams were opened by 

cutting the adductor muscle with a scalpel, and the mantle and other tissues were separated 

from the shells and dried at 60 °C for 24 to 48 h to determine tissue DM to the nearest 0.01 g. 

Experimentally determined net calcification rates (μmol CaCO3 h-1) of T. maxima for different 

DM under four moderate light levels (197, 244, 358, and 530 μmol quanta m-2 s-1) were used to 

create a multiple regression modelling net calcification for any given light level and DM.  

Primary production 

 

Primary production was assessed during the high-light incubations (561, 959, and 1061 μmol 

quanta m-2 s-1) only. Therefore, oxygen (μmol L-1) content in the incubation chambers was 

automatically logged (miniDOT, Precision Measurement Engineering, Inc., USA) in 15 min 

intervals over the 3 h incubation period. Net photosynthesis (NPP) was calculated from the 

variation of oxygen concentration over time and normalized for clam mantle surface area 

(μmol O2 cm-2 h-1). Dark respiration rates (R), also given in μmol O2 cm-2 h-1, were used to 
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calculate gross primary production (GPP) as:   

𝐺𝑃𝑃 = 𝑁𝑃𝑃 + 𝑅 .                                      (Eq. 4.1.2)  

Statistical analyses  

To assess the comparisons of clam abundance at the six survey depths, an analysis of variance 

(ANOVA) and pairwise post hoc Tukey analysis (Tukey HSC) were performed. A statistical 

model was built to explain calcification rates from the combination of PAR and clam tissue dry 

mass. The model chosen was a multiple non-linear relationship built as the combination of a 

linear dependency between PAR and calcification rates and a quadratic dependency of net 

calcification rates and clam tissue mass. This model was selected against other concurrent 

models by using the Akaike information criterion (AIC) (Burnham and Anderson 2003). 

Statistical analyses were performed using R (Foundation for Statistical Computing, Vienna, 

Austria, Version 3.4.2) and Statistica (Dell Software). 
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4.1.4 Results 

 

Depth-dependent abundances  

 

At the sheltered reef site, significantly highest abundances of T. maxima (0.82 ± 0.21 

individuals m-2; mean ± SE) were observed at a water depth of 3 m (ANOVA, p < 0.001, F = 

35.6; post hoc Tukey test p < 0.001; Appendix 3.3), being twice as high as in shallower waters 

(between 0.41 ± 0.02 and 0.44 ± 0.01 individuals m-2 mean ± SE; at 0.5 and 1.5 m, respectively) 

(Fig. 4.1-2). No clams were found at the deepest survey depth of 11 m and abundances at 8 m 

were low, at 0.04 ± 0.01 individuals m-2 (mean ± SE). Giant clams were significantly less 

abundant in deeper water when compared to shallow reef areas (p < 0.001 for both 0.5 and 1.5 

m when compared to 8 and 11 m). On average, the density of T. maxima at the sheltered reef 

(0.5 – 11 m depth) was 0.32 ± 0.05 individuals m-2; mean ± SE). The average size of clams was 

16.6 ± 5.1 cm (mean ± SD, n = 422) and their calculated mantle surface area was 140.4 ± 90.4 

cm2 (mean ± SD, n = 422), respectively.  

 

Figure 4.1-2 Changes in the abundance [individuals m-2 ± SD] of T. maxima with depth at a sheltered reef (a) and 

an exposed reef (b) in the central Red Sea. Different capital letters describe statistically significant differences in 

abundance between survey depths.  

 

At the exposed reef, abundances of T. maxima were overall lower, at 0.04 ± 0.01 individuals 

m-2 (mean ± SE); however, we also found highest densities of clams at a water depth of 3 m 

(0.11 ± 0.03 individuals m-2; mean ± SE) (ANOVA, p = 0.027, F = 3.813; Appendix 3.3). 
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However, they were only significantly higher than those found at 8 and 11 m (with mean ± SE 

of 0.02 ± 0.01 and 0.01 ± 0.01, respectively) (post-hoc Tukey test; Appendix 3.3) (Fig. 4.1-2). 

Net calcification and primary production 

 

We combined observed net calcification (as the balance between calcification and dissolution) 

at all seven experimental incident light levels and the dark incubation and identified a 

polynomial relationship (R2 = 0.77) between net calcification (NC, μmol CaCO3 cm-2 h-1) and 

incident light (I, μmol quanta m-2 s-1) (Fig. 4.1-3):  

𝑁𝐶 =  − 2 × 10−6  ×  𝐼2 + 0.0019 × 𝐼 + 0.1643.        (Eq. 4.1.3) 

Among all light incubations, net calcification rates of T. maxima were highest (0.65 ± 0.03 

μmol CaCO3 cm-2 h-1) at experimental incident light levels of 530 to 561 μmol quanta m-2 s-1 

(Fig. 4.1-3). T. maxima still showed positive but low net calcification during the night (0.18 ± 

0.02 μmol CaCO3 cm-2 h-1). The lowest NC rates (0.01 ± 0.01 μmol CaCO3 cm-2 h-1) were 

observed at the highest incident irradiance of 1061 μmol quanta m-2 s-1. Overall, we observed a 

decline in net calcification with both decreasing and increasing light intensities (Table 4.1-1), 

with polynomial regression indicating the maximum calcification (NCmax) to be reached at an 

incident light level of 475 μmol quanta m-2 s-1. From an incident light level of 1033 μmol quanta 

m-2 s-1 on, we expect to see dissolution processes outweighing calcification (NCmin, -0.01 μmol 

CaCO3 cm-2 h-1). Gross primary production (GPP) under the high-light incubations (561, 959, 

and 1061 μmol quanta m-2 s-1) showed an identical decreasing trend with increase in incident 

light as observed for net calcification. At 561 μmol quanta m-2 s-1, GPP was highest (2.06 ± 

0.24 μmol O2 cm-2 h-1; mean ± SE) and production rates were significantly lower (ANOVA, p 

= 0.039, F = 4.982; Appendix 3.4) during the incubations at 959 and 1061 μmol quanta m-2 s-1 

(Table 4.1-1, Fig. 4.1-3), with 1.76 ± 0.28 and 0.87 ± 0.37 μmol O2 cm-2 h-1, respectively. Two 

specimens died after the second-highest light treatment of 959 μmol quanta m-2 s-1. 
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Figure 4.1-3 Box plots showing net calcification rates [μmol CaCO3 cm-2 h-1] of T. maxima under seven different 

light regimes (197, 244, 358, 530, 561, 959 and 1061 μmol quanta m-2 s-1) (n = 10 in December 2016 and n = 8 in 

April 2018) and in the dark, as well as gross primary production [μmol O2 cm-2 h-1] (n = 8) as dots (±SE), under three 

high light regimes (561, 959 and 1061 μmol quanta m-2 s-1). Calculated maximum net calcification (NCmax) at 475 

μmol quanta m-2 s-1 and incident light level where dissolution outweighs calcification processes (NCmin) are 

symbolized by a cross × . Net calcification rates obtained during incubations under moderate light conditions are 

symbolised by light grey boxplots, those from the high light incubations by dark grey boxplots, the central line 

represents the median, the boxes encompass the central 50% of the data and the lines extend to the 95% quartiles. 

 

Table 4.1-1 Net calcification [μmol CaCO3 cm-2 h-1; ± SE] and gross primary production [μmol O2 cm-2 h-1; 

± SE] under the seven experimental incident light level [μmol quanta cm-2 h-1] and during the dark.  

 

 Incident light Net calcification Gross primary production 

 [μmol quanta cm-2 h-1] [μmol CaCO3 cm-2 h-1] [μmol O2 cm-2 h-1] 

 
0 0.18 ± 0.02 - 

 
197 0.43 ± 0.04 N/A 

 
244 0.51 ± 0.04 N/A 

  
358 0.60 ± 0.04 N/A 

 
530 0.66 ± 0.05  N/A 

 
561 0.65 ± 0.04 2.06 ± 0.24 

 
959 0.25 ± 0.04 1.76 ± 0.28 

 
1061 

 

1061 

0.01 ± 0.01 0.87 ± 0.37 

 

We identified a quadratic relationship between net calcification and tissue dry mass, with clams 

of an intermediate size (DM of about 15 g), showing the highest calcification rates at the four 

incubations at moderate light level (197, 244, 358, 530 μmol quanta m-2 s-1) (Fig. 4.1-4). 
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Figure 4.1-4 Net calcification (μmol CaCO3 ind-1 h-1) (n = 10) in T. maxima at four different incident light levels 

(197, 244, 358 and 531 μmol photons cm-2 h-1) and in the dark, plotted against tissue dry-mass (g). Data are shown 

with polynomial trendlines. 

Therefore, we combined the influence of light and dry mass into a statistical model, explaining 

77% of the variance in observed calcification rates (all parameters p < 0.05, Table 4.1-2, Fig. 

4.1-5). Based on this model, we identify maximum rates on clams of an intermediate size (DM 

of about 15 g), showing the highest calcification rates at the four light-level incubations. 

 

Figure 4.1-5 Model considering a linear relationship between light and calcification and a first order polynomial 

relationship between dry-mass (DM) and net calcification (NC) explaining 77 % of the variance.  
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Table 4.1-2 Description of the statistical model parameters (Fig.4.1-5) combining the influence of irradiance 

(E, μmol m-2 s-1) and clam dry-mass (DM; g) on calcification (NC; μmol CaCO3 ind-1 h-1), where d is the fitted 

intercept: 

NC = a . E + b  .  DM2 + c  .  DM + d 

 Estimate SE 
t – value 

df = 46 
p - value 

Lower confidence 

limit 

 [95% CI] 

Upper confidence limit  

[95% CI] 

a 0.126 0.011 11.420 <0.0001 0.104 0.148 

b -0.298 0.070 -4.242 <0.0001 -0.439 -0.156 

c 9.115 2.006 4.545 <0.0001 5.079 13.152 

d -29.085 11.955 -2.433 0.019 -53.148 -5.022 

R2: 0.77  
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4.1.5 Discussion 

 

Depth-dependent abundances  

 

In the Red Sea, T. maxima shows a significant dependence of net calcification rates on incident 

light. This light dependency is consistent with significantly higher abundances of this species 

in shallow, sunlit reef flats. Globally, densities of T. maxima range between 0.1 and 0.0001 

individuals m-2 (Van Wynsberge et al. 2016), with some exceptions such as at the Ningaloo 

Marine Park in Western Australia with 0.86 clams m-2 (Black et al. 2011), the Egyptian Sinai 

Peninsula with a peak value of 0.80 clams m-2 (Roa-Quiaoit 2005), and 0.42 clams m-2 in 

Kiribati (Chambers 2007). At water depths between 0.5 and 11 m, we found averaged (± SD) 

abundances of T. maxima of 0.04 ± 0.01 individuals m-2 and 0.32 ± 0.05 individuals per m-2 at 

an exposed reef and a sheltered reef, respectively. Abundances at the sheltered reef rank 

amongst the highest abundances reported worldwide, representing a 50 % higher abundance 

than previously reported for a local reef (Bodoy 1984) with 0.22 clams m-2. This difference in 

average abundances between the two reefs observed in this study could be explained by the 

leeward and windward (sheltered or exposed, respectively) characters of the examined sites. As 

reviewed by Van Wynsberge et al. (2016), the “reef type” can influence Tridacna abundances, 

as it potentially affects the water exchange (and thus water temperature and nutrient 

availability) as well as the exposure to waves. Similarly to Roa-Quiaoit (2005), we found that 

T. maxima abundances in the Red Sea seem to display great differences between locations, as 

we found significant lower numbers of giant clams at the exposed reef, with an average of 0.04 

± 0.01 individuals m-2; (mean ± SE) at water depths between 0.5 and 11 m. Explanations for 

the observed contrasts in numbers of clams per m2 at both reefs could lie in the probable 

differences in abiotic environmental conditions at the surveyed sites. For instance, giant clams 

at the exposed reef are potentially more at risk from high wave action than at the sheltered reef 

site, which could impact the initial settlement (Jameson 1976), as well as the survival of 

juveniles (Foyle et al. 1997), as both have been shown to be influenced by geographical factors 

(Foyle et al. 1997). While a previous study (Militz et al. 2015), in which abundances of giant 
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clam species in French Polynesia were examined, reports similar patterns for T. crocea, 

opposite patterns were observed for abundances of T. maxima in that region. In the reefs 

surveyed by Militz et al. (2015), T. maxima showed higher abundances at reef sites with a high 

exposure, in comparison to those with low exposure levels. However, additional factors such 

as temperature and local geomorphology might also have an influence on giant clam densities. 

Therefore, it is not possible to confidently identify the underlying causes of the observed 

differences by considering exposure alone. For example, T. maxima specimens from our study, 

which were located at the more southern reef, could possibly also be exposed to higher surface 

water temperatures due to the location of this reef at lower latitudes. Mean sea surface annual 

temperatures of the Red Sea have been shown to increase towards lower latitudes and can be 

as high as 33°C in the central and southern Red Sea (Chaidez et al. 2017). Further, the local 

geomorphological features of each reef could influence the light availability of benthic habitats. 

Consequently, differences in the local topography could have led to different angles of incident 

light and shading conditions, which would then result in differences between reefs even though 

the examined depths are identical. Contrasting findings to previously reported Tridacninae 

abundances in the central Red Sea could be further a result of differences in sampling depths in 

the respective studies, as e.g. Bodoy et al. (1984) only accounted for clams at water depths of 

a maximum of 2 m, while we assessed abundances of T. maxima at six different depths (0.5, 

1.5, 3, 5, 8, and 11 m). Previous studies have shown that the depth of abundance surveys 

significantly impacts the estimates (Van Wynsberge et al. 2016), even though generally, the 

highest densities of T. maxima are always reported for shallow reefs (0–5 m) (Jantzen et al. 

2008; Andréfouët et al. 2009). This is also reflected in the results of previous studies in the Red 

Sea (Roa-Quiaoit 2005) showing the highest abundances of T. maxima in shallow water (< 3 

m). However, Roa-Quiaoit (2005) accumulated abundances at all depths less than 3 m, while 

we differentiated even between the 0.5, 1.5, and 3 m depth levels and thereby found that 

although T. maxima shows the highest density at 3 m, abundances in shallower depths are 

significantly reduced. Furthermore, we found only a few specimens of T. maxima at water 

depths between 5 and 11 m. This finding is similar to previous studies describing T. maxima as 
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being mostly restricted to reefs shallower than 10 m, principally reef flats and edges (Van 

Wynsberge et al. 2016). This depth distribution is most likely a result from a trade-off between 

maximizing light-dependent photosynthesis while minimizing temperature stress, UV 

irradiation, wave exposure, and/or emersion stress. All these stressors have been previously 

reported to lead to massive bleaching and mass die-off events in T. maxima (Addessi 2001) and 

prevent settlement and recruitment in the shallow waters of the reef flat (Watson et al. 2012). 

The average size of T. maxima specimens at the sheltered reef was 16.6 ± 5.1 cm (± SD), similar 

to previous studies on this species in the Red Sea (Roa-Quiaoit 2005) and, according to the size 

classification by (Manu and Sone 1995), corresponding to broodstock (i.e. sexually mature 

individuals) hermaphrodites. However, the number of small, juvenile specimens (< 4 cm) is 

potentially underestimated, as they are extremely cryptic (Munro and Heslinga 1983). 

Light-dependent calcification and production in Red Sea giant clam T. maxima 

 

Overall, we found significantly enhanced net calcification rates in Red Sea T. maxima during 

light incubations compared to the dark incubation. Net calcification rates also significantly 

increased with light intensity up to 475 μmol photons m-2 s-1 (incident light level corresponding 

to a water depth of approximately 5 m, at the same time of the day and season, when the 

incubations were conducted), and thenceforward decrease until an eventual dominance of 

dissolution over calcification at approximately 1033 μmol photons m-2 s-1 (corresponding to 

light conditions received directly at the air-water interface in the reef of the collection). 

Likewise to net calcification in T. maxima, we observed gross primary production (GPP) to be 

highest at intermediate light levels of around 560 μmol photons m-2 s-1 (corresponding to a water 

depth of about 4 m) and to decrease with increasing light intensities (at 959 and 1061 μmol 

quanta m-2 s-1, corresponding to 1.5 and 0.5 m water depth, respectively). We conclude that net 

calcification in the Red Sea giant clam T. maxima is not only enhanced by light, but is also 

likely coupled to the photosynthetic activity of their algal symbionts. Further, our results show 

that both net calcification and primary production in Red Sea T. maxima are highest at incident 

light levels received at water depths between 5 and 3 m at Red Sea reefs. This is especially 
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noteworthy as these findings correlate with the observed depth-related abundances of T. 

maxima, displaying the highest densities at intermediate water depths around 3 m in the central 

Red Sea. The observed irradiance optima for both net calcification and primary production of 

T. maxima could therefore provide an explanation for the maximum in abundances in 

intermediate waters (3 – 5 m) and the decreasing numbers of observed clams at both shallower 

and deeper reef sites. Overall, our findings of enhanced calcification rates under light are 

consistent with reports on the related species Tridacna gigas (Lucas et al. 1989), Tridacna 

derasa (Sano et al. 2012), and Tridacna squamosa (Adams et al. 2013). The mechanisms of 

LEC have been intensely studied in zooxanthellate scleractinian corals, leading to several 

hypotheses proposed to explain LEC (Tambutté et al. 2011). The majority of these refer to 

mechanisms that are influenced by the symbiotic relationship of host and Symbiodiniaceae, 

with the most supported hypothesis relating photosynthetic CO2 uptake by the algal symbionts 

to increased pH and the concentration of carbonate ions, thereby favouring calcification through 

the corresponding elevated saturation state for carbonate minerals (McConnaughey and Whelan 

1997). Giant clams, including T. maxima, can potentially harbor multiple genera of 

Symbiodiniaceae simultaneously (DeBoer et al. 2012; Ikeda et al. 2017), including 

Symbiodinium, Cladocopium, and Durusdinium (previously referred to as clades A, C, and D; 

(DeBoer et al. 2012; LaJeunesse et al. 2018)). The composition of these associated algal 

symbionts might therefore also impact the susceptibility to (high) light levels, as different 

genera of Symbiodiniaceae (in symbiosis) exhibit different physiological and ecological 

patterns, including sensitivity to light and temperature (Rowan et al. 1997; Berkelmans and Van 

Oppen 2006). However, a previous study on Red Sea giant clams and their associated 

Symbiodiniaceae (Pappas et al. 2017) reports that T. maxima in the region exclusively 

associated with Symbiodinium spp. (previously clade A), which was thus assumed to represent 

an optimal group for the local environmental conditions. However, the reliance of calcification 

of host organisms (e.g. T. maxima) on their relationship with symbiotic algae could provide an 

explanation for the significant decrease in net calcification rates at the highest light treatment 

(1061 μmol photons m-2 s-1). These diminished rates could be the result of photoinhibition and 



110 

 

 
 

even photodamage of the associated unicellular algae when exposed to these high incident light 

levels. This would also be supported by the pronounced decrease in gross primary production 

rates at this light treatment. High incident light levels, especially high levels of UV radiation in 

shallow waters, have been previously shown to be correlated with decreased calcification rates 

in other marine calcifiers such as stony corals, e.g. Porites compressa (Kuffner 2001). 

However, recent findings for hermatypic corals also report that the contribution by the 

symbionts might not be the primary or sole driver for LEC, but the blue light spectrum could 

trigger the light sensors of the host itself, leading to higher calcification rates (Cohen et al. 

2016). It is suggested that blue light photoreceptors in coral tissues of Porites lutea and 

Acropora variabilis could potentially sense the light which is ultimately activating a cascade of 

processes involved in blue light-enhanced calcification (Cohen et al. 2016). However, our 

experimental light level, produced by different layers of neutral screen shading, only differed 

in light intensities but not in the wavelength that T. maxima would receive in the respective 

water depth. In a previous study on Tridacna crocea, short-term calcification rates were also 

reported to be strongly light-dependent (Warter et al. 2018). However, in their experiment, 

Warter et al. (2018) exposed the clams not only to artificial light, but also light levels that were 

not comparable to actual conditions in the environment, as the average treatment comprised 

only 162 ± 7 μmol quanta m-2 s-1 (corresponding to a water depth of approximately 16 m in an 

oligotrophic ocean such as the Red Sea). 

Allometric relationship between calcification and biomass 

 

We determined a non-linear relationship between net calcification and biomass (as tissue DM) 

in T. maxima. Clams of an intermediate DM of approximately 15 g showed the highest net 

calcification throughout the four incubations as moderate light levels (530, 358, 244, and 197 

μmol quanta m-2 s-1). Specimens of a smaller or higher biomass calcified less during the 

incubations. A similar allometric relationship has been previously described for the 

photosynthetic metabolic performance of the zooxanthellae in T. maxima (Yau and Fan 2012). 

This allometric pattern is most likely due to an optimal ratio of symbionts to clam body mass 
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at intermediate sizes. As the clam grows, its mantle tissue increases in thickness and thus the 

three dimensional tubular systems bearing the utmost of symbionts (Fisher et al. 1985). 

However, as the mantle thickens, impinging light must penetrate through more tissue before 

reaching the stacked zooxanthellae (Trench et al. 1981), and there is evidence of increased 

shading of the symbionts in the mantles of bigger clams (Fisher et al. 1985). With further 

increasing size, the number of symbionts per unit clam biomass also decreases (Fisher et al. 

1985; Fitt et al. 1993; Griffiths and Klumpp 1996). In general, growth rates of giant clams seem 

to decrease with age once they reach the threshold for maturity and become broodstock 

hermaphrodites (Van Wynsberge et al. 2016). Past this age, a growing portion of their energy 

is invested in reproduction (Romanek and Grossman 1989; Van Wynsberge et al. 2016), 

especially since there is an exponentially increase in produced egg numbers with increasing 

shell size (Jameson 1976). 

Comparison with other calcifiers 

 

We compared net calcification rates of T. maxima with those of other benthic phototrophic and 

mixotrophic calcifiers (Table 4.1-3). In most calcifying organisms that live in symbiotic 

relationship with zooxanthellae (such as corals), metabolic rates and calcification are 

normalized by surface area. In contrast to corals, however, which host their symbiotic algae 

intracellularly in their endodermal cell layer, the symbionts of Tridacninae are located in 

delicately branching and specialized channels within the mantle, which extend from the 

stomach (Trench et al. 1981; Norton et al. 1992). Although this difference makes the 

comparison to other calcifiers conceptually difficult, normalization of calcification rates per 

mantle surface area would also be appropriate, as Symbiodinium cells in giant clams are mostly 

found in the upper 5 mm of the mantle (Ishikura et al. 1997). The Red Sea giant clam T. maxima 

shows averaged net calcification rates of 0.47 ± 0.03 μmol CaCO3 cm-2 h-1, which are 

comparable to those reported for hermatypic corals (0.42 ± 0.08 μmol CaCO3 cm-2 h-1) 

(Marubini et al. 2001; Jury et al. 2010; Comeau et al. 2014a; Comeau et al. 2014b; Cohen et al. 
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2016) and those for calcifying macroalgae (0.43 ± 0.38 μmol CaCO3 cm-2 h-1) (Comeau et al. 

2014b).  

Table 4.1-3 Comparison of net calcification rates in relation to light conditions in different marine phototrophic and 

mixotrophic calcifiers. Values are given as average value mean a ( ± SE) or (± SD). Experimental light incubation 

levels are given in μmol photons m-2 s-1. Net calcification values were converted to μmol CaCO3 cm-2 h-1 from: 
b mg CaCO3 cm-2 d-1.  

Organism Species Nutrition Region 

Light 

incubation 

[µmol photons 

m-2 s-1] 

Net 

calcification 

[μmol 

CaCO3 cm-2 

h-1] 

Method Study 

C
o

ra
l 

Acropora 

variabilis 
mixotroph Northern 

 Red Sea 
800 0.1 b TA anomaly 

method 

Cohen et 

al. 2016 

Porites lutea mixotroph Northern  

Red Sea 

800 0.28 b TA anomaly 

method 

Cohen et 

al. 2016 

Porites spp. mixotroph Japan 700 0.79 b Buoyant  

weighing 

Comeau et 

al. 2014b 

Pocillophora 

damicornis 
mixotroph Japan 700 0.49 b Buoyant  

weighing 

Comeau et 

al. 2014b 

Porites 

compressa 
mixotroph Hawaii 698 0.81 ± 0.02 a 

Buoyant  

weighing 

Marubini 

et al. 2001 

Acropora 

pulchra 
mixotroph French  

Polynesia 
640 ± 30 0.42 ± 0.02 a Buoyant  

weighing 

Comeau et 

al. 2014a 

Madracis 

auretenra 

mixotroph Caribbean 200 0.36 ± 0.4 b TA anomaly 

method 

Jury et al. 

2010 

Porites 

compressa 
mixotroph Hawaii 150 0.43 ± 0.03 a Buoyant  

weighing 

Marubini 

et al. 2001 

Acropora 

pulchra 
mixotroph 

French  

Polynesia 
149.2 ± 0.1 0.11 ± 0.01 a 

Buoyant  

weighing 

Comeau et 

al. 2014a 

Averaged net calcification corals   0.42 ± 0.08   

A
lg

a
e 

Porilithion 

onkodes 
phototroph Hawaii 700 0.80 ab 

Buoyant  

weighing 

Comeau et 

al. 2014b 

Hydrolithion 

reinboldii 
phototroph 

French  

Polynesia 
640 ± 30 0.05 ± 0.00 a 

Buoyant  

weighing 

Comeau et 

al. 2014b 

Averaged net calcification algae   0.43 ± 0.38   

B
iv

a
lv

e 

Tridacna 

maxima 
mixotroph Central 

Red Sea 
1061 0.01  ± 0.01 TA anomaly 

method 
This study 

Tridacna 

maxima 
mixotroph Central 

Red Sea 
959 0.25 ± 0.04 TA anomaly 

method 
This study 

Tridacna 

maxima 
mixotroph 

Central 

Red Sea 
530 – 561 0.65 ± 0.03 

TA anomaly 

method 
This study 

Tridacna 

maxima 
mixotroph Central 

Red Sea 
358 0.60 ± 0.04 TA anomaly 

method 
This study 

Tridacna 

maxima 

mixotroph Central 

Red Sea 

244 0.51 ± 0.04 TA anomaly 

method 

This study 

Tridacna 

maxima 
mixotroph Central 

Red Sea 
197 0.43 ± 0.02 TA anomaly 

method 
This study 

Averaged net calcification T. maxima   0.47 ± 0.03   
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However, in comparison with averaged rates of other heterotrophic, temperate bivalve species, 

such as Mytilus edulis, Argopecten purpuratus, and Crassostrea gigas with 0.08 ± 0.07 μmol 

CaCO3 g DM-1 h-1, calcification in T. maxima is about 70 times higher (5.38 ± 0.42 μmol CaCO3 

g DM-1 h-1) (Table 4.1-4). When compared to heterotrophic cold-water coral species, such as 

Lophelia pertusa and Madrepora oculata, net calcification rates of T. maxima are more than 7 

times higher (0.80 ± 0.70 μmol CaCO3 g DM-1 h-1) (Table 4.1-4). Our comparative assessment 

of the net calcification rates of giant clams with temperate / azooanthellate species shows that 

rates in the Red Sea T. maxima tested here are comparable to other photosymbiotic organisms 

(such as corals) and calcifying algae. 

Table 4.1-4 Comparison of net calcification rates of different marine, heterotrophic calcifiers. Values are given as 

average value mean a (± SE) or (± SD). All net calcification values were normalized for gram dry-mass (DM), rates 

given in fresh-weight were converted to DM b after (Ricciardi and Bourget 1998), or c (Dame 1972). If necessary, 

net calcification values were converted to μmol CaCO3 g DM-1 h-1 from d µg CaCO3 g DM-1 d-1. 

Organism Species Nutrition Region 

Net calcification 

[μmol CaCO3 g 

DM-1 h-1] 

Method Study 

C
o

ra
l 

Lophelia pertusa heterotroph North Atlantic 1.5 a 
TA anomaly 

method 

Hennige et 

al. 2014 

Madrepora 

oculata 
heterotroph 

Mediterranean 

Sea 
0.091 ± 0.027 

TA anomaly 

method 

Maier et al. 

2016 

Averaged net calcification for heterotrophic 

corals 

 0.80 ± 0.70   

B
iv

a
lv

e 

Mytilus edulis heterotroph North Sea 0.0244 ab 
TA anomaly 

method 

Gazeau et al. 

2007 

Crassostrea gigas heterotroph North Sea 0.219 ab 
TA anomaly 

method 

Gazeau et al. 

2007 

Argopecten 

purpuratus 
heterotroph 

Southern 

Pacific 
0.004 ± 0.001 d 

Buoyant  

weighing 

Ramajo et al. 

2016 

Averaged net calcification for heterotrophic 

bivalves 

 0.08 ± 0.07   

B
iv

a
lv

e 

Tridacna maxima mixotroph 
Central Red 

Sea 
5.38 ± 0.42 

TA anomaly  

method 
This study 

Averaged net calcification for T. maxima  5.38 ± 0.42   
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4.1.6 Conclusion 

 

The present study shows that net calcification and photosynthetic rates of Red Sea T. maxima 

are light-dependent but show a maximum at intermediate irradiance, suggesting strong 

inhibition at the highest incident light levels received in very shallow (0 – 1.5 m) waters. This 

is consistent with the depth-related distribution of this species in the Red Sea, and elsewhere, 

which showed maximum abundances in shallow (3 m), sunlit coral reefs but a decrease in 

abundance from 3 m towards the surface and below. Although enhanced calcification is 

consequently beneficial for T. maxima, the light dependency of both calcification and 

production restricts them to shallow waters, which also makes them more vulnerable to 

potentially harmful environmental changes, such as predicted increasing water temperatures 

associated with global warming (Hughes et al. 2003), as well as high levels of incident light, 

including high levels of UV radiation (Shick et al. 1995). The present study provides an 

important baseline for future studies examining the impact of wavelength-specific responses of 

calcification and metabolic rates on giant clams as well as for a better overall understanding of 

light-enhanced calcification in Red Sea Tridacninae and their relationship with the symbiotic 

algae. 
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4.2.1 Abstract   

 

Iridocytes, containing multiple stacks of proteinaceous platelets and crystalized guanine, 

alternating with thin cytoplasm sheets, are specialized cells that act as multilayer nano-

reflectors. Convergence evolution led to their arising across a broad range of organisms, 

including giant clams of the Tridacninae subfamily - the only sessile and photosymbiotic 

organism, among animals known to possess iridocytes. Through the interference of light with 

their microscale architecture, iridocytes generate ‘structural colors’, which are reported to serve 

different purposes, from intra-species communication to camouflage. In giant clams, iridocytes 

were previously reported to promote a lateral - and forward scattering of photosynthetically 

productive radiation (PAR) into the clam tissue, as well as the back reflection of non-productive 

wavelengths. Hence, they are assumed to promote an increased efficiency in the use of available 

solar energy, while simultaneously preventing photodamage of the algal symbionts. We report 

the use of guanine crystals within Tridacna maxima giant clam iridocytes as a basis for photonic 

cooperation between the bivalve host and their photosynthetic symbionts. Our results suggest 

that, in addition to the previously described scattering processes, iridocytes absorb potentially 

damaging UV radiation (UVR) and, through successive emission, emit light at longer 

wavelengths, which is then absorbed by the photosynthetic pigments of the algal symbionts. 

Consequently, both, host and algal symbionts are sheltered from (potentially) damaging UVR, 

while the available solar energy within the PAR spectrum increases, thereby potentially 

enhancing photosynthetic and calcification rates in this large bivalve. Further, our results 

suggest that this photonic cooperation could be responsible for the broad repertoire of colors 

that characterizes the highly diverse mantle patterns found in T. maxima. 
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4.2.2 Introduction 

 

Iridocytes (also called iridophores, guanophores or interference cells) are multilayer nano-

reflectors with alternating high and low refractive indices, generating interference of light 

waves. They contain multiple stacks of thin proteinaceous platelets (Kamishima 1990; Griffiths 

et al. 1992; Kim et al. 2017) and crystalized guanine (Morrison et al. 1996; Teyssier et al. 

2015)(an essential component of DNA and RNA), alternating with thin sheets of cytoplasm 

(Ide and Hama 1972; Rohrlich and Rubin 1975; Kim et al. 2017). Convergence evolution has 

led to their arising across a broad range of organisms, including reptiles, such as chameleons 

(Rohrlich and Rubin 1975), amphibians, such as tree frogs (Setoguti 1967), fish (Lythgoe et al. 

1984), and mollusks such as cephalopods (Cloney and Brocco 1983; DeMartini et al. 2013b) 

and giant clams of the Tridacninae subfamily (Kamishima 1990; Griffiths et al. 1992; Holt et 

al. 2014; Ghoshal et al. 2016b).  

Iridocytes display a variety of different functions in organisms, from the prevention of gas 

diffusion (Scholander 1954), protection against extreme heat (Kobelt and Linsenmair 1992), as 

mirror components of visual systems (Locket 1970) and the manipulation of light (Fox 1976; 

Holt et al. 2014; Ghoshal et al. 2016b; Kim et al. 2017). Through the interference of light with 

a combination of their nanoscale architectures, iridocytes generate some of the liveliest 

colorations across these organisms (Holt et al. 2014; Teyssier et al. 2015). The resulting 

‘structural colors’ (Fox 1976) are reported to serve different purposes, from intra-species 

communication (Chae and Nishida 1994) to camouflage (Théry and Casas 2002; Ikeda and 

Kohshima 2009).  

Recent research mainly focused on ‘how nanostructures, such as Iridocytes, regulate the optical 

properties of biological materials’ (Sun et al. 2013). However, photonic structures in biological 

systems were recently reported to also potentially affect physiological processes in plants and 

phototrophic organisms in general (Gkikas et al. 2015; Goessling et al. 2018). The structural 

nature of iridocytes allows them to reflect any waveband of the visible light spectrum from near 

UV to deep red (400-700 nm) (Mäthger and Hanlon 2007). Further, there is evidence that 
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organisms may be able to change the optical properties of these cells from non-iridescent 

(Rayleigh-scattering) to iridescent (structural reflection) by ultrastructural changes, thereby 

allowing rapidly shifts in skin colors (Mäthger and Hanlon 2007; DeMartini et al. 2013a; 

DeMartini et al. 2013b).  

Giant clams of the Tridacninae subfamily stand out among all other organisms containing 

iridocytes as the sole sessile organisms thus far reported to contain these specialized cells. In 

Tridacninae, iridocytes are located in the outer mantle of the bivalve (Griffiths et al. 1992; Holt 

et al. 2014; Ghoshal et al. 2016b) which confer these animals their distinct and highly diverse 

mantle colors (Holt et al. 2014; Ghoshal et al. 2016b)(Fig. 4.2-1).  

 

Figure 4.2-1 Variations of mantle tissue colorations in Tridacninae, here exemplarily shown for Tridacna maxima. 

Specimens in the top row (a-c) are examples for brown color variants and those in the bottom (d-f) for blue appearing 

mantle colorations. (a) and (f) , respectively, are equivalents for the brown and blue variation used in this study. 

 

Giant clams represent an important component of Indo-Pacific reef communities and are of 

distinct ecological significance for a reef (Neo and Todd 2013; Neo et al. 2015; Van Wynsberge 

et al. 2016). They play multiple roles in the framework of coral reef communities (Neo et al. 

2015), as they provide a food source for a number of predators and scavengers (Alcazar 1986), 

shelter for commensal organisms (De Grave 1999), and substrate for epibionts (Vicentuan-



124 

 

 
 

Cabaitan et al. 2014), and also have been harvested by humans for food and ornamental 

purposes (Mies et al. 2017). Further, they are even considered an ecosystem-engineering 

species (Neo et al. 2015) as they may form reef-like structures (Andréfouët et al. 2005). 

Giant clams are one of the few molluscan groups that live in symbiotic relationship with 

unicellular algae of the Symbiodiniaceae family (Taylor 1969; Yonge 1975; Norton et al. 1992; 

Fitt 1993). Among all the animals that are currently known to possess iridocytes, this symbiosis 

makes them the only organism capable of photosynthesis, through the activity of their algal 

symbionts. These symbionts are located intercellularly in a special tubular system, originating 

in digestive diverticular ducts of the stomach and extending into the outer mantle (Norton et al. 

1992). As the algal symbionts can deliver up to 100% of the respiratory carbon demand of giant 

clams (Trench et al. 1981; Klumpp et al. 1992; Klumpp and Griffiths 1994), some species are 

even considered to be net (photo)-autotrophs (Klumpp and Griffiths 1994; Jantzen et al. 2008). 

This successful photo-symbiotic relationship is considered to be the main reason why 

Tridacninae are among the largest (Beckvar 1981) and fastest-growing (Bonham 1965) bivalves 

on Earth, and why bleaching (i.e. the loss of their symbiotic algae) (Glynn 1993; Norton et al. 

1995) is known to significantly decrease their fitness, resulting in reduced growth, fecundity 

and survival (Leggat et al. 2003; Maboloc et al. 2015). Besides their contribution to the gross 

physiological performance of giant clams, the photosymbiotic relationship of Tridacninae and 

Symbiodiniaceae is probably also one of the reasons why the calcification in these bivalves is 

strongly light-dependent (Ip et al. 2017; Ip et al. 2018; Chew et al. 2019; Rossbach et al. 2019). 

Unlike the many other mollusks, amphibians, fishes, and reptiles containing iridocytes, in 

Tridacninae the role of these cells would be unrelated to interactions with conspecifics or 

potential predators or competitors (e.g. camouflage or intimidation). Thus, previous studies, 

examining optical properties and the functional significance of iridocytes in giant clams either 

suggest their function to be acting as some kind of sunscreen (Yonge 1975; Ishikura et al. 1997) 

or to enhance photosynthetic rates of the algal symbionts by forward-scattering of light (Holt 

et al. 2014; Ghoshal et al. 2016b). As the requirements of their symbionts for photosynthetically 
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active radiation (PAR, 400 – 700 nm) restrict Tridacninae to sunlit and shallow waters, giant 

clams expose themselves and their algal symbionts to potentially high levels of environmental 

ultraviolet radiation (UVR, 280 – 400 nm) (Smith and Baker 1979). These highly energetic 

wavelengths are known to cause photo-inhibition in the associated algae, therefore leading to 

detrimental effects on the photosynthetic performance (Lesser and Shick 1989; Lesser 2006). 

In giant clams, UV-B (280 – 315 nm) and UV-A (315 – 400nm) have been previously shown 

to completely suppress photosynthesis in isolated Symbiodiniaceae, while having little effect 

on the symbionts when embedded within the clam host tissue (Ishikura et al. 1997). Photo-

protective mechanisms in Tridacninae have been previously mainly attributed to the presence 

of UV-absorbing compounds (e.g., mycosporine-like amino acids, MAAs), which are produced 

by the algal symbionts and deposited in the giant clam mantle tissues (Banaszak et al. 2006; 

DeBoer et al. 2012). Recent research shows that the iridocyte cells, produced by the giant clams 

themselves, may also have an important function in the protection against (potentially) harmful 

wavelengths of light (Holt et al. 2014; Ghoshal et al. 2016b). On the basis of models and 

experimental assessment of the spectral light penetration into tissues, iridocytes in Tridacninae 

were previously reported to promote a lateral- and forward scattering of photosynthetically 

productive wavelengths of light into the clam host tissue, as well as the back reflection of non-

productive wavelengths (Holt et al. 2014; Kim et al. 2017). By providing these unique features, 

they are assumed to establish optimal conditions for the photosynthetic performance of the giant 

clams’ symbionts (Holt et al. 2014; Ghoshal et al. 2016b). 

In the present study, we assess the photoluminescence of Tridacna maxima giant clam 

iridocytes (embedded in the clams’ outer mantle tissues) as well as of pure guanine, the material 

which composes the optically-active components of the iridocytes. Further, we characterize 

different properties of T. maxima mantle tissues using scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM).  
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4.2.3 Material and Methods 

 

Collection of clams 

 

In August 2018, two specimens (one brown and one blue color variant) of the giant clam 

Tridacna maxima, both with a size of about 17 cm, were collected in a water depth of about 3 

m at Abu Shosha reef in the Central Red Sea (22.303833 N, 39.048278 E). 

Tissue characterization using scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) 

Tissue sample preparation for scanning electron microscopy (SEM) imaging followed a 

standard protocol. In brief, pieces of T. maxima outer mantle tissues of approximately 25 mm2 

area were fixed overnight in a 2 – 2.5% glutaraldehyde in 0.1 M cacodylate buffer at a 

temperature of 4°C. After that, tissues were gently washed in the 0.1 M cacodylate buffer. Post 

fixation was performed in the dark, using a 1% osmium tetroxide in the cacodylate buffer for 

an hour. The clam tissues were then washed with deionized water three times, keeping them in 

the water for at least 15 minutes, before they were dehydrated using ethanol with increasing 

concentration (30, 50, 70, 90, and 100 %). Following this procedure, tissues were dried using 

critical point drying (CPD) for approximately two hours. At last, they were coated with a 4 nm 

thin layer of platinum, to avoid charging effects while performing the SEM imaging. Imaging 

was conducted using a Quanta 3D FEG SEM (FEI, Netherlands). 

For the blockphase SEM and transmission electron microscopy (TEM) imaging, biopsy 

punches (approximately 1 mm2) of the T. maxima mantle tissue were fixed and embedded in 

Durcupan ACM resin (EMS, USA), following the protocol by (Deerinck et al. 2010). Block 

phase SEM imaging was performed using a Teneo VS™ SEM (Thermo Fisher, USA). For the 

TEM imaging, the embedded mantle tissues were cut into 140 nm thin sections using a Leica 

Ultramicrotome EM UC7 (Leica, Germany) and images were taken with a Titan CT TEM 

(Thermo Fisher, USA). 
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Absorbance spectra of T. maxima mantle tissues 

 

For the absorbance measurements, outer mantle tissues were sliced into layers of 0.5 mm 

thickness and mounted onto double-sided polished sapphire substrates. The measurements were 

carried out on two sets of samples: (a) at the outermost surface of the tissue, and (b) inside 

mantle tissues (about 500 μm deep from the surface), using a UV-Vis-NIR spectrophotometer 

(Shimadzu UV-3600). 

Setup for photoluminescence (PL) measurements 

 

The Labram Aramis set up (Horiba Scientific, Japan) was used to measure the 

photoluminescence of the giant clam mantle tissues (Appendix 4.1). This compact and 

automated system allows to easily choose the excitation source and power from the LabSpec6 

software (Horiba Scientific, Japan). Three different laser excitation sources were used: Helium 

Cadmium (325 nm), Cobalt 06-MLD (473 nm) and Melles Griot (633 nm). Samples of 

T. maxima tissues were placed on a sapphire substrate and then positioned on the probing stage 

of the measurement setup. The laser was focused on the tissue sample with a 40-fold 

magnification objective, resulting in a spot size of approximately 5 μm. Minimizing the spot 

size was necessary in order to increase the power intensity of the laser, as a smaller spot size 

resulted in a smaller area and thus higher laser intensity, as: 

𝑃𝑜𝑤𝑒𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑃𝑜𝑤𝑒𝑟

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑙𝑎𝑠𝑒𝑟 𝑠𝑝𝑜𝑡
          (Eq. 4.2.1) 

For every scan, the laser source was automatically cut-off right after a completed scan to 

minimize potential damages of the tissues due to continuous exposure. The planar and vertical 

adjustment of the stage, using LabSpec6, allows a fine resolution as low as 1 μm. 

PL measurements of giant clam mantle tissue  

 

Mantle clippings of approximately 1 mm in thickness and a cross-section area of about 1 cm2 

of T. maxima were used for the subsequent measurements. When the clam mantle tissues were 

optically probed, multi-peak photoluminescence emissions were observed. First, 
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photoluminescence measurements were performed on the mantle surface (where the laser 

source was focused at the surface i.e. Z = 0 μm). To understand how the light propagates deep 

inside the tissue, subsequent photoluminescence emission spectra were taken at different focal 

depths inside the mantle tissue as deep as ~ 300 μm. Second, in order to explore how the T. 

maxima tissues interact with different light sources and excitation power, they were probed 

with different excitation sources of wavelengths at 325 nm, 473 nm, and 633 nm and various 

pumping. In order to understand the interaction of the light with T. maxima tissues and the 

resulting dependent photoluminescence spectra, several measurements with excitation sources 

of wavelengths at 325 nm, 473 nm, and 633 nm were conducted at room temperature. Further, 

we performed excitation power-dependent photoluminescence measurements. (Appendix 4.2). 

The type of charge carrier recombination (free to bound and/or donor-acceptor pair 

recombination) contributing to the photoluminescence can be further explored by plotting 

integrated photoluminescence (IPL) versus the power of the excitation source. Further, the 

quantum yield was calculated using the following relation:  

𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑌𝑖𝑒𝑙𝑑 =  
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑠𝑜𝑢𝑟𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
       (Eq. 4.2.2) 

The quantum yield was averaged (with a 95% confidence interval) from measurements on five 

individual tissue samples. 

PL measurements of pure guanine powder 

 

Commercially available guanine powder (3, 4 - (Methylenedioxy) cinnamic acid) with a 99% 

assay (Sigma Aldrich, USA), was desiccated at room temperature. An approximately 1 mm 

thick layer of crystalline guanine powder was put on the sapphire substrate and the prepared 

sample was subjected to the photoluminescence test in the Labram Aramis spectrometer setup 

(Horiba Scientific, Japan) following the same procedure as for the giant clam mantle tissue. 
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4.2.4 Results 

 

Mantle tissue characteristics of T. maxima 

 

Observations of the T. maxima outer mantle tissues, using scanning electroscope microscopy 

(SEM), revealed surface structures with hexagonal features (Fig 4.2-2a), consisting of pillar-

like microstructures (Fig. 4.2-2b and c), where each of these pillars has an average length of 

about 1 μm (Fig. 4.2-2c and d).  

 

Figure 4.2-2 Mantle surface structures of T. maxima, observed via and scanning electroscope microscopy (SEM). 

(a) Overview of mantle surface, with hexagonal features. (b)-(c) Magnified top view of mantle surface, revealing 

pillar-like microstructures. (d) Blockphase SEM of cross-sectioned mantle tissue showing topmost 10 μm, including 

pillar-like microstructures, highlighted by red arrows.  

 

Below the surface layer, we find the embedded symbiotic unicellular algae (Fig. 4.2-3a), 

stacked in pillars, and located extracellularly in a tubular system. In close proximity, the 

iridocyte cells can be found (Fig. 4.2-3b). They have similar dimensions as the neighboring 

Symbiodiniaceae (e.g. diameter of 8 μm) and TEM imaging reveals the plate-like structure of 

proteinaceous material and crystalized guanine within the iridocyte cells, alternating with thin 

cytoplasm sheets (Fig. 4.2-3c and d). 
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Figure 4.2-3 (a) Blockphase SEM image of cross-sectioned T. maxima mantle tissues, from the surface to about 400 

μm deep into the tissue. Symbiotic algae are stacked in pillars and highlighted with green arrows, iridocytes can be 

found in close proximity and are highlighted with yellow arrows. (b) Magnified view of algal symbionts (green 

arrow) and iridocytes (yellow arrow). Both have an average diameter of about 8 μm. (c) TEM image of iridocyte 

cell with stacked layers of crystalized guanine plates, alternating with cytoplasm sheets. (d) TEM image of magnified 

view on Iridocyte cell, showing crystalized guanine plates.  

 

Absorbance of T. maxima mantle tissues 

 

Absorbance spectra of T. maxima mantle tissues differed with depth into the tissue (i.e. 

outermost surface tissue and at 500 μm inside the mantle tissue) (Fig 4.2-4). We observed strong 

absorbances throughout the UV spectra (200 – 400 nm) at both depths. Whereas the absorbance 

in the outermost mantle tissues decreases with wavelengths > 330 nm, absorbance spectra of 

tissue layers deeper inside the mantle, at about 500 μm, shows a strong imprint of 

photosynthetic pigments, with a broad shoulder between 400 – 560 nm, a relative absorbance 

minimum around 600 nm, and another, distinct peak in absorbance around 675 nm, 

corresponding to chlorophyll a. 
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Figure 4.2-4 Relative absorbance of wavelengths between 200 – 800 nm of T. maxima outer mantle tissues for two 

different tissue depths: outermost surface tissues (blue) and inside the tissues, at a depth of about 500 μm from the 

surface (green).  

 

Conversion of UV-A wavelengths into the blue part of the spectrum 

 

When mantle tissues of the giant clam T. maxima (Fig. 4.2-5a) were illuminated with UV-A 

(325 nm) radiation, the photoluminescence emitted by the mantle tissues, located between the 

surface and 300 µm into the mantle of the animal, shifted towards longer wavelengths, resulting 

in a broadened emission peak, ranging from 550 nm to 365 nm (Fig. 4.2-5b, see a schematic of 

the general absorption/emission mechanism in Appendix 4.3). Multiple peaks were observed 

in the photoluminescence spectra when the tissue was probed at each of the different focal 

depths. However, the most intense peak was identified as the main peak (Fig. 4.2-5b and c). 

Indeed, the dominant emission peaks under UV-A (325 nm) excitation, shift from 365 nm at 

300 µm depth into the tissue, to 550 nm at the surface of the giant clam mantle. Closer 

inspection of the spectral emission shifts with depth showed a gradual increase of peak shift 

rates from the mantle surface (Z = 0 μm) to about 100 μm (0.803 nm μm-1 at 100 μm) tissue 

depth, and a decrease in peak shift rates deeper into the tissue (Fig. 4.2-5c, d, and e). The 

calculated quantum yield was 39.20 ± 4.16 (mean ± SD) (Appendix 4.4). 
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Figure 4.2-5 (a) Photo of T. maxima specimen with blue mantle coloration. (b) Photoluminescence (PL) spectra of 

T. maxima at room temperature for different focal depths (exemplarily shown for six focal depths, ranging from 

mantle surface to 225 μm within the tissue) (c) Peak emission wavelengths [nm] of T. maxima photoluminescence 

versus focal depth [μm]. Green bars represent the standard error, obtained by a Gaussian fit. (d) Rate of peak shift 

[nm μm-1] in T. maxima photoluminescence versus focal depth [μm]. (e) Illustration showing the color changes in 

PL with varying focal depth (Z), where Z = 0 is directly at the giant clam mantle surface and Z > 0 indicates 

measurements deeper inside the mantle tissue.  

 

Comparison between emission spectra of iridocytes and pure guanine  

 

Exciting the T. maxima mantle tissues with a laser source within the red part of the spectrum 

(633 nm) resulted in a peak emission at 673 nm with a shoulder at 733 nm (Fig. 4.2-6a; 

Appendix 4.5). Excitation with wavelengths within the blue spectra (473 nm) resulted in an 

intense peak at 673 nm with a shoulder at 734 nm (Fig. 4.2-6a). Under UV-A (325 nm) 

excitation, three emission maxima are apparent in the spectra, (1) a strong peak in the violet 

spectrum at 391 nm, (2) a broad shoulder in the green around 530 nm, (3) and a smaller peak 

at 676 nm (Fig. 4.2-6a). While investigating photoluminescence spectra of pure guanine, by 

exciting them with identical laser excitation sources (633 nm, 473 nm, and 325 nm, 

respectively), no emission signal (other than noise) was detected when exciting pure guanine 

with red irradiance at a wavelength of 633 nm (Fig. 4.2-6b; Appendix 4.6). However, emission 

spectra peaked at 500 nm when excited with a 473 nm source and at 363 nm with a shoulder at 

414 nm when excited with 325 nm (Fig. 4.2-6b). 
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When then compared the photoluminescence spectra of the T. maxima mantle tissues with those 

of the pure guanine crystals. In guanine, the peak in the upper UV-A spectrum (around 360 – 

390 nm) was conserved, although it was broad and somewhat shifted to longer, less energetic 

wavelengths than in the T. maxima tissues (391 nm maxima in giant clam tissues versus 363 

nm in pure guanine). While T. maxima showed a clear emission peak at 676 nm when excited 

with a light source of 473nm generated an emission peak at 676 nm, the emission peak at 530 

nm in the pure guanine was barely visible in the emission spectra.  

 

Figure 4.2-6 Photoluminescence spectra (at room temperature) under three different laser excitation sources: 

at 633 nm (red), 473 nm (blue), and 325 nm (violet), respectively for (a) Tridacna maxima mantle tissues, and 

(b) pure guanine powder.  
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4.2.5 Discussion 

 

Surface structures of outer T. maxima mantle 

 

The observed microstructures on the outer layer of the T. maxima outer mantle tissues could be 

potentially part of a light-harvesting system, just as some comparable photonic nanostructures 

on butterfly wings (Vértesy et al. 2006; Tam et al. 2013) and bird feathers (Eliason et al. 2015) 

have been previously reported being responsible for controlling how incident light is reflected 

and scattered. For the butterflies, differences in iridescence were also reported to be due to a 

difference in those nanostructures, including their optical thickness and the periodicities of 

air/cuticle bilayer stacks (Tam et al. 2013). Should the observed micro-pillar structures on the 

surface of the giant clam mantle tissues serve a comparable function it is therefore possible, 

that both, their length as well as the density of these micropillars could influence the amount, 

and thus the intensity of light that penetrates the mantle surface, reaching deeper tissue layers.  

Absorbance spectra and conversion of UV radiation into blue light 

 

The mantle tissues of T. maxima showed strong absorbance in the UVR band (200 – 400 nm) 

for both probed tissue depths (i.e. outermost surface and at a deeper layer of about 500 μm 

tissue depth) (Fig 4.2-4). While absorbance at the photosynthetically-active range (PAR, 400 – 

700 nm) were only minor in the outermost tissues, the innermost tissues (at about 500 μm tissue 

depth) showed the absorbance spectra characteristic of photosynthetic pigments in the PAR 

range. Here, light is harvested by the photosynthetic antenna system of the algal symbionts, 

resulting in the broad shoulder between 400 – 560 nm, an absorbance minima around 600 nm, 

and a peak in absorbance around 675 nm. The remarkable difference in absorbance spectra 

between outermost layer, with a strong imprint from iridocytes, and the deeper tissues is 

probably due to a lack of symbionts within the surface tissues of the mantle. As already shown 

by Holt et al. (2014), iridocytes cells are organized in the tissue in a diffuse layer within the 

outermost tissues (first 100 – 200 μm) and on top of the algae pillars, which can be mainly 

found deeper within the tissue. 
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A number of previous studies have already investigated giant clam iridocyte cells and their 

three–dimensional system of brightly reflective structures on the basis of models and 

experimental assessment of the spectral light penetration into tissues (e.g. (Holt et al. 2014; 

Ghoshal et al. 2016a; Ghoshal et al. 2016b; Kim et al. 2017). These specialized cells have been 

proposed to promote a lateral- and forward scattering of photosynthetically productive 

wavelengths of light into the clam host tissue, as well as the back reflection of non-productive 

wavelengths (Holt et al. 2014; Ghoshal et al. 2016b; Kim et al. 2017). This ‘redistribution’ is 

assumed to promote an increased efficiency in the use of available solar energy, while 

simultaneously preventing photodamage of the algal symbionts (Holt et al. 2014; Ghoshal et 

al. 2016b). However, our observations further indicate that, in addition to the previously 

described backscattering of non-productive wavelengths, giant clam iridocytes are also able to 

absorb UV radiation and re-emit it, shifted towards longer wavelengths. This finding further 

contributes to mitigate potential impacts of UV radiation (Häder et al. 2007; Llabrés et al. 2013; 

Häder et al. 2015), while enhancing photosynthetically available radiation to the symbionts. 

Highly energetic UVR has been reported to have significant and often detrimental effects on 

processes and different life stages of marine organisms (Llabrés et al. 2013), such as DNA 

damage and oxidative stress (Shick et al. 1995; Shick et al. 1996; Van De Poll et al. 2001), 

decreased growth and calcification (Van De Poll et al. 2001; Gao and Zheng 2010), reduced 

photosynthesis (Lesser 1996; Gao and Zheng 2010; Regaudie‐de‐Gioux et al. 2014) and 

changes in respiration (Agustí et al. 2014), as well as adverse effects on reproduction, larval 

development and settlement (Aranda et al. 2011; Carreja et al. 2016) and increased mortality 

rates, especially during early life stages (Gleason and Wellington 1995; Béland et al. 1999; Al-

Aidaroos et al. 2014). As a result of the continuous environmental pressure from UVR, 

especially on shallow-water communities of tropical oceans, many organisms developed 

effective defense systems. To date, there are two processes described for marine organisms to 

protect themselves against harmful UVR: (1) use of reflective structures, as in the case of the 

planktonic algae and coccolithophorid Emiliania huxleyi. The coccolith structures, calcium 
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carbonate plates on the outside of these algae, show a backscatter between 25% to 50% of the 

incoming UVR (Gordon and Du 2001; Quintero-Torres et al. 2006) and (2) use of UV-

absorbing compounds, as reported for a wide range of different organisms, from algae to 

arthropods, mollusks, fish, cnidarians, protozoans, and others (Sinha et al. 2007; Núñez-Pons 

et al. 2018). As for giant clams, a previous study on the potential UV-protective properties of 

T. crocea reported the presence of mycosporine-like amino acids (MAAs) in the giant clams’ 

mantle tissue (Ishikura et al. 1997). These compounds are known for their photo protective 

functions as they absorb wavelengths in the UV spectrum (Shick et al. 1992; Banaszak et al. 

2006). 

Our present results suggest that, in addition to the known processes of UV-absorption by MAAs 

and the potential backscattering of highly energetic wavelengths by the iridocytes, Tridacna 

iridocytes also absorb potentially harmful wavelengths within the UV spectrum and re-emit 

radiation shifted into photosynthetically-active wavelengths (400 – 700nm) that can be used by 

their photosynthetic symbionts. Together, these simultaneous effects of photo-protection and 

efficient use of available solar energy help explain why Tridacninae are able to thrive in very 

shallow waters (1 m water depth or less), where UV radiation levels are very high - especially 

in tropical oceans (Overmans and Agustí 2019,2020). 

Cooperation between iridocytes and algal symbionts 

 

As the only photosymbiotic organism among iridocyte-containing animals, Tridacninae contain 

dinoflagellate algal symbionts (Symbiodiniaceae), and therefore also their photosynthetic 

antenna systems, including photosynthetic pigments, such as chlorophyll a and c. The 

contribution of chlorophyll a is clearly visible in the unique and well-known emission peak at 

around 676 nm (Holm-Hansen and Riemann 1978), where it can absorb the blue light emitted 

by the guanine. Thereby harmful UV radiation is shifted into photosynthetically active blue 

radiation, which is in turn absorbed by the chlorophyll, and ultimately emitted as innocuous, 

“waste” far-red radiation. Blue light emitted by guanine that is not absorbed by chlorophyll 

may then be again absorbed by the guanine of the iridocytes. The iridocytes may then re-emit 
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at a longer wavelength, yielding the broad emission shoulder in the green color (at about 530 

nm) characterized here for pure, crystalized guanine, as well for the tissue-embedded iridocytes 

(Fig. 4.2-5a, 6a). Light at wavelengths around 530 nm can then be further absorbed by a unique 

photosynthetic antenna system (i.e. the peridinin-chlorophyll a-protein - PCP), which harvests 

light in the green region (530-550 nm) and is characteristic of dinoflagellates, including 

Symbiodiniaceae (Larkum 1996; Kanazawa et al. 2014). 

The photonic cooperation between the iridocytes cells of the giant clam host, and the 

photosynthetic chlorophyll pigments contained within the algal symbiont cells contributes to 

the protection of both, giant clam and symbiont, from harmful UVR while potentially also 

increasing the supply of photosynthetically active radiation (PAR, 400 – 700nm) to the 

symbionts. As the requirements of their algal symbionts for PAR restricts Tridacninae to sunlit, 

shallow waters, giant clams have to expose themselves and their symbionts to potentially high 

levels of environmental UV radiation (280 – 400nm). This is especially true for the tropical 

waters (Smith and Baker 1979) inhabited by Tridacninae, such as the very transparent waters 

of the Red Sea where the animals tested here grew. Particularly the highly energetic 

wavelengths within the UV spectrum are known to lead to photo-inhibition in the associated 

algae and to have therefore detrimental effects on their photosynthetic performance (Lesser and 

Shick 1989; Lesser 1996; Shick et al. 1996). In giant clams UVR has been previously shown to 

completely suppress photosynthesis in isolated zooxanthellae while having little effect on the 

symbionts when embedded within the giant clam host tissue (Ishikura et al. 1997). Until now, 

this photo-protective effect has been mainly attributed to the UV-absorbing properties of MAAs 

and it was proposed that the symbiotic algae are thus protected from UV radiation damage by 

their host tissues (Ishikura et al. 1997). MAAs are however, actually produced by the algal 

symbionts and then deposited in the giant clam mantle tissues. In fact, Tridacna spp. have been 

reported to associate with dinoflagellates of the genus Symbiodinium, Cladocopium and 

Durusdinium (Mies 2019)(former clade A, C and D; (LaJeunesse et al. 2018). Red Sea giant 
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clams have been reported to associate mostly with the Symbiodinium genus (Pappas et al. 2017) 

(former clade A), which are known for their ability to produce MAAs (Banaszak et al. 2000). 

However, while MAAs and the associated UV-protection would be provided by the algal 

symbionts, iridocyte cells are actually produced by the bivalve host itself. This interaction 

between host-owned cells and the embedded algae would emphasize how the mutualistic 

component of the symbiotic relationship of Tridacninae and Symbiodiniaceae extends to 

protection from UVR. Further, this interaction is absent from photosymbiotic relationship of 

Symbiodiniaceae and corals, where the latter have to rely on the production of MAAs and the 

consequent photo-protection through their algal symbionts (Rosic and Dove 2011). Moreover, 

this stresses again that, although the relationship of Symbiodiniaceae with corals and with giant 

clams, respectively, are comparable in many ways (e.g. the provision of shelter, carbon, 

nitrogen, and other inorganic nutrients by the host to their algal symbionts, and simultaneous 

supply of photosynthetic metabolites by the symbiotic dinoflagellates to the host), some 

components, specifically the interactions driven by the iridocytes, of these symbioses are 

functionally different.  

Models and assessments of the spectral light penetration into giant clam tissues, previously 

reported iridocytes in Tridacninae to promote a lateral- and forward scattering of 

photosynthetically productive wavelengths of light into the clam host tissue, as well as the back 

reflection of non-productive wavelengths (Holt et al. 2014). Hence, they presumably establish 

optimal conditions for the photosynthetic performance of the clams’ symbionts (Holt et al. 

2014; Ghoshal et al. 2016b). 

Comparable mechanisms of light harvest through biological nano- and microstructures and a 

resulting increase in photosynthetic efficiency have been recently also reported for other 

organisms (Jacobs et al. 2016; Goessling et al. 2018; Goessling et al. 2019). As in the case of 

the centric diatom Coscinodiscus granii, light redistribution and thus increased efficiency in 

photosynthesis in cell regions outside the directly illuminated area were affected by the optical 
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properties of the frustule valves (Goessling et al. 2018; Goessling et al. 2019). Likewise, in 

Begonia leaves, the brilliant blue iridescence, caused by specialized chloroplasts, is assumed to 

improve photosynthetic quantum efficiencies, especially under low light conditions (Jacobs et 

al. 2016). In giant clams, the process of converting harmful UVR into photosynthetically active 

and still highly energetic blue radiation may also contribute to support the high rates of 

carbonate deposition and shell growth that have been reported for Tridacninae (Bonham 1965; 

Ip et al. 2018; Chew et al. 2019; Rossbach et al. 2019). Both, indirectly, as elevated 

photosynthetic rates will lead to high internal pH and a high saturation state for carbonate 

minerals, thereby favoring calcification (McConnaughey and Whelan 1997) and directly, as 

blue light (i.e. highly energetic light) emitted by the iridocytes exposed to UVR, has been 

suggested to directly stimulate calcification rates (Cohen et al. 2016; Ip et al. 2017). 

High absorption of UVR by guanine has been known for decades, however, mostly in the 

context of mutations in DNA due to the production of the oxidized form of guanine when 

exposed to UVR - the main reason why UVR is mutagenic (Kawanishi et al. 2001; Ravanat et 

al. 2001). However, the role of guanine crystals in iridocytes has received attention only 

recently. Holt et al. (2014) modelled, based on spectral shifts of irradiance with depth into the 

Tridacna tissue, the photo-protective role of giant clam role iridocytes. The present 

experimental data extends these efforts by providing evidence that, in addition to reflection, 

iridocytes in the T. maxima mantle tissues show a clear absorbance of UVR wavelengths (200 

– 400nm) (Fig. 4), consistent with the UVR absorption of pure guanine. Therefore, our results 

identify a dual role of iridocytes, protecting the animal from high-energetic wavelengths 

(including UVR), while enhancing the flux of photosynthetically active radiation to the 

symbiont by shifting the UVR radiation absorbed into longer wavelengths within the PAR 

range, where they can be used by the photosynthetic symbionts. Further, our results provided 

evidence that the re-emitted longer wavelengths are in fact contributed by guanine (as shown 

in Fig.6b), the material which composes the optically-active components of the iridocytes in 
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Tridacninae, as well as similar guanine-containing structures in other animals (e.g. squid, 

octopus, chameleon) (Rohrlich and Rubin 1975; Cloney and Brocco 1983; Teyssier et al. 2015). 

Photonic cooperation leads to the rich color palette and patterns of giant clam mantles 

 

The photonic cooperation between guanine crystals within the iridocytes of giant clams and 

chlorophyll, contributed by the symbiotic algae, also generates the broad repertoire of colors 

that characterizes the distinct and highly diverse mantle colors found in giant clams, e.g. 

T. maxima (Fig. 4.2-1). The variety of apparent colors may be derived from different intensities 

of violet (391 nm), green (530 nm) and red (676 nm) emission peaks. Indeed, our results suggest 

that where chlorophyll a levels are particularly high, relative to iridocyte levels, the mantle 

coloration would appear reddish-brown (i.e. dominance of 673 nm emission peak), whereas 

high iridocyte levels may lead to blue mantle coloration (i.e. dominance of 391 nm, Fig.4.2-1). 

Hence, by shifting the relative abundance of chlorophyll a relative to iridocytes, or their 

distribution within the mantle, an individual animal could shift mantle colors, ranging from 

blue to green and brown. 

A difference in relative abundances of Symbiodiniaceae and their distribution within the first 

200μm of the T. maxima mantle of a brown (Fig. 4.2-7a) and blue (Fig. 4.2-7c) phenotype is 

exemplarily illustrated in Figure 4.2-7. Brown phenotypes would, therefore, overall harbor 

more algal symbionts as blue phenotypes. Further, the pattern of distribution of the algae within 

the tissue and between different tissue depths varies (as exemplarily shown in Fig. 4.2-7b and 

d, respectively). 
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Figure 4.2-7 SEM pictures of first 200 μm of mantle tissue in a brown (a) and blue (c) phenotype of T. maxima. 

Bar plots represent numbers of Symbiodiniaceae in tissue at four different tissue layers (50 μm increments), from 

tissue surface to a depth of 200 μm into the mantle tissue. Algal symbionts (Symbiodiniaceae) are exemplarily 

highlighted with green arrows.  

 

Therefore, our experimental data show that, unlike assumed in the past (Kamishima 1990; Holt 

et al. 2014), giant clams of different apparent colors are not intrinsically different in optical 

properties. In addition, the observed nanostructures, found on the surface of the giant clam 

mantle tissues could have an influence on the light-harvesting and photonic proprieties, and 

thus apparent color variants in T. maxima. The range of coloration characteristic of T. maxima 

within individuals may also derive from spectral shifts in incoming light, as solar radiation 

penetrates into the ocean and is progressively depleted of the red wavelengths, being strongly 

absorbed by pure water and phytoplankton. Between Tridacninae species, however, the 

concentration of iridocyte cells differs (Holt et al. 2014), and T. maxima has been reported to 

display some of the highest variabilities in coloration, hence possibly also highest concentration 

of iridocytes. Further research would therefore be needed to confirm if the differences in 

colorations in other Tridacninae species would be likewise influenced by a ‘Mix-and Match’ of 

algal symbionts and iridocytes.  
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4.2.6 Conclusion 

 

Our findings confirm that giant clam iridocytes convert potentially damaging radiation into 

light emitted in the blue part of the spectrum, which can be subsequently absorbed by the 

photosynthetic pigments of the algal symbionts. This dual mechanism, where bivalve host and 

symbionts are sheltered from damaging UVR, while the flux of PAR increases, provides a 

major advantage to Tridacninae due to two reasons: (1) the exposure to high doses of UVR 

poses a particularly high risk for marine organisms inhabiting (sub)- tropical seas, especially 

for those being restricted to shallow, sunlit waters due to light requirements, such as giant 

clams; and  (2) it expands the mutual benefits of the symbiotic relationship between the host 

and symbiotic unicellular algae, which can be of crucial importance in the oligotrophic water 

of tropical coral reefs. Further, the photonic cooperation between iridocytes and algal symbionts 

helps explain the broad color repertoire found for giant clam mantle tissues, ranging from bright 

blue (corresponding to high iridocyte and low symbiont loads) to dark brown (when the 

iridocyte load is relatively lower than the number of algal symbionts). Additionally, while giant 

clams have thus far been used by humans for food and ornamental purposes only, the unique 

optical properties of their iridocytes, as well as the photonic interaction with the photosynthetic 

symbionts, may offer a source of bio-inspiration for applications in photonics and other relevant 

fields. 
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4.3.1. Abstract 
 

The photosymbiosis of tropical giant clams (subfamily Tridacninae) with unicellular algae 

(Symbiodiniaceae) restricts their distribution to the sunlit, shallow waters of the euphotic zone 

where organisms are additionally exposed to potentially damaging levels of solar UV radiation. 

Metabolic and physiological responses of Red Sea Tridacna maxima clams, including net 

calcification and primary production, as well as valvometry (i.e. shell gaping behavior) were 

assessed when exposed to simulated high radiation levels received at 3 and 5 m underwater.  

The two levels of radiation included exposure treatments to photosynthetically active radiation 

(PAR; 400 – 700 nm) alone and to both, PAR and ultraviolet-B radiation (UV-B; 280 – 315 

nm). The valvometry data obtained using flexible magnetic sensors indicated that specimens 

under PAR+UV-B exposure significantly reduced the proportion of their exposed mantle area, 

a potential photo-protective mechanism which, however, reduces the overall amount of PAR 

received by the algal symbionts. Consequently, specimens under PAR+UV-B displayed a 

slight, although non-significant, reduction in primary production rates but no signs of additional 

oxidative stress, changes in symbiont densities, chlorophyll content, or levels of mycosporine-

like amino acids (MAAs). Net calcification rates of T. maxima were not affected by exposure 

to UV-B, however, calcification was positively correlated with incident PAR levels. UV-B 

exposure changes the valvometry, reducing the exposed mantle area which consequently 

diminishes the available PAR for the photosymbionts. Still, T. maxima maintains high rates of 

primary production and net calcification, even under high levels of UV-B. This provides 

experimental support for a recently described, effective UV-defensive mechanism in 

Tridacninae, in which the photonic cooperation of the associated algal symbionts and giant 

clam iridocytes is assumed to establish optimal conditions for the photosynthetic performance 

of the clams’ symbionts. 
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4.3.2. Introduction 
 

Intense solar, and especially highly-energetic UV radiation (UVR; 280 – 400 nm) received at 

the ocean’s surface is known to negatively affect a broad range of marine organisms across 

benthic and planktonic communities (Banaszak and Lesser 2009a; Banaszak and Lesser 2009b; 

Llabrés et al. 2013; Häder et al. 2015). Both UV-A (315 – 400 nm) and UV-B (280 – 315 nm) 

were found to have significant and often detrimental effects on cellular processes in various life 

stages of marine organisms (Helbling and Zagarese 2003). Impacts of UVR exposure include a 

number of processes, such as (1) DNA damage and increased oxidative stress (Shick et al. 1995; 

Van De Poll et al. 2001), (2) decreased growth and calcification rates (Van De Poll et al. 2001; 

Gao and Zheng 2010), (3) reduced photosynthesis (Lesser 1996; Gao and Zheng 2010; 

Regaudie‐de‐Gioux et al. 2014) and (4) changes in respiration rates (Agustí et al. 2014). 

Therefore, UVR plays a significant ecological role in the marine environment (Llabrés et al. 

2013; Häder et al. 2015), especially for photoautotrophs due to their particular light 

requirements. 

Exposure to high doses of UVR is particularly relevant for marine organisms inhabiting (sub-) 

tropical oceans and seas, such as the Red Sea (Al-Aidaroos et al. 2015), which receive intense 

incident solar radiation (Khogali and Al-Bar 1992). These habitats are characterized by highly-

transparent waters due to low concentrations of UV-absorbing substances, such as Chl-a and 

chromophoric dissolved organic matter (CDOM) in the water column (Kheireddine et al. 2018; 

Overmans and Agusti 2019). The Red Sea is characterized by deep penetration depths of UVR, 

and doses are still moderately high in water depths of 3 – 5 m (Dishon et al. 2012; Al-Aidaroos 

et al. 2015; Overmans and Agustí 2020). Different reef organisms, including corals, have been 

reported to be impaired by these extreme levels of incident irradiances. For example, the 

scleractinian coral Stylophora pistillata showed elevated levels of photoinhibition (Winters et 

al. 2003), as well as a dramatic increase in DNA breakage (Baruch et al. 2005) when exposed 

to the natural spectrum of incident light, but specifically in response to UV-B exposure at levels 

comparable to those received in shallow depths (< 5 m). 
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Giant clams of the subfamily Tridacninae represent an important component of Indo-Pacific 

reef communities and are one of the very few molluscan groups that live in a symbiotic 

relationship with unicellular algae of the Symbiodiniaceae family (Yonge 1936; Taylor 1969; 

LaJeunesse et al. 2018). This photo-symbiotic relationship is considered to be the principal 

reason why Tridacninae are among the largest (Beckvar 1981) and fastest-growing (Bonham 

1965) bivalves on earth. Recent work has demonstrated the light-dependency of calcification 

in Tridacninae (Ip et al., 2015; Chew et al., 2019; Rossbach et al. 2019), and the presumable 

impact of incident light levels on their depth-related distribution within the reef framework 

(Rossbach et al. 2019). In the Red Sea, the most common giant clam species, i.e. Tridacna 

maxima, can be found in highest abundances in water depths of approximately 3 m, with their 

density decreasing from there to deeper and shallower depths (Rossbach et al. 2019). The 

requirements of their algal symbionts for photosynthetically active radiation (PAR, 400 – 700 

nm) restricts Tridacninae to the sunlit, shallow waters of the euphotic zone, thereby providing 

an explanation for the decline in their abundance with depth.  

However, the reasons for the decline in abundance of T. maxima in the Red Sea towards waters 

shallower than 3 m, remain unclear. In these shallow waters, giant clams and their algal 

symbionts are exposed to potentially harmful levels of solar UVR (Smith and Baker 1979). 

Previous work on other giant clam species, i.e. T. gigas, has shown that, when occurring in 

combination with elevated water temperatures, high irradiances can be the primary trigger for 

bleaching, i.e. the expulsion of the algal symbionts (Buck 2000; Buck et al. 2002). Due to this 

environmental pressure, Tridacninae had to develop protective mechanisms against UVR-

induced damage. For example, a previous study on potential UV-protective properties of the 

giant clam T. crocea reported that UV-B radiation completely suppressed photosynthesis in 

isolated zooxanthellae, yet, it had only minor effects on the symbionts embedded within the 

host tissue (Ishikura et al. 1997). They explained this photoprotective mechanism with the 

presence of mycosporine-like amino acids (MAAs) in the giant clams’ mantle tissue, which are 

known to act as UV-absorbing compounds (Shick et al. 1992; Banaszak et al. 2006). In regard 
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to the UVR sensitivity of giant clams (Wilkens 1984), another important photodamage-

preventing mechanism came recently into focus: the three–dimensional system of brightly 

reflective cells in the epithelia of Tridacninae, called iridocytes (Holt et al. 2014; Ghoshal et al. 

2016; Rossbach et al. 2020). These cells have been proposed to backscatter (potentially 

harmful) wavelengths of the electromagnetic spectrum, including UVR, which are shifted 

toward less energetic wavelengths (Holt et al. 2014; Kim et al. 2017). This mechanism has been 

hypothesized to establish optimal conditions for the photosynthetic performance of the clams’ 

symbionts while protecting the clam from photodamage (Holt et al. 2014; Ghoshal et al. 2016; 

Rossbach et al. 2020). 

Hence, the role of UVR in affecting the performance of Tridacna giant clams in shallow Red 

Sea reefs, where environmental UV levels are comparably high, remains hypothetical and has 

not been tested. Here, we tested experimentally the response of Tridacna giant clams to UV-B 

radiation. Specifically, we examined the metabolic responses in T. maxima in response to 

exposure to experimental PAR and UV-B radiation comparable to that received in situ at 3 and 

5 m water depth, and exposure to the same levels of PAR radiation alone. Assessed parameters 

included: net calcification and primary production rates, valvometry (i.e., opening and closing 

behavior of the bivalves), symbiont densities and chlorophyll content, lipid peroxidation as an 

indicator for oxidative stress, and absorbance spectra of mycosporine like amino acids (MAAs). 
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4.3.3. Material and Methods 
 

Specimen collection and experimental setup 

 

A total of 24 adult giant clams of the species Tridacna maxima with an average size of 

18 ± 3 cm were collected in July 2019 at a depth of 5.5 ± 0.2 m at Abu Shosha reef (22.303833 

N, 39.048278 E), located ~ 5 km off the coast of King Abdullah University of Science and 

Technology (KAUST, Thuwal, Saudi Arabia) in the Central Red Sea. Specimens were removed 

by carefully cutting their byssus with a knife, and were immediately transported to the 

laboratory in a cooling box, filled with seawater at ambient temperature. Before placing them 

in the indoor aquaria facilities of the Coastal and Marine Resources Core Lab of KAUST, all 

clams were scrubbed in order to remove biofouling organisms from the shells. 

Three clams were placed in each of eight aquaria (60 L), all of them supplied with constant 

flow-through (filtered seawater), and an additional wavemaker (Vortech MP10, Ecotech 

Marine, USA). During the experiment, clams were exposed to four experimental light 

treatments, corresponding to two radiation levels of underwater PAR and UV-B, simulating 

radiation received at ~ 5 m (Low PAR and Low UV-B treatment) and ~ 3 m depth (High PAR 

and High UV-B treatment) in the coastal Red Sea (Dishon et al. 2012; Overmans and Agustí 

2020) (Appendix 5.1). The PAR band of the light spectrum was simulated by placing one LED 

aquaria light unit (Radion XR30W G4 PRO, Ecotech Marine, USA) above each tank, while the 

UV-B radiation was generated using two 20 Watt UV-B broadband fluorescent tubes ( 

TL20W/12 RS, Philips, Germany. The lamp spectra showed a peak output at 313 nm, with 

minor emissions (below 25%) at shorter UV-A wavelengths (316 to 340 nm). Low PAR was 

on average 441 ± 21 µmol m-2 s-1 (mean ± SD) and High PAR 636 ± 24 µmol m-2 s-1 across 

tanks.  Low and High UV-B treatments corresponded to 0.35 ± 0.04 W m-2 and 0.63 ± 0.03 W 

m-2, respectively. Overall, clams were exposed to a 12 h light:12 h dark cycle (for PAR) and a 

daily UV-B exposure of 8 h, resulting in daily UV-B doses of 12.6 ± 1.6 kJ m-2 d-1 in the Low 

UV-B treatment, and 22.5 ± 1.11 kJ m-2 d-1 in the High UV-B treatment. Incident PAR and UV-

B irradiances were measured with a PMA2100 data-logging radiometer (Solar Light, USA) 
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fitted with a PAR (400 – 700 nm, model PMA2132-WP, Solar Light, USA) and a UV-B sensor 

(280 – 320 nm, model PMA2106-WP, Solar Light, USA). Water temperature and salinity were 

measured daily using a handheld YSI Professional Plus multimeter (Xylem Water Solutions 

and Water Technology, USA), and stayed constant throughout the experiment (temperature 

28.1 ± 0.1°C, salinity 40.4 ± 0.1 PSU, see Appendix 5.2). 

The experimental design included the exposure to four sequential light treatments, each of them 

lasting for seven days (Fig. 4.3-1). After sampling, during an initial acclimatization period, all 

T. maxima specimens were exposed to Low PAR levels exclusively (‘Acclimatization/Low 

PAR’). For the experiment, the 24 T. maxima specimens were then divided into two groups 

(each n=12), namely the ‘PAR+UV-B group’ receiving both PAR and UV-B irradiances, and 

the ‘PAR-only’ group receiving solely PAR irradiance (Fig. 4.3-1). During the ‘Low 

PAR(+UV-B)’ treatment, and the subsequent ‘High PAR(+UV-B)’ treatment, the PAR-only 

group continued to receive wavelengths within the PAR spectrum only, while clams from the 

PAR+UV-B group were exposed to both, Low PAR and additional Low UV-B levels, as well 

as later High PAR and High UV-B levels. During the last treatment, termed ‘High 

PAR/Recovery’, the UV-B lamps were turned off and all specimens were exclusively exposed 

to High PAR irradiances.  

Out of both groups (PAR only and PAR+UV-B), each six specimens (n=6) were used for 

closed, short-term (2h) incubations (light and dark), to assess net calcification (NC), primary 

production (PP) and dark respiration (R). For the closed-incubations, the clams were placed in 

air-tight polyvinyl chloride (PVC) chambers (10 L) with a transparent PVC lid. To maintain a 

constant water movement during the incubation, all chambers were provided with a battery-

driven current pump (Underwater motor, Playmobil, Germany). The incubation chambers were 

placed in aquaria of the main setup, which served as a water bath during the incubation period, 

in order to keep water temperatures within the chambers constant (28.1 ± 0.2 °C) (Appendix 

5.2). For each of the light serial treatments described above, NC, PP and R were assessed under 
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light (PP and NC) as well as in the dark (R and NC) on the seventh day of the treatment (Fig. 

4.3-1). 

In addition, on the last day of the High PAR (+UV-B) treatment, each six clams (n=6) of the 

PAR-only and the PAR+UV-B group were sacrificed for the analyses of algal symbiont 

densities, total chlorophyll, and malondialdehyde (MDA) content (i.e. an end product of lipid 

peroxidation and thus a proxy for oxidative stress) and extraction of mycosporine-like amino 

acids (MAAs). At the end of the experiment, the remaining T. maxima specimens (n=12) were 

sacrificed for the assessment of symbiont density, total chlorophyll, MDA content, and MAA 

extraction. 

 

Figure 4.3-1 Timeline of experiment, covering the four sequential experimental treatments: Acclimatization under 

Low PAR-only, Low PAR (+UV-B), High PAR (+UV-B), and Recovery treatment exposing all the specimens to 

High PAR-only. The PAR + UV-B group is represented by a black border. Dark blue symbolizes the exposure to 

Low PAR irradiances, yellow to Low PAR + UV-B, light blue to High PAR and red to High PAR + UV-B. Time 

points for short incubations for the assessment of net calcification (NC) and primary production (PP) under light are 

symbolized by yellow arrows, dark incubations for NC and dark respiration (R) with black arrows. Stars indicate 

sampling points of specimens being sacrificed for symbiont counts, chlorophyll content, and lipid peroxidation. 

 

Net calcification 

 

At the start and at the end of each incubation, seawater was sampled from each incubation 

chamber and fixed with mercury chloride, following the method described by Dickson et al. 

(2007). Subsequently, an open-cell titration with an AS - ALK2 titrator (Apollo SciTech, USA) 

was used to assess the total alkalinity (TA) of each sample by comparing it against certified 
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seawater reference material (CRM) (Andrew Dickson, Scripps Institution of Oceanography). 

The alkalinity anomaly technique (Smith and Key 1975) was followed, whereby NC (in μmol 

CaCO3 h-1) is estimated based on changes in TA over time, using the following equation: 

𝑁𝐶 =  − 
∆𝑇𝐴

2
 ×  

1

∆𝑡
  (Eq. 4.3.1) 

where ΔTA is the change in TA during the incubation period (Δt). The factor 2 accounts for a 

decrease in TA by two equivalents per CaCO3 precipitated (Zeebe and Wolf-Gladrow 2001). 

Net calcification rates were expressed relative to the surface area (cm2) of the clam, using a 

power relationship between standard length in centimeters (L) and mantle area (cm2) (Jantzen 

et al. 2008).  

Primary Production 

 

The oxygen concentration (μmol O2 L-1) in the incubation chambers was automatically logged 

(miniDOT, Precision Measurement Engineering, Inc., USA) in 15 min intervals over the 2 h 

incubation period. Net primary production (NPP) was calculated from the changes in oxygen 

concentration over time and normalized by clam mantle surface area (μmol O2 cm-2 h-1). Dark 

respiration rates (R, μmol O2 cm-2 h-1) were used to calculate gross primary production (GPP) 

following 

𝐺 = 𝑁𝑃𝑃 + 𝑅  (Eq. 4.3.2) 

Isolation of algal symbionts and mantle tissue homogenization 

 

Mantle tissue samples were collected using a 8 mm diameter biopsy puncher and frozen at -

80°C until further processing. For the isolation of symbionts, 1.5 mL of 0.1 M sodium 

hydroxide (NaOH) was added to one tissue punch, and incubated in a ThermoMixer® C 

(Eppendorf, Germany) at 37°C and 2000 rpm for 1 h. For the homogenization of the T. maxima 

mantle tissues, two punches were pulverized using a Freezer/Mill® (Model 6875, SPEX® 

Sample Prep, USA), by grounding up the tissues in liquid nitrogen at a rate of ten impacts per 

second for a total of 90 seconds.  
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Algal symbiont counts and total chlorophyll concentrations  

Total chlorophyll of the isolated symbionts was extracted following a modified ISO10260 

standard protocol (ISO10260 1992), where 1 mL of the mother solution was centrifuged at 

3,000 g for 5 minutes. The supernatant was removed and the pellet re-suspended in 150 μL of 

Milli-Q water, which was again centrifuged at 5,000 g for 5 minutes. The resulting pellet was 

re-suspended in 1000 μL of 90% ethanol, kept in the dark for 10 minutes, manually inverted 

and centrifuged at 13,000 g for 5 minutes. The total chlorophyll concentration (μg mL-1) in the 

supernatant was determined by measuring the absorbance at 664 nm using a spectrophotometer 

(NanoDrop 2000c, Thermo Fisher, USA). In order to assess the symbiont density, 0.1 mL of 

the mother solution was transferred into a hemocytometer (Hausser Scientific, USA) and 

manually counted under an optical microscope, with eight replicate counts per sample. 

Lipid peroxidation  

Pulverized mantle tissue samples were re-suspended in 5 mL of filtered seawater (0.2 µm), of 

which 1.5 mL was transferred into an Eppendorf tube and centrifuged at 3000 g and 4C for 15 

min. The supernatant was removed and spectrophotometrically analyzed (A532nm; SpectraMax 

Paradigm multi-mode microplate reader, Molecular Devices, USA) for its content of 

malondialdehyde (MDA) (i.e. an end product of lipid peroxidation) using a commercially 

available assay kit (Sigma-Aldrich, cat. #MAK085). The concentration of MDA was 

normalized by the total amount of protein within the sample (Micro-BCATM Protein Assay Kit, 

ThermoFisher, cat. #23235).  

Absorbance spectra of mycosporine-like amino acids (MAAs)  

In order to approximate and compare the relative contributions of MAAs to UV-B absorption, 

we measured the absorbance spectra of both, isolated algal symbionts and giant clam mantle 

tissues, following the method previously described by Shick et al. (1992) and Banaszak et al. 

(2006). After the isolation of the algal symbionts (see above), the homogenate was centrifuged 

at 3,000 g for 15 minutes and the supernatant discarded. The pellet was then washed with 

filtered seawater (0.2 μm), re-suspended in 1 mL 100% HPLC grade methanol and sonicated 
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for 15 minutes, before it was kept at 4 °C in the dark for the extraction of MAAs. After 24 

hours, the samples were inverted, centrifuged at 3,000 g, and 16 °C for 5 minutes, and the 

supernatant was diluted in a 1:4 ratio with 100% methanol. Following the homogenization of 

the mantle tissues, the pulverized sample was re-suspended in 1 mL Phosphate buffer (50 mM), 

vortexed, and centrifuged at 3,000 g for 15 minutes. The supernatant was transferred and 900 

μL were used for the MAA extraction by adding 3.6 mL 100% HPLC grade methanol (1:4). 

The samples were also kept in the dark at 4°C for 24 hours and subsequently centrifuged at 

3,000 g and 16°C for 5 minutes. For the absorbance measurements of the isolated symbionts 

and giant clam mantle tissue homogenates (both in suspension), the samples were transferred 

into a 1 ml quartz cuvette and their absorbance in the wavelength range 290 – 400 nm assessed 

against a methanol blank, using a UV/Vis/NIR Spectrophotometer (Lambda 1050, 

PerkinElmer, USA). The obtained spectra of the isolated symbionts were normalized by 

subtracting the absorbance at 350 nm (where a minimum occurred across samples) and 

presented as absorbance per algal cell. The spectra of the T. maxima mantle tissues were 

normalized by subtracting the absorbance at 370 nm (where a minimum occurred across 

samples) and were reported per mg of T. maxima protein. The absorbance spectra at 

wavelengths 290–350 nm from samples of the four different sampling points and treatments 

(i.e. High PAR, High PAR+UV-B, High PAR/Recovery and High PAR (+UV-B) /Recovery) 

were compared using non-metric multidimensional scaling (NMDS) using the R-package 

Vegan (Oksanen et al., 2013).  

Valvometry 

 

The shell-gaping behavior (valvometry) of three T. maxima specimens was assessed under the 

four different experimental treatments applied in series: Acclimatization, Low PAR+UV-B, 

High PAR+UV-B, and Recovery. For the valvometry, a previously described magnetic animal 

monitoring system (Kaidarova et al. 2018) with flexible magnetic sensors was used. In brief, a 

small magnet was attached with epoxy glue to one shell valve while the magnetic sensor was 

fixed to the other valve (Appendix 5.3). The operation principle of the system is based on the 
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detection of the stray field emanating from the magnet by a magnetic sensor. This allows to 

estimate how wide the shell valves are apart (clam open) or close to each other (clam closed) 

with a precision of approximately ± 1mm. Sensor data were recorded for 24 hours, with a 

sampling interval of one second, to a micro SD card and transferred to a laptop. The shell-

gaping was classified into four categories, with 100% representing a maximum opening and 

0% meant that shell valves were completely closed: < 10% (closed), 10 – 50% (partially closed), 

50 – 90% (open), > 90% (wide open).  

Statistical analysis 

 

Collected data were first checked for normality (Shapiro-Wilk’s test), and the potential 

influence of outliers on the fitted values (Cook's distance). To assess whether metabolic 

responses (i.e., PP, R, and NC), as well as MDA concentrations, symbiont densities, and 

chlorophyll contents, were significantly different (p < 0.05) between clams from the different 

experimental light conditions, an analysis of variance (ANOVA) and pairwise post-hoc Tukey 

analysis (Tukey HSD) were performed. Differences between absorption spectra from samples 

of different treatments of both isolated symbionts and mantle tissues were analyzed using an 

analysis of similarities (ANOSIM). All analyses were performed using R (Foundation for 

Statistical Computing, Vienna, Austria, Version 3.4.2) 

 

 

 

 

 

 

 

 

 



160 

 

 
 

4.3.4. Results 
 

Valvometry 

 

Overall, experimental T. maxima specimens did not show any diurnal pattern in their 

valvometry, i.e. between the photoperiod (12 h for PAR and 8 h for UV-B) and the night (12 

h) (Fig. 4.3-2a-d). However, when comparing the valvometry under the four different 

experimental light treatments (i.e. Acclimatization, Low PAR+UV-B, High PAR+UV-B, and 

Recovery), clams displayed distinct changes in their behavior, depending on the exposure to 

PAR alone or in combination with UV-B. During the experimental day with an exposure to 

PAR alone, i.e. during the Acclimatization period and the Recovery phase, clams opened up on 

average to 80.6 ± 11.4% (Fig. 4.3-2a), and 86.8 ± 6.3% (Fig. 4.3-2b), respectively. The 

maximum valve gaping was, however, reduced when clams were additionally exposed to UV-

B radiation, decreasing to an average of  74.0 ±  16.1% during the Low PAR+UV-B (Fig. 4.3-

2c) and 74.9 ±  8.5 % during the High PAR+UV-B treatment (Fig. 4.3-2d; Appendix 5.4). Once 

the clams were exposed again to PAR-only levels during the Recovery treatment, the 

valvometry pattern resembled again the behavior during the Acclimatization. Additionally, 

T. maxima also displayed a flickering-like behavior when exposed to UV-B, whereby the shell 

valves increased their opening-closing frequency (Fig. 4.3-2e). 
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Figure 4.3-2 Valvometry (opening and closing) of T. maxima shell valves (a – d), expressed as % open for the four 

treatments: (a) Acclimatization / Low PAR; b) Recovery / High PAR; (c) Low PAR + UV-B and (d) High PAR + 

UV-B. Valvometry data are exemplarily shown for one experimental clam over a time period of 24 h (12 AM – 12 

PM). Valvometry data were analyzed for the entire day (24 h); however, boxes with dashed lines represent the 

photoperiod (12 h) under PAR exposure, while boxes with solid lines represent the period (8 h) of UV-B exposure. 

(e) Power spectrum plot for valvometry of experimental specimens under the four treatments applying a fast Fourier 

transform (FFT).  

 

This additional behavioral change under UV-B exposure was especially pronounced during the 

Low PAR+UV-B treatment. During the  Acclimatization days, shell valves were on average 10 

hours per day (total 24h) wide opened (> 90 %), about 14 hours open (50 –  90%), and 8 minutes 
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partially closed (10 – 50%) (Fig. 4.3-3a). During the Low PAR+UV-B treatment, clams opened 

significantly less (Tukey, p = 0.046; Appendix 5.5), being only 4 hours of the day wide open. 

Yet, they were still about 18 hours each day open (50 – 90%) and closed partially for about 3 

hours a day. When irradiance levels were further increased during the High PAR+UV-B 

treatment, maximum shell valve gaping significantly decreased (Tukey, p < 0.001; Appendix 

5.5) and the time in which T. maxima was fully open was reduced to about 30 minutes per day. 

Instead, clams remained the majority of the day (about 23 hours) open (50-90%) and reduced 

the time in which they were closing (10 –  50%) to 13 minutes.  

 

Figure 4.3-3 (a) Hours of a day (24 h) in which clam shell valves were either closed (< 10 %), partially closed (10 

– 50%), open (50 – 90%) or wide open (> 90%). (b) Illustration of T. maxima mantle surface area simplified as an 

ellipse and schematic for area calculation of an ellipse.  

 

During the Recovery treatment, their valvometry resumed to the behavior observed during the 

Acclimatization, with clam valves being almost 24 hours a day either wide open or open. 

Overall, and during all treatments, the clams were on average only about one minute of the day 

closed (< 10%). As the mantle surface area of T. maxima can be simplified as an ellipse (Fig. 

4.4-4 B), and calculated as  

Mantle area = π × (
shell length

2
) ×  (

shell width

2
)                                        (Eq. 4.3.3) 
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changes in valvometry have a substantial influence on the total area being exposed to incident 

light. For example, a decrease of the maximum shell valve gaping to 50% would also reduce 

the exposed mantle area by 50%.  

Net calcification, primary production, and dark respiration 

 

During each of the four experimental treatments, there was no difference in NC rates (μmol 

CaCO3 h-1 cm-2) between the PAR-only and the PAR+UV-B group (Fig. 4.3-4a). However, both 

experimental groups displayed a significant positive correlation between NC and incident light 

levels (ANOVA, p < 0.001, F = 6.629; Appendix 5.6), with mean rates increasing from 0.62 ± 

0.13 to 0.88 ± 0.11 (mean ± SD) μmol CaCO3 h-1 cm-2 during the ‘Low’ and ‘High’ treatments, 

respectively. During the Acclimatization, when all clams (PAR-only and PAR+UV-B group) 

were exposed to PAR alone, all specimens displayed highly comparable GPP, with averaged 

rates of 3.78 ± 1.00 μmol O2 h-1 cm-2 (Fig. 4.3-4b). Once the specimens of the PAR+UV-B 

group were exposed to additional UV-B, GPP rates decreased slightly to 2.75 ± 0.48 and 3.23 

± 0.60 μmol O2 h-1 cm-2 during the Low PAR+UV-B and High PAR+UV-B treatment, 

respectively. The PAR-only group however, showed a slight but not significant increase in GPP 

rates under Low PAR (4.07 ± 0.73 μmol O2 h-1 cm-2) and under the High PAR treatment (4.71 

± 1.09 μmol O2 h-1 cm-2). The lowest GPP rates were observed in the Low PAR+UV-B 

treatment (2.75 ± 0.48 μmol O2 h-1 cm-2), being significantly less than those of the High PAR-

only treatment  (4.71 ± 1.09 μmol O2 h-1 cm-2; ANOVA; Tukey Post-hoc; p=0.007; Appendix 

5.7) and during the Recovery, where GPP rates were again highly similar between the groups 

(4.47 ± 0.85 μmol O2 h-1 cm-2 in the PAR-only and 4.45 ± 0.87 μmol O2 h-1 cm-2 in the clams 

that were previously exposed to PAR+UV-B). Overall, all clams showed a positive correlation 

with incident irradiance levels, as GPP rates in both PAR-only and PAR+UV-B-exposed clams 

increased when clams received higher irradiances, i.e. during the High PAR+(UV-B) and 

Recovery treatment. 
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Figure 4.3-4 Mean [± SD] (a) net calcification [μmol CaCO3 h-1 cm-2], (b) gross primary production (GPP) [μmol 

O2 h-1 cm-2] and (c) dark respiration [μmol O2 h-1 cm-2] rates for the PAR-only (boxes white framed) and PAR + UV-

B (boxes black framed) group under the four treatments: Acclimatization / Low PAR, Low PAR(+UV-B), High 

PAR(+UV-B) and Recovery / High PAR. Colors refer to exposure of different intensities (i.e., Low and High) and 

wavelengths (i.e., PAR-only and PAR + UV-B) of irradiances with dark blue - Low PAR, orange - Low PAR + 

UVB, red - High PAR + UV-B and light blue - High PAR. Identical symbols (*,†) denote statistical differences 

(Tukey HSD, p<0.05) between groups.  

 

In all four treatments, R of the PAR-only and the PAR+UV-B-exposed clams did not differ 

significantly (ANOVA, p=0.339; Appendix 5.7). However, overall R rates were higher under 

the ‘High’ treatments (i.e. High PAR(+UV-B) and Recovery) with averaged -1.25 ± 0.30 μmol 

O2 h-1 cm-2 than under the ‘Low’ treatments (i.e. Acclimatization and Low PAR(+UV-B)) with  

-1.21 ± 0.22 μmol O2 h-1 cm-2 (Fig. 4.3-4c).    

Lipid peroxidation, symbiont density, and chlorophyll content 

 

Malondialdehyde (MDA) concentrations, which serve as a proxy for oxidative stress, did not 

differ between the PAR-only and the PAR+UV-B group, after both the High PAR(+UV-B) 
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treatment (14.25 ± 6.39 and 11.34 ± 2.49 nmol MDA per mg T. maxima protein, respectively, 

Table 4.3-1), and after the Recovery  (14.03 ± 3.24 nmol MDA mg-1 protein in the PAR-only, 

and 11.19 ± 1.87 nmol MDA mg-1 protein in the PAR+UV-B group). Further, symbiont 

densities and the cellular total chlorophyll content did not differ between the experimental 

groups, likewise irrespective of the sampling point (after High PAR (+UV-B) and the 

Recovery). On average, clams in this study harbored 17,904 ± 692 symbionts per cm2 mantle 

tissue and contained 1.69 ± 0.07 pg total chlorophyll per symbiont (cellular total chlorophyll). 

Table 4.3-1 Malondialdehyde (MDA) concentrations per mg T. maxima protein, symbiont densities per cm-2 of 

mantle surface area and cellular total chlorophyll content in pg per symbiont cell. Values are means ± SD. 

Group Treatment MDA concentration 

(nmol mg-1 Protein)  
Symbiont density 

(cells cm-2) 
Cellular total 

chlorophyll 

(pg chl cell-1) 

PAR-only High PAR 14.25 ± 6.39 17.920 ± 647 1.68 ± 0.06 

PAR+UV-B High PAR+UV-B 11.34 ± 2.49 17.469 ± 1721 1.74 ± 0.17 

PAR-only Recovery 14.03 ± 3.24 18.874 ± 929 1.60 ± 0.09 

PAR+UV-B Recovery 11.19 ± 1.87 17.352 ± 984 1.74 ± 0.10 

  

Absorbance spectra of mycosporine like amino acids (MAAs) 

All absorbance spectra of the isolated algal symbiont samples showed distinct absorbance peaks 

in the wavelength range 320 – 340 nm (Appendix 5.8 and 5.9). Non-metric multidimensional 

scaling (NMDS) of the absorbance spectra of the isolated algal symbionts from all four 

treatment groups (i.e. High PAR, High PAR+UV-B, High PAR/Recovery and High PAR 

(+UV-B)/Recovery) shows that there was no significant difference between groups (Figure 4.3-

5a; Appendix 5.10).  The T. maxima mantle tissue homogenates exhibited greater variation in 

their absorbance spectra between replicates, consistent with the large variability in color for 

this species, with only few displaying peaks at the wavelength 280 nm (Appendix 5.11 and 

5.12). However, for almost all samples, distinct absorbance peaks in the wavelength range of 
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300 – 334 nm, where MMAs absorption peaks occur, can be observed (Appendix 5.12). 

Likewise to the algal symbionts, there was no significant difference between the absorbance 

spectra of the four treatments (Figure 4.3-5b; Appendix 5.13).  Thus, it can be assumed that 

during the experimental timeframe, MAAs were present in both, the mantle and the symbionts, 

but their contributions to UV-B absorption did not differ significantly between the experimental 

groups, and also irrespective of the sampling point (i.e. after High PAR(+UV-B) and the 

Recovery). 

 

Figure 4.3-5 Non-metric multidimensional scaling (NMDS) plot of absorbances at wavelengths between 290 and 

350 nm from (a) isolated symbionts and (b) T. maxima mantle tissue homogenates (without symbionts) from samples 

of the High PAR, High PAR+UV-B, High PAR/Recovery and High PAR(+UV-B)/Recovery treatment.                    
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4.3.5. Discussion 
 

Impact of UVR of T. maxima valvometry 

 

Research on bivalve valvometry (i.e. shell gaping behavior) dates back to nearly one century 

(Nelson 1921; Hopkins 1931). Since then, several different factors have been identified that 

can influence the valvometry of bivalves, including circadian and circalunar rhythms (García-

March et al. 2008), exposure to toxic algal blooms (Tran et al. 2010), parasitic infections 

(Chambon et al. 2007), and temperature stress (Schwartzmann et al. 2011). Recently, a number 

of different systems to assess bivalve valvometry have been developed and the approaches used 

to analyze this behavior have been diverse, e.g.  using video recordings (Riisgård et al. 2006; 

Saurel et al. 2007), fiber optics (Frank et al. 2007), or magnetic switches (García-March et al. 

2008). Only a few studies have assessed the valvometry in Tridacninae (e.g. Schwartzmann et 

al. 2011; Andrade et al. 2016), while none of them examined the influence of light (stress) and 

PAR and UV bands on the shell gaping of giant clams. 

In general, the specimens in this study did not display differences in their valvometry during 

the photoperiod when compared with the dark. This finding is contrasting to the result of a 

previous study on in situ long-term ( > 1 year) shell gaping behavior of the giant clam Hippopus 

hippopus, which reported a distinct day-night cycle, in which valves opened mostly wide up 

during the day and were partially, or even fully closed at night (Schwartzmann et al. 2011). 

Since the alternation of sun- and moonlight are assumed to be among the main drivers for such 

a clock-driven rhythm -  in addition to other cyclic extrinsic environmental factors (e.g. tides) 

that may influence the shell valve activity (García-March et al. 2008) -  experimental laboratory 

conditions could potentially not reflect a fully natural behavior of the bivalves as expected in 

situ.   

Overall, and during all four treatments, the clams’ valves were only a few minutes each day 

(partially) closed (shell gaping of >10% or 10 – 50%) and remained almost the entire day at 

least open (50 – 90%) or even wide open (> 90%). However, the valvometry of T. maxima 
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clearly changed when clams were exposed to UV-B radiation and maximum shell gaping was 

significantly decreased. Consequently, the total mantle area being exposed to the outside - and 

thus to incident irradiances – was significantly reduced as well. The maximal opening status of 

the shell valves has been previously assumed to be an index of the clam’s welfare, as a decrease 

of valve opening can be interpreted as the main way to protect the clam (Schwartzmann et al. 

2011). When Schwartzmann et al. (2011) examined the valvometry of H. hippopus, they 

likewise reported significant and progressive decreases in daily maximum valve-opening under 

increased (temperature) stress.  

In addition to the decrease in maximum valve-opening during the UV-B treatments, the clams 

displayed a flickering-like behavior, whereby the shell valves increased their opening-closing 

frequency. This behavioral change could be interpreted as an attempt of the clam to enhance 

their filtration rates. In general, Tridacninae are described as being mixotrophic (Klumpp et al. 

1992), obtaining energy from both filter-feeding and photosynthetic products of their algal 

symbionts. Nonetheless, some giant clam species, including T. maxima, even seem to be 

functionally photoautotrophic, covering their entire energy demand with the energy delivered 

by their symbionts (Beckvar 1981; Jantzen et al. 2008). These photosymbionts are located 

extracellularly in a tubular system, originating from the clams’ digestive diverticular ducts and 

extending into the outer mantle (Norton et al. 1992). When the clam valves open less wide 

during the UV-B treatment, the mantle area, and consequently the photosymbionts would 

receive reduced levels of incident radiation. This cutback could lead to a downregulation of 

photosynthetic performances of the symbionts and subsequently, reduce the availability of this 

energy source for the clam host. However, increasing filtration rates (potentially by creating 

increased turbulence over the gills through the flickering behavior) might provide a way to 

increase seston supply and compensate for the reduction in energy supplied by algal symbionts.  
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Impact of UVR on primary production  

Overall, and in both, the PAR-only and the PAR+UV-B group, GPP rates of T. maxima were 

enhanced under increasing incident light (i.e. ‘High’ treatments). A similar influence of light 

on enhancing GPP has previously been reported for T. maxima (Rossbach et al. 2019) and 

reflects the crucial role of incident light in determining the productivity, physiology, and 

ecology of the algal symbionts, and consequently the welfare of the giant clam holobiont 

(Chalker et al. 1988; Falkowski et al. 1990). However, the observed decline in GPP of about 

30% in T. maxima specimens under UV-B exposure has not been reported before and provides 

additional insights into the impacts of UV-B on Tridacninae. The observed reduction in GPP 

under UV-B radiation could be explained by the reduced amount of light received by the 

symbionts as a consequence of the decrease in the total mantle area being exposed during UV-

B exposure. This hypothesis is further supported by the fact that GPP rates (as well as the 

maximum valve opening) in specimens of the PAR+UV-B group immediately levelled up again 

with those of the PAR-only clams when UV-B was removed, i.e. during the Recovery. The 

observed behavioral changes in valvometry, and thus the reduced exposure of mantle area could 

therefore be interpreted as a photo-protective mechanism in T. maxima to protect the symbionts 

and host from potentially harmful levels of incident UV-B radiation. As indicated above, the 

observed flickering-like behavior could then be interpreted as an attempt of the clam to increase 

filtration rates, in order to compensate for the reduction of PP rates (i.e. available energy from 

their photosymbionts).  

High irradiances, however only in combination with elevated water temperatures, have been 

previously shown to induce bleaching, i.e. the loss/expulsion of the algal symbionts,  in 

Tridacna gigas clams from the Great Barrier reef  (Buck et al. 2002). Yet, for the present study 

it can be assumed that the UV-B exposure in both, the ‘Low’ and ‘High’ treatments did not 

result in pronounced levels of stress in T. maxima, due to the following reasons: (1) No visual 

cues of bleaching, i.e. loss of symbionts, were observed, nor did the specimens in the PAR+UV-

B group show a measurable reduction in symbiont density or the total chlorophyll content, when 
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compared to the PAR-only group. (2) There was no mortality, nor change in R rates observed 

(neither when comparing the PAR-only and PAR+UV-B group, nor over the course of the 

experiment), which could have been a proxy for stress (Blidberg et al. 2000; Elfwing et al. 

2003) (3) The degree of lipid peroxidation (MDA concentrations) did not differ between clams 

from the PAR-only and the PAR+UV-B group, which implies that the extent of oxidative stress 

was comparable (4) Although T. maxima showed a significant decrease in maximum valve 

openings during the PAR+UV-B exposure, the specimens rapidly reverted to their initial 

(Acclimatization) valvometry, once they were again exposed to PAR alone (Recovery), and 

thus a chronic or even permanent negative effect/damage is unlikely.   

However, photosymbiotic reef invertebrates, especially shallow-water coral colonies of e.g. 

Stylophora pistillata (Winters et al. 2003; Ferrier-Pages et al. 2007) and Acropora spp. (Shick 

et al. 1995; Ferrier-Pages et al. 2007) show pronounced levels of photoinhibition and oxidative 

stress when exposed to high environmental UVR. This is especially true when corals are 

transplanted from deeper depths to shallower ones (e.g. in Montipora verrucosa (Scelfo 1986)), 

eventually even leading to the death of the organism (Scelfo 1986; Vareschi and Fricke 1986). 

Giant clams in this study, however, although originating from a depth of about 5.5 m and being 

gradually exposed to light levels of shallower waters, did not display any responses that could 

be interpreted as photo-induced stress. Therefore, within the range of radiation which has been 

tested here, corresponding to a shift from 5 m to 3 m depth, there was no apparent depth-

dependent sensitivity to UVR in Red Sea T. maxima. There are three possible explanations for 

this observation: (1) The recently described photonic cooperation between the Tridacna host 

and their algal symbionts, whereby the brightly reflective cells in the epithelia of the clam 

(iridocytes) have been reported to provide a means of protection against UV-induced damage. 

Those iridocyte cells are found in close proximity to the algal symbionts (both embedded in the 

clams’ mantle tissue), and have been hypothesized to control the photic environment by back-

reflecting non-productive wavelengths (Ghoshal et al. 2016), which could explain the reduced 

sensitivity to highly energetic radiation (i.e. UVR) observed in this study. (2) The observed 
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changes in valvometry under UV-B exposure, which involve a decrease of maximum shell 

valve gaping and thus a reduction of the mantle area exposed to radiation. (3) The previously 

suggested UV-absorption and thus protection of the zooxanthellae, by MAAs which are located 

in the giant clam mantle tissues (Ishikura et al. 1997). 

Coral specimens originating from shallow depths have been shown to possess a greater 

resistance to intense UVR than their deep-water conspecifics (Siebeck 1981; Siebeck 1988), 

which is most likely due to a difference in the abundances of UV-absorbing compounds, such 

as fluorescent pigments and MAAs in the coral tissue (Shick et al. 1996). In fact, absorbance 

spectra from the algal symbiont extracts showed peaks in the wavelength range of 320 – 340 

nm, that were likely produced by various MAAs, such as Palythine (λmax 320 nm), Shinorine 

(λmax 333 nm) and Porphyra-334 (λmax 334 nm) (Ishikura et al. 1997; Rosic and Dove 2011), 

which are known to diminish the direct and indirect damaging effects of UVR (Carreto and 

Carignan 2011). Absorbance spectra of the mantle tissues samples were overall less uniform 

than those of the symbionts, especially in the short- waved part of the UV-B spectrum (~280 

nm). This is most likely caused by different concentrations of iridocyte cells within tissues, 

which can differ considerably between specimens. Thus, absorbance peaks at around 280 nm, 

caused by reflectin, one of the components of iridocytes (Guan et al. 2017), are more 

pronounced in some individuals. Yet, overall the mantle tissues also display absorbance peaks 

in the wavelength range of 300 – 334 nm, which are probably likewise attributed to the presence 

of UV-protective MAAs, such as Mycosporine-glycine (λmax 310 nm), Palythine (λmax 320 nm), 

Shinorine (λmax 333 nm) and Porphyra-334 (λmax 334 nm) (Rosic and Dove 2011). However, 

the absorbance spectra of both, the isolated algal symbionts and the mantle tissues did not differ 

significantly between the clams exposed to PAR-only and those additionally exposed to UV-B 

radiation, neither after the High PAR(+UV-B) nor the Recovery treatment. Hence, it can be 

assumed that the observed resistance to UV-B was not due to a difference in the contribution 

of MMAs to the absorption in the UV-B band, but rather caused by other factors, e.g. the 

suggested photo-protective mechanisms of the iridocyte cells and/or the valvometry behavior. 
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Further studies should, however, test whether giant clam specimens from deeper depths, 

likewise to corals (Rosic and Dove 2011), contain less photo-protective components (e.g. 

iridocytes, MAAs), and thus display more distinct responses when exposed to shallow water 

(UV-B) irradiance levels. 

Impact of UV exposure on net calcification rates  

During all incubations, NC rates (incorporation of μmol CaCO3, normalized per hour, and cm2 

of mantle tissue) did not differ between the animals exposed to PAR-only and those to 

PAR+UV-B. However, NC of T. maxima increased significantly under higher irradiance levels, 

i.e. during the High PAR (+UV-B) and Recovery under high PAR. This positive light-

dependency of NC during these treatments, which correspond to irradiances levels received at 

a water depth of about 3 m, confirms previous findings (Rossbach et al. 2019), where maximum 

NC rates of T. maxima were also observed under incident irradiance levels comparable to those 

received at 3 – 4 m depth. 

The finding that NC rates in T. maxima did not differ, whether clams were exposed to PAR 

only or to additional UV-B, is particularly interesting, as other photosymbiotic calcifiers (such 

as corals) display significant sub-lethal responses to the UV component of sunlight. This 

includes depressed calcification, as for example in the coral Pocillopora damicornis, which 

shows a negatively correlated uptake of 45Ca (Roth et al. 1982) and depressed skeletal growth 

(Jokiel and York Jr 1982). Yet, in giant clams, the effect of UV-B on calcification would be in 

any way rather indirect, as the actual site of calcification (the whitish mantle tissue) lays in the 

sheltered, inner part of the shell (Hiong et al. 2017a). It is, nevertheless, surprising that NC rates 

of T. maxima were not affected by UV-B, despite the reduction in exposed mantle area, as this 

would have also decreased the total amount of light received by the algal symbionts, thus 

reduced photosynthetic activity. As a consequence, this might have had also negative effects 

on the calcification, as the most common theories on light-enhanced calcification (LEC) in 

photosymbiotic marine organisms, including corals and giant clams, propose that the increase 

in calcification under light is either due to (1) the uptake of carbon dioxide (CO2)  by the 
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photosynthetic symbionts, which lowers CO2 levels, and increases the pH and the concentration 

of carbonate ions at the calcification site - eventually favoring calcium carbonate precipitation 

(McConnaughey and Whelan 1997), (2) the removal of inhibiting substances (e.g. phosphates) 

by the symbionts during photosynthesis (Simkiss 1964), and (3) the production of signaling 

molecules by the symbionts, which would lead to increased enzymatic activity, an essential 

factor for the calcification (Ip et al. 2015). The fact that NC rates remained comparably high, 

albeit the reduction of received PAR (due to a downsizing of exposed mantle area) could be, 

however, explained by compensation through the specific feature of the iridocyte cells, 

transforming UVR wavelengths into the PAR spectrum (Rossbach et al., under review). 

Further, and since GPP rates, and thus the photosynthetic activity of the algal symbionts was 

slightly reduced, but NC rates remained similar between animals exposed to PAR-only and 

PAR+UV-B radiation, it can be assumed that additional processes, besides the direct effect of 

the photosymbionts, are responsible for LEC of giant clams. For Tridacninae, it is assumed that 

the light-dependent expression of certain transport enzymes by the host itself can be related to 

an increase in H+ excretion, and thus LEC (Hiong et al. 2017a). Specifically, it has been recently 

shown that the exposure of T. squamosa to light results in the production of signaling molecules 

by the algal symbionts which - once released to the host tissue - activate a cascade of 

transcriptional, translational and post-translational events (Ip et al. 2015). This leads to a 

significant increase in the effectiveness of enzymatic transports in the inner mantle, the site of 

calcification in giant clams (Hiong et al. 2017a), and means that LEC would be independent of 

the photosynthetic performance of the associated algal symbionts. Consequently, NC rates in 

Tridacninae can be maintained at a high level – even though the photosynthetic performance of 

the symbionts decreases under UV-B – as the highly energetic UVR itself provides enough 

energy to trigger the respective mechanisms within the clam host that are responsible for 

calcification.  
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Consequences for depth-related abundances of T. maxima  

The requirements of their algal symbionts for PAR (400 – 700 nm) restrict Tridacninae to the 

sunlit, shallow waters of the euphotic zone, which exposes them and their algal symbionts to 

potentially harmful levels of solar UVR (Smith and Baker 1979) (Figure 4.3-6). While the 

availability of light may not be the only factor, influencing the vertical distribution T. maxima 

in the Red Sea, it can be certainly considered to be among the main drivers. Previous studies 

on depth-related abundances of Red Sea T. maxima report that they can be found in highest 

numbers in water depths of approximately 3 m (Rossbach et al. 2019). In those depths, the 

clams still receive sufficiently high PAR (around 65% percent of surface levels), but at the same 

time are exposed to high doses of UVR (about 50% of the UV-B radiation received at the 

surface)(Overmans and Agustí 2020). Therefore, in order to shelter the holobiont from the 

potentially damaging effects of highly energetic irradiance (i.e. UV), but simultaneously 

maintaining high rates of PP and NC, Tridacna giant clams had to develop effective photo-

protective mechanisms to cope with the high irradiances in shallow reefs. One such mechanism 

is the previously described UV-absorption by MAAs, located in the mantle tissues, where they 

seem to block strong UV radiation (Ishikura et al. 1997). Recently, another mechanism, the 

photonic cooperation between giant clam hosts and their algal symbionts (Ghoshal et al. 2016; 

Rossbach et al. 2020) came into focus. Here, the highly reflective iridocyte cells, shift UVR 

into the less energetic PAR spectrum, thus sheltering the holobiont and increasing the flux of 

PAR received by the algal symbionts. In addition, the results presented in this study suggest an 

additional behavioral photo-protective mechanism, by which Tridacninae are able to flexibly 

adjust their shell gaping behavior to incident light levels within a narrow time frame. Thereby, 

they adjust the proportion of mantle area exposed to solar radiation, while also showing a 

flickering-like behavior of rapid valve movements, possibly to increase particle fluxes and 

retention. 
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Figure 4.3-6 Schematic of a Red Sea coral reef, illustrating abundances of T. maxima giant clams and incident levels 

of PAR and UV-B radiation in different water depths from the surface down to 7 m. The solid line represents the 

attenuation of PAR, while the dashed line indicates the attenuation of UV-B with increasing water depth. The 

percentages provided refer to the incident PAR and UV-B radiation at 1, 3, 5, and 7 m depth in relation to maximum 

levels (July) at the water surface.  

 

This behavioral adaption allows them to respond to changes in incident irradiance reception in 

real-time (within minutes to hours), contrasting to other photo-protective mechanisms such as 

the accumulation of light-absorbing pigments (e.g. MAAs, fluorescent proteins, etc.) and 

iridocytes, for which concentrations within the tissue can also be adjusted (Scelfo 1986) but 

with a longer response time (e.g. days or weeks) (Anthony and Hoegh-Guldberg 2003). 
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5.1.1. Abstract 

 

Giant clams (subfamily Tridacninae) are prevalent members of coral reef communities and 

engage in symbioses with algal photosymbionts of the family Symbiodiniaceae, similar to their 

scleractinian coral counterparts. However, we know little about their associated bacterial 

microbiome members. Here, we explored bacterial community diversity of digestive system, 

gill, and mantle tissues associated with the giant clam Tridacna maxima across a cross-shelf 

gradient (inshore, midshore, and offshore reef sites) in the central Red Sea using 16S rRNA 

gene amplicon sequencing. Different tissues harbor spatially stable and distinct microbial 

communities. Notably, diverse assemblages of bacteria affiliated to the family 

Endozoicomonadaceae were prevalent in all tissues, but particularly abundant in gills and to a 

lesser extent in digestive tissues. Besides Endozoicomonadaceae, bacteria in the families 

Pasteurellaceae, Alteromonadaceae, and Comamonadaceae were common associates, 

depending on the tissue queried. Taxonomy-based functional inference identified processes 

related to nitrogen cycling (among others) to be enriched in giant clam tissues and contributed 

by Endozoicomonadaceae. Our study highlights the tissue-specificity and broad taxonomic 

range of Endozoicomonadaceae associates, similar to other marine invertebrates, and suggests 

their contribution to nitrogen-related pathways. The investigation of bivalve-associated 

microbiome communities provides an important addition to the pathogen-focused studies for 

commercially important bivalves (e.g., oysters). 
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5.1.2. Introduction 

 

Tropical coral reefs are among the most productive ecosystems and provide important habitats 

for a diversity of organisms, including giant clams of the Tridacninae subfamily in the Indo-

Pacific. Giant clams provide important ecosystem functions in coral reef ecosystems (Neo et 

al. 2015), including providing a food source for a number of predators and scavengers (Alcazar 

1986), shelter for commensal organisms (De Grave 1999), or substrate for epibionts 

(Vicentuan-Cabaitan et al. 2014). Further, through their high photosynthetic (Jantzen et al. 

2008; Rossbach et al. 2019) and calcification rates (Rossbach et al. 2019) they contribute to the 

primary production and spatial framework of the reef structure. Similar to corals, Tridacninae 

engage in a symbiosis with unicellular algae of the family Symbiodiniaceae (Taylor 1969; 

LaJeunesse et al. 2018) that are located in delicately branching tubules, which extend from the 

clam’s stomach into the outer mantle (Norton et al. 1992). Since comparable photosynthetic 

symbioses are very rare in other mollusks (Vermeij 2013), Tridacninae stand out as a 

remarkable group of bivalves.  

While the symbiotic relationship of Tridacninae and Symbiodiniaceae is a prominent field of 

study (e.g. (Taylor 1969; Fitt et al. 1986; Fitt et al. 1995; Weber 2009; DeBoer et al. 2012; 

Pappas et al. 2017), comparatively little is known about the bacteria associated with giant clams, 

albeit the importance of bacteria to animal and plant function is now widely acknowledged 

(McFall-Ngai et al. 2013; Bang et al. 2018). For other reef organisms, such as corals and 

sponges, patterns of microbial diversity and even presumptive functions are broadly explored 

(Ainsworth et al. 2010; Bourne et al. 2016; Neave et al. 2017a; Neave et al. 2017b). It should 

be pointed out that, although research on bacterial communities associated with bivalve species 

dates back more than 100 years (Round 1914; Bates and Round 1916; Round 1916), studies 

mainly focused on commercially important species, such as Crassostrea spp., Mytilus spp., and 

Venerupis spp. (Meisterhans et al. 2016; Pierce et al. 2016; Pierce and Ward 2018; Vezzulli et 

al. 2018). Further, because of the economic value and consumption of these species by humans, 

the majority of the literature focuses on the impact of bacterial pathogens (Romalde et al. 2014; 
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Wendling et al. 2014), in particular Vibrio spp. (Pruzzo et al. 2005; Beaz‐Hidalgo et al. 2010; 

Romalde et al. 2014), rather than targeting microbial diversity patterns. 

Here, we addressed this gap in our understanding of Tridacninae microbiomes by characterizing 

the bacterial microbiome associated with different tissues of Red Sea Tridacna maxima. 

Tridacninae are one of the most prevalent bivalve groups in Red Sea coral reefs (Zuschin et al. 

2000; Zuschin et al. 2001). The most common giant clam (Roa-Quiaoit 2005; Ullmann 2013) 

is T. maxima. This species has also been reported to have the broadest geographical distribution 

(Ayala et al. 1973), reaching from East Africa to the Central Pacific, and therefore comprises 

almost the entire geographical range of all other giant clam species (bin Othman et al. 2010). 

We assessed T. maxima across reef sites in the central Red Sea following a cross-shelf gradient 

and used 16S rRNA gene amplicon sequencing to characterize the bacterial community 

composition of three tissues (digestive system, gills, and mantle). 
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5.1.3. Material and Methods 

 

Sample collection 

 

In May 2018, 18 T. maxima specimens (shell length of 15 ± 1 cm; mean ± SD), were collected 

in a water depth of about 3 m at three different reef sites nearby King Abdullah University of 

Science and Technology (KAUST). Six clams were sampled at each of one inshore reef (Fsar, 

22° 14′27” N, 39° 02′ 51″ E), one midshore reef (Al Fahal, 22° 15′ 2” N, 38° 57 ‘45″ E), and 

one offshore reef (Shib Nizar, 22° 19′ 20” N, 38° 51′ 26″ E), respectively, for a total of 18 

clams. Clams were stored individually in seawater-filled plastic bags, to avoid cross-

contamination and placed in a cooler filled with seawater. In addition, seawater samples were 

collected at the respective reefs at the same depth using 9 L polycarbonate carboy containers 

(Nalgene, Thermo Scientific Fisher, USA). The containers were kept in a cooling box on ice 

until arrival at the laboratory, where, for each reef respectively, 2 L of seawater were 

immediately filtered through a 0.22 μm Hydrophilic Polyvinylidene Fluoride (GVWP) filter 

(Millipore, Merck KGaA, Darmstadt, Germany) using a peristaltic pump. Filters were 

subsequently frozen at − 20°C. 

Clam dissection, tissue homogenization, DNA isolation and sequencing  

 

The Tridacna specimens were cut open with a scalpel, and tissue samples of three different 

compartment were collected: gills, mantle, and the digestive system. All samples were weighed 

to the nearest 0.001 mg. The clam tissue was then homogenized using an Ultra Turrax T18 

homogenizer (IKA-Werke GmbH and Co. KG, Staufen, Germany) with 15 ml MilliQ water 

(sterilized under UV light for 1 h, and filtered through a 0.2 μm syringe filter). The homogenate 

was frozen at −80°C until further processing. 

In total, we extracted DNA from 62 samples, corresponding to 54 T. maxima tissue samples, 

3 seawater samples, and 4 negative controls (3 controls to assess for kit and lab contaminations 

and 1 negative control, which originated from the subsequent PCRs). DNA from water and 

tissue samples were extracted with the Qiagen DNeasy Blood & Tissue Kit (Qiagen, Hilden, 
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Germany) following the manufacturer’s instructions with minor modifications. Briefly, 90 μl 

of the tissue homogenate were added to 1.5 ml Eppendorf tubes containing 90 μl of ATL buffer 

and 20 μl of Proteinase K and were incubated at 56 °C for 1 h. DNA extractions were then 

conducted according to manufacturer’s instructions. Water filters were thawed and placed in 

1.5 ml Eppendorf tubes, 360 μl of ATL buffer and 40 μl Proteinase K buffer were added, and 

the tubes were incubated at 56°C for 20 min. DNA extractions were then conducted according 

to manufacturer’s instructions. DNA concentrations were measured using a Qubit 2.0 

fluorometer (Thermo Fisher Scientific), and samples were adjusted to 10 ng / μl. To amplify 

the hypervariable regions V5 and V6 of the bacterial 16S rRNA gene, the primers 784F [5′TCG 

TCGGCAGCGTCAGATGTGTATAAGAGACAGAGGATTAGATACCCTGGTA3′] and 

1061 R [5′-GTCTCGTGGGCTCGG AGATGTGTATAAGAGACAGCRRCACGAGCTGAC 

GAC-3′] (Illumina adapter sequences underlined) were used (Andersson et al. 2008). For all 

samples, triplicate PCRs were performed using 10 ng of DNA using the Qiagen Multiplex PCR 

kit and a final primer concentration of 0.3 μM in a reaction volume of 10 μl. Thermal cycling 

conditions were: 95°C for 15 min, followed by 27 cycles of 95°C for 30 s, 55°C for 90s, 72°C 

for 30 s, and a final extension cycle of 72°C for 10 min. About 5 μl of the PCR were run on a 

1% agarose gel to visualize amplification. Triplicated PCRs from each sample were pooled, 

cleaned with ExoProStar 1-step (GE Healthcare, UK), and subsequently underwent an indexing 

PCR step (8 cycles, according to the Illumina 16S metagenomic sequencing library preparation 

protocol). Successful addition of indexes was checked by size comparison on a 1 % agarose 

gel. Samples were purified and normalized using the SequalPrep Normalization Plate Kit 

(Invitrogen, Carlsbad, USA). Next, from each pooled and normalized sample, 4 μl were 

transferred into a 1.5 ml Eppendorf tube, and concentrated using the CentriVap Benchtop 

Vacuum Concentrator (Labconco, USA). The final library was assessed using a Bioanalyzer 

(Agilent Technologies, USA) and quantified using the Qubit dsDNA HS assay with the Qubit® 

2.0 Fluorometer (Thermo Fisher Scientific, USA). The 16S rRNA gene amplicon library was 

sequenced at the KAUST sequencing facility on the Illumina MiSeq platform. Sequencing was 
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performed at 6 pM with 20% PhiX on the Illumina MiSeq platform at 2 × 301 bp paired-end 

V3 chemistry according to the manufacturer’s specifications. 

Bacterial community analysis 

 

Sequence reads were processed using mothur v.1.39.5 (Schloss et al. 2009). In brief, after 

quality filtering and adaptor trimming, paired-end reads were merged to contigs, and sequences 

were aligned against the SILVA database (version 132) using ‘align.seqs’. Chimeric sequences 

were removed using USEARCH (Edgar 2017) and taxonomically classified using the 

Greengenes database (release gg_13_5_99, May 2013) (DeSantis et al. 2006). The Greengenes 

database was used, since it contains substantially more bacterial sequences from coral studies 

than other databases and PICRUSt relies on the Greengenes taxonomy (see below). OTUs 

assigned as contaminants (i.e., were present in the negative controls) were removed. An OTU 

was considered a contaminant when the ratio of the sum of its relative abundance in the negative 

control samples over the sum of relative abundances in all other samples was greater than 0.1). 

OTU sequences that were classified as “Endozoicimonaceae” in Greengenes (39 OTUs) were 

confirmed to belong to the recently proposed family Endozoicomonadaceae (Bartz et al. 2018) 

using SILVA. Singletons as well as mitochondrial and chloroplast sequences were removed, 

prior to applying a 97% similarity cutoff for OTU clustering. 

Chao1 richness (Chao and Chiu 2001) and inverse Simpson indices (Simpson 1949) were 

calculated using the R package Vegan (Oksanen et al. 2013). Evenness was calculated using 

the R package fundiv (Gagic et al. 2015). To calculate weighted UniFrac (Lozupone and Knight 

2005) and Faith’s phylogenetical distances (Faith 1992), OTU sequences were aligned using 

MAFFT and a maximum-likelihood tree was build using RAxML software v.8.0.26 

(Stamatakis 2006) with the GTRCAT model and 1,000 bootstraps. Faith’s phylogenetical 

distances were calculated using the function ‘phyloseq_phylo_div’ from the R package 

PhyloMeasures (Tsirogiannis and Sandel 2016) and weighted UniFracs were calculated using 

the ‘UniFrac’ function from the phyloseq package. 
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Rarefaction curves were plotted using the ggrare function. A permutational multivariate 

analysis of variance was done using “adonis” function on dissimilarity Bray-Curtis distances 

of the OTU set to test for differences between tissues. Pairwise adonis test was conducted using 

an R wrapper function for multilevel pairwise comparison (Martinez Arbizu 2019). Normal 

distribution was tested using Shapiro-Wilk test, and homogeneity of variances were evaluated 

using the function “betadisper” from Vegan package. Kruskal-Wallis rank and pairwise 

Wilcoxon sum tests were used to evaluate significant differences in alpha-diversity indexes. 

All bioinformatic workflows can be assessed at https://github.com/ajcardenasb/ 

Tridacna_microbiome. 

Phylogenetic analysis of OTUs affiliated with the family Endozoicomonadaceae  

 

A total of 39 OTUs classified as Endozoicomonadaceae, in addition to selected bacterial 

reference strains (Appendix 6.1), were aligned using MAFFT and a maximum-likelihood tree 

was built as described above and visualized in the R package ‘phyloseq’ (McMurdie and 

Holmes 2013) to annotate abundance and prevalence across samples. 

Taxonomy-based functional prediction  

 

OTU taxonomic affiliations were used to determine the nearest genome-sequenced taxon, 

which was then used to infer the abundance of KEGG orthologs from normalized OTU 

abundances using PiCRUSt (Langille et al. 2013). We used PICRUSt’s Nearest Sequenced 

Taxon Index (NSTI) to quantify the relatedness of each taxa within a sample to the closest 

related available genome representative. NSTI is based on substitutions per site in the 16S 

rRNA gene and weighted by the abundance of that organism in the community. NSTI scores 

are therefore a proxy to assess the accuracy of PICRUSt functional prediction. KEGG ortholog 

abundance was aggregated into KEGG modules using a mapping file available from the KEGG 

API. KEGG module abundance matrix was used as input to LEfSE to identify functional 

features that are different between tissues (Segata et al. 2011). In brief, LEfSE implements a 

non-parametric factorial Kruskal-Wallis test to determine significant differential abundance of 

https://github.com/ajcardenasb/Tridacna_microbiome
https://github.com/ajcardenasb/Tridacna_microbiome
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KEGG modules between tissues and a linear discrimination analysis (LDA) to estimate the 

effect size of each differentially abundant KEGG module. Pairwise comparison of KEGG 

modules with p-values < 0.05 and effect sizes > 2 were considered significant. In addition, we 

focused only on KEGG modules contained in the reference pathway ‘Microbial metabolism in 

diverse environments’ (map01120). 
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5.1.4. Results 

 

Bacterial community composition of Tridacna maxima 

 

We sequenced 57 16S rRNA gene amplicon libraries comprising a total of 2,480,709 sequences, 

with a mean (± SD) of 40,011 ± 26,036 sequences per sample and an average length of 309 bp, 

for subsequent analyses (Appendix 6.2). The dataset comprised three tissue compartments 

(digestive system, gills, and mantle) of 18 T. maxima specimens from three reef sites across a 

shelf-gradient (inshore, midshore, offshore) (Fig. 5.1-1). In addition, seawater was collected 

from each reef site. Thus, a total of 6 specimens × 3 sites × 3 tissue compartments = 54 + 3 

seawater samples were analyzed.  

 

Figure 5.1-1 Reef locations and Tridacna maxima tissue sampling in the Central Red Sea. (A) Map showing sampled 

reef sites (inshore – Fsar reef, midshore – Al Fahal reef, offshore – Shib Nizar reef). (B) Schematic cross section of 

T. maxima indicating the tissue compartments sampled: Digestive system (DS, orange), gills (G, gray), and mantle 

(M, green). Other: Shell valve (SV), adductor muscle (AM), kidney (K), heart (H) and byssus threads (BT).   

 

 

Clustering of sequences into operational taxonomic units (OTUs) yielded 9,259 bacterial taxa 

(Fig. 5.1-2).  
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Figure 5.1-2 Taxonomy bar plot of bacterial communities associated with T. maxima tissues. Bar plots show 

averaged relative abundances of the 20 most abundant families for the three tissue compartments (digestive system, 

gills, and mantle) over reef sites (I, inshore; M, midshore; O, offshore) and seawater samples from the three reef 

sites. 

 

Of these, 7,948 OTUs were present exclusively in the clam, in at least one of the tissues, 1,141 

OTUs were present in seawater only, and a small (2%) fraction (170 OTUs) were present in 

both, seawater and giant clam tissues (Fig. 5.1-3a). Comparison of microbial communities 

across reefs showed that microbiome structure of T. maxima did not statistically differ between 

sites (PERMANOVA, p = 0.121, F = 1.34, R2 = 0.03; Appendix 6.3). Further, we found no 

significant interaction between reef site and tissue type (PERMANOVA, p = 0.638, F = 0.93, 

R2 = 0.06; Appendix 6.3). Conversely, seawater bacterial communities differed significantly 

from T. maxima bacterial communities, and importantly, the three respective tissue types 

differed significantly from each other (PERMANOVA, p = 0.001, F = 12.24, R2 = 0.40; 

Appendix 6.3 and 6.4). Thus, bacterial community structure was conserved across reef sites 

(Fig. 5.1-2), and for subsequent analyses same tissue types were pooled over reef sites.  

Taxonomic community composition of the top 20 families by reef site (Figure 5.1-2; for the 

sample-based plot see Appendix 6.5) revealed a number of bacterial families to be highly 

represented in clam tissues, including Pasteurellaceae, Alteromonadaceae, Comamonadaceae, 
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and Endozoicomonadaceae. Notably, bacterial communities of the mantle tissue were more 

diverse at the family level considering the top 20 families. In comparison, digestive system and 

gills were dominated by fewer bacterial families, such as Pasteurellaceae and 

Endozoicomonadaceae. Notably, we found a strikingly high abundance of 

Endozoicomonadaceae in the gill tissues.  

 

Figure 5.1-3 Bacterial community composition of T. maxima tissues and seawater. (a) Distribution of the 9,259 

OTUs over tissue types and seawater. Compartments sampled are color-coded: Seawater (blue), overall clam 

samples (red) with digestive system (orange), gills (gray) and mantle (green). (b) – (e) Alpha diversity estimates of 

clam tissues and seawater with (b) Chao1 richness; (c) Simpson’s diversity index; (d) Pielou’s evenness and (e) 

Faith’s phylogenetic distance. Letters denote statistical significance (p < 0.05) evaluated using Kruskal-Wallis test 

and Wilcoxon pairwise comparisons.  

 

Overall, the three tissue compartments harbored different bacterial OTUs and shared only 303 

(3.8% of Tridacna OTUs) (Fig. 5.1-3a). Although bacterial communities of gill and mantle 

tissues showed some degree of similarity (with 1,092 OTUs shared between the two of them) 

(Fig. 5.1-3a), we identified 1,320 OTUs that were only present in the gills. While the digestive 

system shared the lowest number of OTUs with the gill and mantle tissues (56 and 263 OTUs, 

respectively), mantle tissues displayed the highest richness with 5,337 OTUs (Fig. 5.1-3a, b). 

The bacterial community from the mantle also showed the most diverse community (Fig. 5.1-

3c), the highest levels of evenness (Fig. 5.1-3d) (Pairwise Wilcoxon test, p < 0.05; Appendix 

6.6), and the highest phylogenetic relatedness between OTUs (Fig. 5.1-3e) (Pairwise Wilcoxon 
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test, p < 0.005; Appendix 6.6). Bacterial communities associated with the digestive system were 

the least diverse (1,857 OTUs) and showed significantly lower richness (Pairwise Wilcoxon 

test, p < 0.05; Appendix 6.6) (Fig. 5.1-3b, c). 

Diversity of Endozoicomonadaceae  

We found a large number of OTUs assigned to the family Endozoicomonadaceae (n = 39), but 

only few of those were highly abundant (Figure 5.1-4, Appendix 6.7). Notably, the majority of 

Endozoicomonadaceae were tissue-specific (25 OTUs), with only a few (4 OTUs) present in 

all three tissues, including the most abundant bacterial taxon OTU0001. Interestingly, only 

three Endozoicomonadaceae OTUs were found in seawater.  

Overall, tissue-specific Endozoicomonadaceae OTUs showed on average lower abundances 

than those present in all three tissue compartments (Figure 5.1-4, Appendix 6.7).  
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Figure 5.1-4 Phylogenetic relationship among Endozoicomonadaceae OTUs from the giant clam T. maxima. 

Maximum-likelihood phylogenetic tree of T. maxima-associated Endozoicomonadaceae OTUs and reference 

Endozoicomonadaceae strains from other marine invertebrates. Color-coded dots denotate the tissue in which each 

OTU was present. Relative abundances of OTUs are visualized by dot size, reaching from > 10% (big dots) to 

< 1 × 10−2% (smallest dots). The scale bar corresponds to the estimated number of nucleotide changes per branch 

length 

 

The gills harbored the greatest variety of Endozoicomonadaceae OTUs, 19 of which were 

exclusively found in this tissue, while 4 OTUs were exclusively found in the digestive system, 

and 4 exclusively in the mantle. When comparing the taxonomic relatedness of clam-associated 

Endozoicomonadaceae OTUs with those previously sequenced/cultured, we found that 

associated Endozoicomonadaceae were related to a broad range, previously reported from other 
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environment and host animals. Among those were Endozoicomonas ascidiicola [previously 

described in the pharynx of Mediterranean and Scandinavian ascidians (Schreiber et al. 2016)], 

Endozoicomonas euniceicola [reported from octocorals Eunicea fusca and Plexaura spp. (Pike 

et al. 2013)], and Endozoicomonas acroporae [sequenced from whole body homogenate 

samples of Acropora spp. (Sheu et al. 2017)] (Appendix 6.1). We observed greatest 

phylogenetic distances between the highest abundant OTUs (i.e., between OTU0001, 

OTU0101, OTU0083, OTU0506, OTU0562). The majority of tissue-specific 

Endozoicomonadaceae were associated with the gills. 

Predictive functional profiling of associated bacteria 

 

We predicted functional profiles from the bacterial diversity data using PICRUSt to test 

whether differences in bacterial diversity between tissues may translate into putative functional 

differences. Average NSTI scores were found to be in an acceptable range for metagenomic 

predictions (mean NSTI digestive system = 0.102, gills = 0.11, mantle = 0.08; Appendix 6.8) 

(Langille et al. 2013; Mizrahi-Man et al. 2013). We considered only processes that displayed 

significant differences between the three investigated tissues and the surrounding seawater. To 

do this, we used LEfSE, considering a set of 249 KEGG modules in the reference pathway 

‘Microbial metabolism in diverse environments’ (map01120), with an effect size higher than 2, 

which produced 25 modules for further consideration (Appendix 6.9 and 6.10). Among these 

25 modules, 4 processes were related to nitrogen (N) cycling pathways (Figure 5.1-5). 

Arguably, those are particularly important in oligotrophic oceans, which is why we assessed 

the contribution of underlying taxa to N cycling pathways (i.e., denitrification, nitrogen 

fixation, dissimilatory nitrate reduction, and assimilatory nitrate reduction), which identified 

bacteria in the family Endozoicomonadaceae as a main contributor, in particular in the gills and 

the digestive system (Figure 5.1-5, Appendix 6.11). 
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Figure 5.1-5 Predicted microbiome functional features of nitrogen cycling related processes across tissues of the 

giant clam T. maxima and seawater. Shown are (a) denitrification, (b) nitrogen fixation, as well as (c) dissimilatory 

and (d) assimilatory nitrate reduction. Tissue compartments are color-coded (orange –digestive system, gray – gills, 

green – mantle tissues of T. maxima, blue - seawater). Percentages shown denote the relative contribution of 

Endozoicomonadaceae OTUs.  
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5.1.5. Discussion 

 

Bacterial communities of T. maxima were highly consistent and associated bacterial families 

were highly similar between replicates for tissue compartments across sampling locations in 

our study. This is in contrast to studies on other bivalves, such as oysters, that reported high 

variations between specimens (e.g. (King et al. 2012; Lokmer et al. 2016; Pierce and Ward 

2018)), and scleractinian corals from the same region (Central Red Sea), which show 

pronounced differences in bacterial community composition across locations (Roder et al. 

2015). In contrast, the bacterial microbiome of the giant clam T. maxima is highly consistent 

across the cross-shelf gradient sampled. 

T. maxima tissue has a much higher bacterial richness, by almost one order of magnitude, than 

the surrounding seawater samples (8,118 OTUs in T. maxima vs. 1,311 OTUs in seawater, 

respectively). Substantial differences between the bacterial community of the surrounding 

seawater and bivalve hosts (e.g., Crassostrea gigas and Mytilus galloprovincialis) were 

previously reported (Lokmer et al. 2016; Vezzulli et al. 2018). However, observations vary, 

from cases of higher diversities in the bivalve associated bacterial communities (Vezzulli et al. 

2018) to higher species richness in seawater samples (Lokmer et al. 2016). Moreover, T. 

maxima displays a remarkably rich bacterial community, exceeding richness reported on coral 

species from the Central Red Sea by 4- to 30- fold when comparing 8,118 OTUs reported here 

in T. maxima to ~ 300 OTUs in Stylophora pistillata (Bayer et al. 2013) to ~ 2,000 OTUs in 

Pocillopora verrucosa (Pogoreutz et al. 2018). One component of the high bacterial species 

richness in T. maxima may come from the strong specialization and differentiation among the 

three sampled tissue compartments, suggesting that microbes in these tissues are highly selected 

and functionally distinct. So far, bacteria associated with bivalves were reported to be utilized 

as a food source (Harris 1993), to assist the digestion of food (Prieur et al. 1990), or even supply 

the host with vitamins and amino acids (Newton et al. 2008). They may also protect their 

bivalve host from other, potentially harmful bacterial groups by either preventing the settlement 



197 

 

 
 

of these putative pathogens by growing in high densities (Pujalte et al. 1999) or by producing 

antimicrobial agents (Castro et al. 2002). 

Our results show that the digestive system has the lowest microbial richness among all three 

compartments. This is somewhat surprising as the digestive system, given its respective 

function, may be expected to comprise bacteria from ingested food. In general, microbes, 

located in the digestive system, encounter a comparatively extreme environment (i.e., low pH) 

(Pierce and Ward, 2018), which may result in specialization of bacteria associated to this 

compartment, although phylogenetic diversity does not necessarily correlate with functional 

diversity (Burke et al., 2011). Among all three tissue compartments, the mantle of T. maxima 

displayed not only the most diverse bacterial community, showing a high evenness, but also 

the highest species richness and phylogenetic distance. This potentially high specificity of 

bacteria associated with the mantle is reflected by the fact that this tissue only shares very few 

OTUs with seawater, although mantle tissues are directly exposed to the surrounding water 

column. These results confirm that a separate assessment of bacterial communities associated 

with different compartments in bivalves supports a better overall understanding of bacterial 

distributions in animal hosts (Pollock et al., 2018).  

Tissue-associated T. maxima bacterial communities harbor a number of bacterial families, 

including Pasteurellaceae, Alteromonadaceae, Comamonadaceae, and Endozoicomonadaceae. 

Among these families especially the high abundance of bacteria in the family 

Endozoicomonadaceae, including the most abundant OTU (OTU0001), is striking. This family 

was found in all three giant clam compartments, with particularly high abundances in the gill 

tissues. Endozoicomonadaceae have previously been reported from a number of marine 

organisms (Neave et al. 2017a), from simple invertebrates, like sponges (Bartz et al. 2018) and 

corals (Bayer et al. 2013; Neave et al. 2017a; Pogoreutz et al. 2018) to complex vertebrates like 

fish (Katharios et al. 2015). For marine invertebrates, including giant clams, it has been reported 

that the presence of Endozoicomonadaceae-related sequences (referred to as Oceanospirillales) 

correlates with the association with photosynthetic symbionts such as Symbiodiniaceae 
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(Bourne et al. 2013). In line with these findings, we observed a high number of distinct 

Endozoicomonadaceae taxa in T. maxima. However, unlike to the previously reported 

phylogenetic pattern, in which the association with Endozoicomonadaceae correlates with the 

presence of symbionts, highest abundances of this family were found within the gill tissues of 

T. maxima, which are the only compartment among the three investigated not harboring 

Symbiodiniaceae. In fact, there is an apparent overall dominance of Endozoicomonadaceae in 

T. maxima, but we observed also distinct differences across tissues. High abundances of 

Endozoicomonadaceae have been previously also reported for tissues of other bivalves, such as 

intestines of the comb pen shell Atrina pectinate (Hyun et al. 2014), the gills of the deep-water 

bivalve Acesta excavate (Jensen et al. 2010), as well as both, gills and intestinal content of the 

blue mussel Mytilus edulis (Schill et al. 2017). For the latter, the authors also reported tissue-

dependent abundances of Endozoicomonadaceae (sequences assessed from gills and intestinal 

content comprised up to 67.6 and 37.2%, respectively of one OTU representing this family).  

Notably, only 8 out of the total 39 observed Endozoicomonadaceae OTUs were present in more 

than one tissue (including the most abundant OTU0001), and the majority of 

Endozoicomonadaceae OTUs were tissue-specific. Among all three tissues, the gills of T. 

maxima harbored the greatest number of Endozoicomonadaceae OTUs (19), which were 

exclusively found in this tissue, while only 4 Endozoicomonadaceae OTUs were each 

associated with the digestive system and mantle tissues. The four most abundant 

Endozoicomonadaceae OTUs harbored by the digestive system were also found in the gill 

tissues, which may suggest that they ended up in the digestive system due to accidental 

digestion of bacteria from the gills. However, we deem this to be unlikely, given that a total of 

eight Endozoicomonas-related OTUs found in this study were observed in the digestive system 

but not in the gills, with one of them being OTU242, the fifth abundant Endozoicomonas OTU 

overall.  

Some of the observed Endozoicomonadaceae OTUs were found to be related to previously 

described OTUs. Among those were OTU083 (found in digestive, gill, and mantle tissues of T. 
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maxima) and OTU0101 (found in digestive and gill tissues of T. maxima) to Endozoicomonas 

ascidiicola (Schreiber et al. 2016) and Endozoicomonas euniceicola (Pike et al. 2013), 

respectively, which have been both previously reported for the octocorals Eunicea fusca and 

Plexaura spp., as well as OTU0975 (present in mantle tissues of T. maxima) and 

Endozoicomonas acroporae (Sheu et al. 2017). 

Although Endozoicomonadaceae bacteria are globally distributed and have been shown to be 

often abundantly associated with their hosts, their functional role(s) remain(s) unknown. Yet, 

there have been a number of functions proposed for this genus, both beneficial and harmful, 

including nutrient acquisition and cycling (Bourne et al. 2013; Correa et al. 2013; Neave et al. 

2017a), a contribution to host health (Bayer et al. 2013; Jessen et al. 2013; Roder et al. 2015) 

as well as structuring of the host microbiome (Bourne et al. 2013). 

We found overall high abundances of Endozoicomonadaceae bacteria across the three T. 

maxima tissues investigated. In particular, the gill tissue showed high diversification in 

associated Endozoicomonadaceae, which are phylogenetically related to OTU0001. The gills 

of giant clams have been previously shown to be responsible for the uptake and assimilation of 

ammonia from the surrounding seawater (Rees et al. 1994; Shepherd et al. 1999). The ability 

of assimilating exogenous ammonia and recycling nitrogen between the giant clam host and 

their symbionts is assumed to be reason for the success of Tridacninae in the oligotrophic waters 

of tropical oceans (Boo et al. 2017). The strong association of Endozoicomonadaceae with giant 

clam gill tissues could therefore be an indication for the contribution of this bacterial group to 

processes related to nitrogen uptake. This hypothesis was further supported by our functional 

attribution analysis, which showed that OTUs associated with processes related to nitrogen 

were prevalent in all tissues, but showed particularly high levels in gill tissues. Relatively high 

abundances of Endozoicomonadaceae in the gill tissues have been previously also reported for 

two Red Sea oyster species, Chama savignyi (Zurel et al. 2011) and Spondylus spinosus 

(Roterman et al. 2015).  
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Mapping of genes associated with nitrogen-related processes to their bacterial taxonomic 

affiliation revealed the dominance of Endozoicomonadaceae. This further correlates with the 

high abundance and distinct Endozoicomonadaceae OTUs found in the gills of giant clams in 

our study. Although predictive functional profiling should be considered with caution, we 

hypothesize that this bacterial family may play a role in nitrogen-related processes of giant clam 

holobionts. It should be pointed out that Endozoicomonadaceae contributed to dissimilatory 

nitrate reduction, which refers to the anaerobic respiration using nitrate as electron acceptor 

producing ammonium. As such, Endozoicomonadaceae may assist their animal hosts in making 

nitrogen sources in nutrient poor environments available that are otherwise inaccessible. This 

hypothesis is further supported by the fact that a previous study (Neave et al. 2017a), examining 

the genomes of other Endozoicomonadaceae isolated from marine invertebrates (E. elysicola 

(Kurahashi and Yokota 2007), E. numazuensis (Nishijima et al. 2013), and E. montiporae from 

(Yang et al. 2010) from the sea slug Elysia ornate, a sponge, and the coral Montipora 

aequituberculata, respectively), included genes for several forms of nitrate reductases, which 

would allow the conversion of nitrate to nitrite, and further the conversion of nitrite to ammonia. 

Neave et al. (2017a) further reported that the examined Endozoicomonas genomes all contained 

pathways for the assimilation of ammonia through the synthesis of glutamine and glutamate. 

However, this exciting hypothesis on the important putative function of Endozoicomonas 

awaits further experimental confirmation. 
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6. Synthesis 

 
Giant clams (Tridacninae) are charismatic members of Indo-Pacific coral reef communities. 

Although they are assumed to be of great importance for a (healthy) reef, by playing multiple 

roles for these communities (e.g. as food, shelter and substrate)(Neo et al. 2015), the drivers for 

their distribution and local abundances, as well as their contribution to overall reef productivity 

are not well understood yet. This is particularly true for the Red Sea, where the overall status 

of invertebrates is rather poorly studied, despite them being the most diverse group of local reef 

organisms and being especially susceptible to environmental and anthropogenic treats 

(Berumen et al. 2013).  

As for all metazoans (including giant clams) it is becoming more and more evident, that these 

organisms should not be considered as a single, but rather a metaorganism (holobiont), a  

complex community of many species (Bosch and Miller 2016). The three most important 

entities in Tridacninae would be the giant clam host itself, the algal symbionts that are harbored 

inside its tissues and its associated bacterial microbiome (Fig. 6-1). The same holobiotic 

components are known for scleractinians, where previous studies have shown that changes in 

environmental conditions that influence an individual entity, may eventually affect the entire 

holobiont (Hoegh-Guldberg and Smith 1989; Thurber et al. 2009; Bosch and Miller 2016). 

This thesis, therefore, comprises research on Tridacninae from (1) a broad ecosystem level, 

assessing the abundance and distribution of Tridacninae in Red Sea coral reefs, to (2) new 

insights into their associated algal and bacterial microbiome composition and the putative 

function of both in offering a mechanism for environmental niche adaptation, as well as (3) the 

implications of solar irradiance for the Tridacna maxima holobiont on a physiological and (4) 

on a nanoscale level, when describing the interaction of wavelengths of light with the photo-

protective structures that Tridacninae developed to thrive in shallow waters.  

For this study, I conducted an extensive abundance survey on Tridacna spp. along the eastern 

coast of the Red Sea and identified different geographical parameters (i.e., latitude and distance 
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to shore) and local environmental factors (i.e. depth and reef zone) as the main drivers for local 

Tridacna spp. densities (see Chapter 3.1). Especially the received level of incident solar 

irradiance is hereby shaping the depth-dependent distribution of Tridacninae in the local reefs 

(see Chapter 3.1 and 4.1). Giant clams were most abundant at shallow, sunlit parts of the 

leeward reef crest, in depths < 5 m (Fig. 6-1), a pattern that is certainly influenced by the 

requirements of their symbiotic microalgae (Symbiodiniaceae) for sufficient levels of 

photosynthetic active radiation (400 – 700 nm; PAR).  

 
 
Figure 5.1 Schematic overview of Red Sea coral reef, highlighting depth-dependent abundances of Tridacna spp. 

clams. Curves symbolize the decrease of photosynthetic active radiation (PAR; 400 – 700 nm) and ultraviolet B 

radiation (UV-B; 290 – 320 nm) with increasing water depth. The illustration in the right corner depicts Tridacninae 

as a holobiotic organism, consisting of a giant clam host, symbiotic microalgae and an associated bacterial 

microbiome. 

 

The fine-scale delineation of associated Symbiodiniaceae in Red Sea T. maxima clams (Chapter 

3.2) revealed a diverse and structured collection of host-associated algae with communities 

demonstrating high region- and site specificity. This indicates a flexibility in T. maxima-

Symbiodiniaceae associations and may explain its relatively high environmental plasticity, 

potentially offering a mechanism for environmental niche adaptation. However, to what extend 

these site-specific communities of associated algae communities may, for example, influence 

the adaption potential of the giant clam holobiont to environmental stressors (e.g. high water 
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temperatures) remains unclear. In any case would the general light-dependency of the algal 

symbionts to maintain their photosynthetic rates probably be independent of their fine-scale 

(intragenomic) genetic identity.  

Thus, the results of this thesis further highlight the importance of solar radiation for the 

autoecology of Tridacninae (see Chapter 4). Red Sea T. maxima clams show a strong light-

dependency of net calcification and primary production, with both being highest at irradiances 

that are comparable to water depths between 3 and 4 m, but a strong inhibition at highest 

incident irradiances, received in very shallow (0 – 1.5 m) waters (see Chapter 4.1)(Rossbach et 

al. 2019a). This light- and therefore also depth-dependency, which restricts the clams to shallow 

reefs, means consequently that the Tridacna holobiont is also more likely to be exposed to high, 

and (potentially) harmful levels of incident UV-B radiation (280 – 315 nm) (Shick et al. 1995; 

Overmans and Agustí 2020) and warming. The finding that Red Sea Tridacna spp. abundances 

are highest in depths around 5 m might be therefore due to a trade-off between the reception of 

sufficiently high PAR (which is still around 55% percent of surface levels), and the exposure 

to UV (about 30% of the UV-B radiation received at the surface; Overmans and Agustí 2020) 

and warm waters (Fig. 6.1). 

Highly energetic UVR is known to play a significant ecological role and is also connected to 

detrimental effects on various marine organisms (Helbling and Zagarese 2003). In the giant 

clam T. gigas, and when occurring in combination with elevated water temperatures, high UVR 

is assumed to be the primary trigger for bleaching, i.e. the expulsion of the algal symbionts 

(Buck 2000; Buck et al. 2002). Due to this environmental pressure, Tridacninae had to develop 

protective mechanisms against high solar irradiances and especially UVR-induced damage. 

Previous work on potential UV-protective properties of the giant clam T. crocea reported on 

the photo-protective mechanisms of mycosporine-like amino acids (MAAs) in the giant clams’ 

mantle tissue (Ishikura et al. 1997), which are known to act as UV-absorbing compounds (Shick 

et al. 1992; Banaszak et al. 2006). However, the studies presented in this thesis, report on two 

additional and highly effective mechanisms that Tridacninae evolved to cope with high 
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irradiances in shallow reefs. First, giant clams develop ‘Iridocytes’, specialized cells containing 

multiple stacks of proteinaceous platelets that act as multilayer nano-reflectors (see Chapter 

4.2). Giant clam iridocytes convert potentially damaging UV radiation into light emitted in the 

blue part of the spectrum, which can be subsequently absorbed by the photosynthetic pigments 

of the algal symbionts (Rossbach et al. 2020a). This dual mechanism, where bivalve host and 

symbionts are sheltered from damaging UVR, while the flux of PAR increases, provides a 

major advantage to Tridacninae due to two reasons: (1) it reduces the overall exposure to high 

doses of UV and (2) it expands the mutual benefits of the symbiotic relationship between the 

host and symbiotic unicellular algae, which can be of crucial importance in the oligotrophic 

water of tropical coral reefs. While these specialized cells, potentially in combination with the 

UV-absorbing MAAs, already provide a very effective photo-protective mechanism, the 

adjustment of their concentrations as a response to an increase in incident irradiances would be 

energy- and time-consuming, if it would be possible at all. However, according to the 

experimental findings presented in Chapter 4.3, Tridacninae also developed another, behavioral 

photo-protective mechanism, by which the clam is able to flexibly adjust its shell gaping 

behavior to incident irradiance levels within a short time frame (Rossbach et al. 2020b). As a 

result, the proportion of mantle area exposed to solar radiation is adjusted. This behavioral 

adaption allows Tridacninae to respond to changes in incident irradiance reception in real-time 

(within minutes). Simultaneously, giant clams can maintain their high rates of net calcification 

and primary production, although the described shading consequently leads to a reduction in 

received PAR levels. This finding provides another evidence for the suggested effective light 

harvesting of iridocyte cells (Holt et al. 2014; Ghoshal et al. 2016; Rossbach et al. 2020a), 

supporting the Tridacna holobiont at its presumably very successful use of available 

wavelengths.  

Similar to corals, it is especially the effective photo-symbiosis between host and symbiotic 

algae, which allows the giant clam to thrive in the nutrient deficient waters of tropical coral 

reefs. In addition, it is becoming more and more evident, that another entity of the holobiont 
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might play an important role: the bacterial microbiome. For other reef organisms, such as corals 

and sponges, patterns of microbial diversity and even presumptive functions are broadly 

explored (Ainsworth et al. 2010; Bourne et al. 2016; Neave et al. 2017a; Neave et al. 2017b). 

Yet, comparatively little is known about the bacteria associated with giant clams, albeit the 

importance of the bacterial microbiome to animal and plant function is now widely 

acknowledged (McFall-Ngai et al. 2013; Bang et al. 2018). To fill this knowledge gap, research 

for this thesis also included the first characterization of the bacterial community composition 

of T. maxima clams (see Chapter 5.1). The main finding hereby was that bacteria of the 

Endozoicomonadaceae family are highly abundant in all three T. maxima tissues investigated 

(i.e. gills, digestive system and mantle) and that particularly the gill tissue show high 

diversification in associated Endozoicomonadaceae (Rossbach et al. 2019b). The gills of 

Tridacninae have been previously shown to be responsible for the uptake and assimilation of 

ammonia from the surrounding seawater (Rees et al. 1994; Shepherd et al. 1999) and the ability 

of assimilating exogenous ammonia and recycling nitrogen between the giant clam host and its 

symbionts is assumed to be one of the reasons for the success of Tridacninae in oligotrophic 

waters (Boo et al. 2017). The observed strong association of Endozoicomonadaceae with giant 

clam gill tissues could therefore be an indication for the contribution of this bacterial group to 

processes related to nitrogen uptake. This would be further supported by the conducted 

functional attribution analysis, which showed that OTUs associated with processes related to 

nitrogen were prevalent in all tissues but showed particularly high levels in the gills. Although 

predictive functional profiling should be considered with caution, it can be hypothesized that 

this bacterial family may play a role in nitrogen-related processes of giant clam holobionts, 

where they could contribute to dissimilatory nitrate reduction (i.e. anaerobic respiration using 

nitrate as electron acceptor producing ammonium). As such, Endozoicomonadaceae may assist 

their clam hosts in making nitrogen sources in nutrient poor environments available that are 

otherwise inaccessible. This would be also of special importance for the symbiotic relationship 

with the associated dinoflagellates, as those can synthesize amino acids to benefit the host, but 

are nitrogen-deficient (Ip et al. 2020). Hence, the host, presumably together with the associated 
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bacteria, must supply them with nitrogen (Ip et al. 2020). Besides assessing the relationship of 

Tridacninae and their bacterial microbiome in further detail, future studies should therefore also 

include experiments (e.g. using labelled Nitrogen sources) to confirm these putative functions 

of Endozoicomonadaceae in giant clams. 

In summary, the results of this thesis confirm the complex relationship of the Tridacninae 

holobiont with its environment, and especially the relevance of incident solar irradiance for 

these organisms. Further research is now needed to understand how the different entities of the 

giant clam holobiont and the composition of the respective microbiome (i.e. algal symbionts 

and bacteria), are shaping the overall ecology, responses to different abiotic factors (e.g. light, 

temperature, salinity and nutrient availability) and susceptibility of Tridacninae to 

environmental changes, not only in the Red Sea, but also globally. A comprehensive 

understanding of the overall role and contributions of the holobiont to (Red Sea) reef 

communities, in addition to the recent efforts in understanding the drivers for abundances of 

the host (see Chapter 3.1) and its population dynamics in the region (Lim et al. 2020) may also 

contribute to the conservation efforts from local to regional scales, and eventually aid the 

protection of Tridacninae in the Red Sea and elsewhere.  
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APPENDIX 1  

Appendix 1.1  

 

 

A1.1 Overview Map of survey sites within the Red Sea, with a) map of Red Sea in the 

Western Indian Ocean Province, b) Red Sea with all 58 surveyed reefs, and detailed maps 

with reefs surveyed in c) the northern Red Sea area, including Gulf of Aqaba, d) the Al Wajd 

lagoon in the northern/central Red Sea, e) Thuwal region and f) the Farasan Banks in the 

southern Red Sea.  

 

 



217 

 

 
 

Appendix 1.2  

 

A1.2 Correlations of annually averaged water temperatures (˚C) with latitude as a) continuous 

and as b) categorical factors and with region as c) continuous and d) categorical factors   
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Appendix 1.3  

Best variable among latitude (continuous), region and temperature (continuous and categorical) 

based on AIC. “Cat” indicates categorical variable and “cont” indicates continuous variable. 

Model AIC 

Tridacna density ~ Latitude (cont) + Depth (cat) + Wind (cat) + Latitude (cont) 

*Wind (cat) + Depth (cat)*Wind (cat) + Latitude (cont) *Depth (cat); Random 

~1|Reef 

245.26 

 

Tridacna density ~ Temperature (cat) + Depth (cat) + Wind (cat) + Temperature 

(cat) *Wind (cat) + Depth (cat)*Wind (cat) + Temperature (cat) *Depth (cat); 

Random ~1|Reef 

232.97 

 

 

Tridacna density ~ Temperature (cont) + Depth (cat) + Wind (cat) + Temperature 

(cont) *Wind (cat) + Depth (cat)*Wind (cat) + Temperature (cont) *Depth (cat); 

Random ~1|Reef 

223.89 

 

 

Tridacna density ~ Region (cat) + Depth (cat) + Wind (cat) + Region (cat)*Wind 

(cat) + Depth (cat)*Wind (cat) + Region (cat)*Depth (cat); Random ~1|Reef 
222.65 
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Appendix 1.4  

Best model simplification approach based on AIC. “Cat” indicates categorical variable and 

“cont” indicates continuous variable. 

Best Model Simplification AIC 

Tridacna density ~ Region (cat) + Depth (cat) + Wind (cat) + Region (cat)*Wind 

(cat) + Depth (cat)*Wind (cat) + Region (cat)*Depth (cat); Random ~1|Reef 
222.65 

 

Fixed variable p-value  

Region 0.008  

Depth <0.001  

Wind <0.001  

Region*Wind 0.052  

Depth*Wind <0.001  

Region*Depth <0.001  

Tridacna density ~ Region (cat) + Depth (cat) + Wind (cat) + Depth (cat)*Wind 

(cat) + Region (cat)*Depth (cat); Random ~1|Reef 
222.68 

 

 

Fixed variable p-value  

Region 0.009  

Depth <0.001  

Wind <0.001  

Depth*Wind <0.001  

Region*Depth <0.001  
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Appendix 1.5 

Statistics for independent drivers on Tridacna spp. abundances 

Independent driver F-value or t-ratio p-value  

Latitude 5.73 0.005 * 

South vs Middle -0.43 0.904  

South vs North -3.28 0.005 * 

Middle vs North -2.12 0.095  

Distance to shore 4.49 0.015 * 

Nearshore vs 

Midshore 

1.96 0.131  

Nearshore vs 

Offshore 

2.84 0.017 * 

Midshore vs Offshore 0.344 0.937  

Wind exposure 23.14 <0.001 * 

Depth [m] 15.53  * 

<2m vs 2-6.5m 1.02 0.5644  

<2m vs >6.5m 7.38 <0.001 * 

2 -6.5m vs >6.5m 8.41 <0.001 * 

Reef zone 21.86 <0.001 * 

Flat vs Edge -0.47 0.965  

Flat vs Slope 4.77 <0.0001 * 

Flat vs Steep slope 5.32 <0.0001 * 

Edge vs Slope 5.59 <0.0001 * 

Edge vs Steep slope 6.09 <0.0001 * 

Slope vs Steep slope 2.5 0.061  
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Appendix 1.6 Published manuscript 

Rossbach, S., Anton A. and Duarte, C.M., 2021. Drivers of the abundance of 

Tridacna spp. giant clams in the Red Sea. Frontiers in Marine Science, 

DOI: 10.3389/fmars.2020.592852 
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Drivers of the Abundance of Tridacna
spp. Giant Clams in the Red Sea
Susann Rossbach* , Andrea Anton and Carlos M. Duarte

Biological and Environmental Science and Engineering Division, Red Sea Research Centre and Computational Bioscience
Research Center, King Abdullah University of Science and Technology, Thuwal, Saudi Arabia

Giant clams (Subfamily Tridacninae), are important members of Indo-Pacific coral
reefs, playing multiple roles in the framework of these communities. Although they are
prominent species in Red Sea reefs, data on their distribution and densities in the region
are scarce. The present study provides the first large-scale survey of Red Sea Tridacna
spp. densities, where we examined a large proportion of the Saudi Arabian Red Sea
coast (1,300 km; from 18◦ to 29◦N). Overall, Tridacninae were found at densities of
0.19 ± 0.43 individuals m−2 (±SD). Out of the total 4,002 observed clams, the majority
(89%) were Tridacna maxima, with 0.17 ± 0.37 individuals m−2, while only 11% were
Tridacna squamosa clams with 0.02 ± 0.07 individuals m−2. We also report on a few
(total 6) Tridacna squamosina specimens, found at a single reef. We identified different
geographical parameters (i.e., latitude and distance to shore) and local environmental
factors (i.e., depth and reef zone) as the main drivers for local Tridacna spp. densities.
Our results show that the drivers influencing the densities of Red Sea giant clams are
complex due to their co-occurrence and that this complexity might explain the high
variation in Tridacninae abundances across the Indo-Pacific, but also within a given reef.
We also estimate that giant clam calcification likely contributes to an average of 0.7%,
but potentially up to 9%, of the overall mean calcium carbonate budget of Red Sea coral
reef communities.

Keywords: Tridacna, giant clam, Red Sea, abundance, reef

INTRODUCTION

Giant clams of the Tridacninae subfamily, ranking among the largest (Beckvar, 1981) and fastest-
growing bivalves on Earth, are charismatic and important components of Indo-Pacific coral
reef communities (Bonham, 1965; Neo et al., 2015). They are an important ecosystem engineer,
contributing to the reef carbonate structure (Andréfouët et al., 2005; Neo et al., 2015) and play
multiple other roles in this ecosystem. They provide food for predators and scavengers (Alcazar,
1986), shelter for commensal organisms (De Grave, 1999), and serve as a settling substrate for
epibionts (Vicentuan-Cabaitan et al., 2014). To date, this bivalve subfamily comprises 12 extant
species (Neo et al., 2017; Fauvelot et al., 2020), found in greatest diversity in the Central Indo-
Pacific, especially Polynesia, but also in Australian waters (both, Pacific and Indian Ocean), and the
Red Sea (bin Othman et al., 2010; Neo et al., 2017). However, their taxonomical status, as well as
their distribution ranges and phylogeography are continuously revised (Fauvelot et al., 2020).

All giant clam species are currently listed on the IUCN Red List of Threatened Species
(IUCN, 2016) and protected under Appendix II of the Convention on International Trade in
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Endangered Species of Wild Fauna and Flora (CITES). Most of
them are considered to be at a lower risk/conservation-dependent
status; however, according to Neo et al. (2017), the IUCN status
of Tridacninae is in urgent need of updating. For the Red Sea,
three species of giant clams have been previously reported (e.g.,
by Roa-Quiaoit, 2005; Richter et al., 2008; Huber and Eschner,
2010; Ullmann, 2013), namely Tridacna squamosa Lamarck,
1819, Tridacna squamosina Sturany, 1899 (previously described
as T. costata by Richter et al., 2008) and Tridacna maxima
Röding, 1789. The latter, also called the “small giant clam,” is
assumed to be the most abundant giant clam species in the Red
Sea (Jantzen et al., 2008; Pappas et al., 2017; Lim et al., 2020).
Previously reported densities of T. maxima vary substantially,
with typical averages ranging between 10−4 and 10−5 individuals
per meter square (m2), in different regions of the Indo-Pacific
(Neo et al., 2017). Only in very few cases, T. maxima has been
reported in much higher densities, for example for some reefs
in French Polynesia with averages of 1.6–2.7 individuals m−2

(Andréfouët et al., 2009) and a maximum of 544 individuals per
m2 (Gilbert et al., 2005).

Large variability of the abundance of Tridacninae could be
explained by several environmental and biogeographic factors.
The availability of light is crucial for these clams, as they stand
out among bivalve mollusks due to their symbiotic relationship
with dinoflagellates of the Symbiodiniaceae family (Yonge, 1936;
Taylor, 1969; LaJeunesse et al., 2018). Due to their photo-
symbiotic relationship, and the resulting mixotrophic feeding
strategy (Jantzen et al., 2008), Tridacninae can even reach a
net photoautotrophic metabolism (Klumpp et al., 1992; Klumpp
and Griffiths, 1994). Processes of light-enhanced calcification are
presumed to be the main reason why Tridacninae show high
calcification rates (Ip et al., 2017b, 2018; Boo et al., 2019; Chew
et al., 2019; Rossbach et al., 2019) and their subsequent impressive
sizes. The requirement for photosynthetically active radiation
(PAR, 400–700 nm) of their algal symbionts restricts giant clams
to sunlit, shallow waters, where they are – at the same time –
exposed to potentially high levels of ultraviolet (UV) radiation
(Overmans and Agustí, 2020; Rossbach et al., 2020b) and high
water temperatures (Andréfouët et al., 2013).

Existing studies on densities of giant clams across depth
report the highest numbers of Tridacninae per m2 in shallow
reefs (<10 m), principally reef flats and the reef edge (Van
Wynsberge et al., 2016; Rossbach et al., 2019). The recently
described, strong light-dependency of calcification in Red Sea
giant clams (Rossbach et al., 2019), may therefore be among
the main drivers which restrict the depth-distribution of
Tridacninae within the reef. In addition to the availability of
light, sea temperatures (Apte et al., 2019) and wave exposure
are also important environmental factors for symbiotic benthic
organisms (Williams et al., 2013), and are potentially impacting
the overall abundances of Tridacninae. Other habitat parameters,
for example the substrate and overall geomorphology of the
reef could influence larval settlement success, as giant clam
larvae have been reported to favor high substrate rugosity (e.g.,
on coral rubble) to settle (Alcazar and Solis, 1986; Neo et al.,
2009). Furthermore, at a regional spatial scale, the “reef-type”
seems to have a major influence on giant clam abundances

(Andréfouët et al., 2009). For example, higher densities are
found in enclosed vs. open atoll reefs, and inside lagoons rather
than at the outer reef slope (Van Wynsberge et al., 2016). Due
to their specific habitat preference (Yonge, 1975; Hart et al.,
1998) and their presumed longevity (Chambers, 2007), giant
clams are exceedingly vulnerable to exploitation (e.g., harvest
for food and souvenirs) and environmental degradation, caused
by human activities and climate change (Ashworth et al., 2004;
Van Wynsberge et al., 2016). Consequently, giant clam densities
are reported to show a negative correlation with local human
population size per surface area of shallow reef, which could be
mainly explained by a higher fishing pressure, usually associated
with a larger population (Van Wynsberge et al., 2016). Yet, in
general, the extent to which all these different factors potentially
affect the distribution and local abundances of giant clams,
has been rather poorly assessed so far (Van Wynsberge et al.,
2016). This holds true for the entire geographical Indo-Pacific
distribution range of Tridacninae, but especially for poorly
scientifically surveyed coral reefs, such as those in the Red Sea
(as reviewed by Van Wynsberge et al., 2016).

The Red Sea presents distinct natural latitudinal gradients of
temperature (Chaidez et al., 2017), salinity (Arz et al., 2003) and
nutrient availability (Sawall et al., 2015), all of them displaying
a high spatial variability (Ngugi et al., 2012). Surface water
temperatures are overall high and increase toward the South, with
maximum sea surface temperatures ranging from 33.0 to 33.9◦C
during the summer (Chaidez et al., 2017; Agulles et al., 2020). Red
Sea coral reefs have also repeatedly faced thermal stress associated
to heatwaves, especially in the southern region (Monroe et al.,
2018; Osman et al., 2018; Anton et al., 2020). Although waters
in the North are more transparent to wavelengths of the UV
spectrum than those in the southern Red Sea, they receive in
general less intense solar radiation due to the higher latitude
(Overmans and Agustí, 2019). Thus, overall maximum UV doses,
received in the water column at both, northern and southern Red
Sea reefs might be comparable (Overmans and Agustí, 2019).
There are also two wind patterns in the region: In the North,
the wind systems remains relatively constant throughout the
year, with winds coming predominantly from the North-West
(Sofianos and Johns, 2002; Zarokanellos et al., 2017). In the
South, the wind system is additionally regulated by the dynamics
of the Indian monsoon, and the wind changes the direction to
South-East during the northern hemisphere winter (Al Saafani
and Shenoi, 2004; Sofianos and Johns, 2015).

Red Sea coral reefs also face a number of anthropogenic
threats, including unsustainable tourism (Gladstone et al., 2013),
habitat destruction (Badr et al., 2009), and overfishing (Hasan,
2005; Spaet and Berumen, 2015). Unlike the Asian Pacific region,
where Tridacninae are still commercially harvested (Lucas, 1994;
Larson, 2016), the collection of giant clams was prohibited
by the Saudi Arabian Wildlife Commission in the early 2000s
(Gladstone, 2000; AbuZinada et al., 2004), thus protecting
local Tridacninae communities in the eastern Red Sea for the
past two decades.

To date, densities of giant clams in the Red Sea have been
mostly assessed for northern latitudes, including the Egyptian
Red Sea coast (Zuschin et al., 2001; Ullmann, 2013) and the
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Gulf of Aqaba (Roa-Quiaoit, 2005), as well as at a few scattered
reefs along the Saudi Arabian Red Sea coast (Roa-Quiaoit,
2005; Rossbach et al., 2019). However, except for Rossbach
et al. (2019), none of these previous studies assessed the depth-
related distribution of Tridacna spp., although previous research
clearly indicates that depth can have a significant impact on the
density estimates of Tridacninae (Van Wynsberge et al., 2016;
Rossbach et al., 2019).

Here we present a large-scale survey of the density of
Tridacna spp. in the eastern Red Sea, where we assessed
the number of individuals m−2 of reef, along approximately
1,300 km of the Saudi Arabian Red Sea coastline (ranging from
29 to 18◦N). We further aim to identify the most important
environmental and biogeographical factors (e.g., light availability,
water temperature, wave exposure, and distance to shore) that
could potentially influence the overall densities of Tridacninae in
the eastern Red Sea.

MATERIALS AND METHODS

Abundance Surveys
Between December 2016 and April 2019, we visited 58 different
reefs along the Saudi Arabian Red Sea coast (Figure 1A,
see Supplementary Figure 1 for a more detailed map), and
performed a total of 661 belt transects on Tridacna spp. densities,
either via snorkeling or SCUBA diving. The surveyed reefs were
categorized according to their geographical location, ranging
from reefs at 29◦N in the Gulf of Aqaba to 18◦N at the
southern Farasan Banks, and grouped into the northern (25◦,
27◦, and 29◦N), central (21◦, 22◦, and 24◦N), and southern
(18◦, 19◦, and 20◦N) Red Sea (according to Raitsos et al.,
2013; Figure 1A). We also considered the distance to shore, as
reefs were located either nearshore (<10 km away from shore),
midshore (10–20 km), or offshore (>20 km) (according to Furby
et al., 2013; Figure 1B). At a respective reef, we would further
differentiate between the windward or leeward site of the reef,
dependent on the predominant exposure to wind (according
to Al Saafani and Shenoi, 2004; Figure 1B). At both sites (i.e.,
windward and leeward), we conducted 30 m long belt transects,
recording all Tridacna specimens within a 1 m2 wide corridor
(i.e., 30 m2 for each transect; Figure 1C), covering a total
Red Sea coral reef area of 20,976 m2. Belt transects have been
established as a standard surveying method, as their ease of
use and adaptable length has been shown to be most suitable
to assess the density range of Tridacna spp., and its habitat
substratum configurations (Van Wynsberge et al., 2016). The
belt transects were conducted at different depths, between 0.5
and 15 m, depending on the depth extension of the respective
reef, with a minimum of six and a maximum of 21 transects
per site (Figure 1D). We grouped the transects then into three
categories, i.e., conducted at depths shallower than 2 m, between
2 and 6.5 m and deeper than 6.5 m (Figure 1D) and also
considered the reef architecture, as transects covered the reef
flat, the edge, and the slope (Figure 1D), with slopes having
an inclination of more than 50 degrees being considered as
“steep slopes.”

Temperature Data
Annually averaged water temperatures of the last 10 years
(2007–2017) were extracted from the corresponding data set of
Agulles et al. (2020). Their 3-D gridded temperature product
(TEMPERSEA), with a spatial resolution of 0.25◦ × 0.25◦,
compares satellite observations of sea surface temperature and
reconstructs sea temperatures in the upper layer (for depths
<100 m). We used these averaged annually water temperatures
from depths shallower than 5 m, at 5–10 m, and in those deeper
than 10 m, an additional factor in the analysis of potential drivers
for Tridacna spp. densities in the Red Sea.

Data Filtering
For the potential regional predictors of clam densities, we used
the following broad-scale physical variables for each of the
surveyed reefs: (A) latitude, i.e., southern (18◦, 19◦, and 20◦N),
central (21◦, 22◦, and 24◦N) and northern Red Sea (25◦, 27◦, and
29◦N), (B) distance to shore, i.e., nearshore (<10 km away from
shore), midshore (10–20 km), and offshore reefs (>20 km), (C)
predominant exposure to wind, i.e., windward and leeward sites,
(D) annually averaged water temperatures of the last ten years,
(E) depth, i.e., <2, 2–6.5, and >6.5 m, and (F) reef zone, i.e., reef
flat, edge, slope, and steep slope (where the inclination was more
than 50 degrees).

Statistical Analyses
We used generalized mixed-effects linear models with the lme()
function from the nlme R package (Version 3.6.1.; Pinheiro
et al., 2015) adding reef ID as a random factor because several
transects were deployed on each site. We first performed simple
mixed-effects models for each potential driver of the densities of
Tridacna spp. independently to assess their effects at the basin
level. All these simple mixed-models were linear regressions
(y∼x) of categorical variables except for temperature, which
was included as a continuous variable, and analyzed using a
polynomial type 2 model (y∼x + x2). We used a likelihood
ratio test to assess the significance of the fixed variables at
p-values <0.05. To assess differences across levels of treatment
we performed a post hoc Tuckey test using the lsmeans () package
(Lenth and Hervé, 2015). Statistical significance was reported at
p-values <0.05.

We then performed a more complex exploration of the
potential drivers for Tridacna spp. densities, by combining their
effects in a single model. To do this, we first examined
potential correlations between independent predictors
(Supplementary Figure 2) and, if correlated, selected the
best independent variable based on the Akaike Information
Criterion (AIC; Supplementary Table 1). We started with
a model that included all independent variables and the
paired interactions between them, and reef as a random
factor (Supplementary Table 2). After that, we followed a
step-wise model simplification approach to find the most
parsimonious model (Crawley, 2012), using AIC to exclude
predictors in the model (Burnham and Anderson, 2004;
Supplementary Table 2). The R-square of the model was
calculated using the r.squaredGLMM() function from the
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FIGURE 1 | (A) Map of Red Sea, highlighted in red are the 58 surveyed reefs along the Saudi Arabian coastline, (B) Schematic of surveyed reefs located nearshore
(<10 km from the shore), midshore (10–20 km), and offshore (>20 km), indicating the windward and leeward side (according to predominant northwesterly winds in
the Red Sea). (C) Illustration of a SCUBA diver conducting a belt transect. (D) Schematic reef with reef flat, edge and slope, highlighting the three surveyed depth
zones, >2, 2–6.5, and >6.5 m.

MuMIn R package. Again, we used a likelihood ratio test to assess
the significance of the fixed variables and a post hoc Tuckey
test to assess differences across levels of treatment at p-values
<0.05. All graphs were created using the ggplot2 R package
(Wickham, 2009).

RESULTS

We recorded a total of 4,002 Tridacna spp. clams, with an overall
average (±SD) density of 0.19 ± 0.43 individuals m−2 and a
median density of 0.07 individuals m−2 (The full dataset can be

assessed in the PANGEA repository at doi: 10.1594/PANGAEA.
921114).

The majority of the individuals (89%) were identified as
T. maxima (Figure 2A), while only about 11% were T. squamosa
specimens (Figure 2B). In addition, we found a few specimens
(n = 6) of the extremely rare T. squamosina (Figure 2C) at
one single reef in the southern Red Sea. On average, and for
the entire surveyed coastline, the density of the ‘small giant
clam’ T. maxima was 0.17 ± 0.37 individuals m−2 (Figure 2D).
However, densities varied substantially between reefs, with up
to 3.03 ± 1.28 individuals m−2 at a few reefs located in the Al
Wajd Lagoon (northern Red Sea), to no clams being present at
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FIGURE 2 | Photos of Tridacna spp. specimens with (A) Tridacna maxima, (B) Tridacna squamosa, and (C) Tridacna squamosina. (D) Densities of Tridacna spp.,
T. maxima and T. squamosa as individuals per m-2 along the Saudi Arabian Red Sea coast. Gray dots symbolize densities of Tridacninae at each conducted
transect, the red line indicates the averaged density.

some reefs in the Farasan Banks (southern Red Sea). Specimens of
T. squamosa were present at 45 reefs and with an overall density
of 0.02± 0.07 individuals m−2.

Drivers of Tridacna spp. Density
Densities (±SD) of Tridacna spp. showed a strong North-South
gradient, with significantly more clams present in the northern
reefs (>25◦) with 0.46± 0.84 individuals m−2, than in the South
(18◦, 19◦, and 20◦N), where the average density was 0.10 ± 0.20
individuals m−2 (F-value = -3.28, p-value = 0.005, Figure 3A and
Supplementary Tables 2, 3). In the central Red Sea (21◦–24◦N),
averaged Tridacna spp. density was 0.17 ± 0.23 individuals
m−2. The distance to the shore had a significant influence on
giant clam densities, with more clams being present in reefs
located nearshore (i.e., <10 km away from shore) than at reefs
located offshore (i.e., >20 km away from the coast) (Figure 3B,
F-value = 2.84, p-value = 0.017, Supplementary Tables 2, 3).

Within a given reef, we found a number of drivers that, mostly
due to their correlation with each other and/or co-occurrence,
had a significant influence on the density of Tridacna spp.
giant clams in Red Sea coral reefs (Supplementary Tables 2, 3).
When examining the specific environmental factors of wind
exposure (i.e., sites located wind - or leeward), we observed
significantly higher densities of Tridacna spp. at the leeward
side of reefs (Figure 4A) (F = 23.14, p < 0.001). There was
also a relationship between annually averaged temperature and

Tridacna spp. density (Figure 4B), and our empirical data suggest
that the thermal optimum for Tridacna spp. densities in Red
Sea coral reefs is at 26.3◦C (Figure 4B). This is also reflecting
the North-South gradients in the Red Sea, as all of the reefs
experiencing mean annual temperatures above 27◦C were located
in the southern Red Sea (Supplementary Figure 2). When
comparing Tridacna spp. densities between different depths
(Figure 4C), we found that the giant clams were significantly
more abundant in waters shallower than 6.5 m (i.e., at <2 m and
between 2 and 6.5 m; p < 0.001; respective F values can be found
in Supplementary Table 3) in comparison to deeper depths (i.e.,
>6.5 m). Furthermore, we found significantly less Tridacna spp.
specimens at the reef slope than at the flat (F = 4.77, p < 0.001)
and edge (F = 5.59, p < 0.001) (Figure 4D), and even fewer
clams at steep reef slopes, in comparison to the reef flat (F = 5.32,
p < 0.001) and edge (F = 6.09, p < 0.001).

To address the correlation and co-occurrence of the
independent drivers, which we identified to have a significant
influence on the densities of Red Sea Tridacna spp.
(Supplementary Tables 2, 3) we ran a model testing the
effect of geographical location, meaning the latitude at which
the reef was located (i.e., southern, central, and northern), the
effect of the site, depending on the wind exposure (i.e., leeward
or windward), and the depth (i.e., <2, 2–6.5, and >6.5 m),
as well as their interactions (Figure 4E and Table 1) on clam
density. The model revealed Tridacna spp. densities to vary
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FIGURE 3 | Tridacna spp. densities as individuals per m2 at (A) reefs in the northern (25◦, 27◦, and 29◦), central (21◦, 22◦, and 24◦) and southern (18◦, 19◦, and
20◦) Red Sea and at (B) surveyed reefs located nearshore (<10 km), midshore (10–20 km), and offshore (>20 km). Gray dots symbolize densities of Tridacninae at
each conducted transect, the red line indicates the averaged density. Different capital letters indicate statistically significant differences in density (p < 0.05).

significantly with latitude, wind exposure and depth, as well as
significant interactions between these three factors (Table 1 and
Supplementary Table 2). Overall, the generalized linear model
including these variables, interaction terms and random factor,
accounted for 86% of the variability in Tridacninae densities in
the eastern Red Sea (R2 = 0.859).

DISCUSSION

Observed Tridacninae Species
During the fieldwork and SCUBA dives for the present study, we
encountered all three giant clam species that had been previously
reported for the Red Sea, i.e., T. maxima, T. squamosa, and
T. squamosina (Figures 2A–C). While we observed T. maxima
and T. squamosa along the entire study area (i.e., Saudi Arabian
Red Sea coastline from the northern part of the Gulf of Aqaba to
the southern Farasan banks), we found T. squamosina exclusively
in a single location in the southern Red Sea. To date, there are
only two other reports on the presence of this species in the
region, from the Gulf of Aqaba (Richter et al., 2008) and from
a single location at the Farasan Islands (Fauvelot et al., 2020). In
accordance to our findings, these previous surveys report on the
extremely low density of this species (e.g., 0.9 ± 0.4 individuals
per 1,000 m2 in the Gulf of Aqaba; Richter et al., 2008) and
although it has been reported that T. squamosina presents up to
>80% of the fossil Tridacninae shells in the Red Sea (Richter et al.,
2008), nowadays this species presumably represents less than 1%
of the present stocks. It is not yet clear what caused this putatively
steep population decline of T. squamosina, but the extremely
rare sightings of this species may warrant legal protection, such
as being added to the IUCN Red List. Densities of, and species

allocation between the two other species, T. maxima (89%
of individuals), and T. squamosa (11%) were consistent with
previous reports on Red Sea Tridacninae (e.g., Roa-Quiaoit, 2005;
Ullmann, 2013; Pappas et al., 2017).

Overall Abundance of Tridacna spp.
Densities of Tridacna spp. in the Red Sea showed a strong
latitudinal gradient, decreasing nearly 5-fold from North to
South. Locally, densities were occasionally very high, for example
with up to 3.03 ± 1.28 T. maxima individuals m−2 at a reef
in the Al Wajd lagoon in the northern Red Sea, matching the
highest Tridacna spp. densities reported in the literature (Table 2;
Andréfouët et al., 2005, 2009).

In the northern and central part of the Saudi Arabian Red
Sea coast, the reef systems are typically characterized by fringing
reefs with steep drop-offs and interrupted offshore barrier reefs
(Montaggioni et al., 1986; Edwards et al., 1987). In contrast,
the southern region is more characterized by less-developed
fringing reefs, and shallow bays and lagoons, which are often
bordered by mangroves, extensive reef lagoons and nutrient-rich
waters (Edwards et al., 1987; Raitsos et al., 2013). The observed
latitudinal North-South gradient of giant clam abundance is
consistent with previous reports on Tridacna spp. in the Red
Sea (Roa-Quiaoit, 2005). However, comparing the present survey
data with previous studies from the region also highlights the
occasionally strong variances between and among different sites
(Table 2). In some occasion, for example when comparing the
assessed abundances within the Al Wajd Lagoon in the northern
Red Sea, reported densities of Tridacna spp., by Roa-Quiaoit
(2005), are approximately 15 times lower (0.04 ± 0.06 clams
m−2;±SD) than those recorded in the present study (0.60± 1.03
clams m−2). This difference is most likely due to two reasons:
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FIGURE 4 | Tridacna spp. densities as individuals per m2, plotted for (A) wind exposure (windward and leeward reef site), (B) annually averaged ambient water
temperatures (◦C) with an optimum temperature at 26.3◦C, highlighted with an red cross, (C) depth (<2, 2–6.5, and >6.5 m), as well as the (D) reef zone (flat, edge,
slope, and steep slope). Gray dots symbolize densities of Tridacninae at each conducted transect, the red line indicates the averaged density. Different capital letters
indicate statistically significant differences in density (p < 0.05). Panel (E) shows data for each individual belt transect and for the different latitudes (southern, central,
and northern Red Sea), wind exposure (leeward and windward), and depth zone (<2, 2–6.5, and >6.5 m) as boxplots, including the median (line) and average (dot)
density.

(1) the specific variability of environmental factors (e.g., wave
exposure and light availability) among sites, which probably
influences the suitability of the reef for settlement and the

thriving of Tridacna spp., as discussed hereafter; and (2) the
differences in sampling effort, especially with regard to survey
depths, since most previous studies only surveyed at one or few
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TABLE 1 | Results of the generalized mixed-effects linear models, testing the
independent drivers of Tridacna spp. Densities.

Independent driver DF F-value p-value

Depth 2 51.70 <0.0001

Wind Exposure 1 32.01 <0.0001

Latitude 2 5.14 0.009

Depth × Wind exposure 2 15.41 <0.0001

Depth × Latitude 4 16.57 <0.0001

depths (e.g., Bodoy, 1984; Ashworth et al., 2004; Roa-Quiaoit,
2005), while the present study covered seven different depths
from the surface to 15 m. These differences may explain the
discrepancy in observed numbers, as it has been shown that
the depth of these surveys can significantly impact abundance
estimates (Van Wynsberge et al., 2016).

Globally, the averaged densities of T. maxima typically range
between 10−4 and 10−5 individuals m−2 (Neo et al., 2017).
Therefore, the data obtained for the present study suggest that
the averaged densities of T. maxima in the Saudi Arabian Red
Sea are well within the upper range, with 0.17 ± 0.37 individuals
m−2, but with locally up to 3.03 ± 1.28 clams m−2 (e.g., at some
reefs in the Al Wajd lagoon). Only a few exceptional studies
report higher densities of this species, for example in some reefs
of French Polynesia, with reports of averaged densities between
1.6 to 2.7 individuals m−2 (Andréfouët et al., 2009), but locally
up to 544 individuals m−2 (Gilbert et al., 2005), as well as for
the Ningaloo Marine Park in Western Australia with 0.86 ± 0.41
individuals m−2 (Black et al., 2011), and 0.42 individuals m−2

in Kiribati (Chambers, 2007; Table 2). For T. squamosa, surveys
on abundances are in general scarce, but the few available reports
present numbers that were 40–95% (Guest et al., 2008; Neo et al.,
2018; respectively) lower compared to the average number found
in eastern Red Sea reefs in this present study (Table 2).

Yet, when comparing Tridacna spp. densities on a global scale
and across regions, it is important to consider the latest revisions
of the Tridacninae taxonomy, including the recent evidence for
high cryptic diversity (Kubo and Iwai, 2007; Huelsken et al.,
2013; Fauvelot et al., 2020). Especially for regions that are
inhabited by a number of different giant clam species (e.g., the
Coral Triangle, Western Pacific and the Eastern Indian Ocean),
previous density estimates for T. maxima, the species with the
broadest geographical distribution (bin Othman et al., 2010), may
thus be under- or over- estimated (Johnson et al., 2016; Van
Wynsberge et al., 2017). This could be particularly true where
reefs are also inhabited by the recently resurrected Tridacna
noae (Su et al., 2014), as this species has been reported to be
frequently misidentified as T. maxima (Su et al., 2014; Borsa et al.,
2015; Neo and Low, 2017). Occasional confusion of T. maxima
and T. squamosa have been also previously suspected for the
Red Sea (Pappas et al., 2017). However, as the same observers
as in the present study, reached a very high and genetically
confirmed accuracy in previous species-targeted sampling (Lim
et al., 2020), and since the presented ratio of 89% T. maxima and
11% T. squamosa clams corresponds to past reports on species
allocation in the region (Jantzen et al., 2008; Pappas et al., 2017),

we are confident that presented numbers actually reflect what can
be found in Red Sea coral reefs.

Drivers for Abundances of Tridacna spp.
in the Red Sea
To compare observed densities from the present study with
previous assessments from the Red Sea (Zuschin et al., 2000;
Ashworth et al., 2004; Roa-Quiaoit, 2005; Ullmann, 2013) which
mainly report on genus level only, we then pooled densities of
T. maxima and T. squamosa, considering them as Tridacna spp.
for the analysis on potential drivers influencing the abundances
of Red Sea Tridacninae.

We identified a number of drivers that, mostly in combination
and/or due to their correlation and co-occurrence, have a
significant influence on the densities of Tridacna spp. in Red
Sea coral reefs (Supplementary Figure 2). The Red Sea area is
characterized by a relatively stable and uniform wind system, with
consistent northwesterly winds blowing over the sea throughout
the year, except for the reversal in the South during the northern
hemisphere winter (Sofianos and Johns, 2002; Zarokanellos et al.,
2017). Red Sea coral reefs are mainly of the fringing type
(Montaggioni et al., 1986), and grow close to the mainland
(Mergner and Schuhmacher, 1974; Brachert and Dullo, 1991),
with a predominantly windward located fore reef zone and
a leeward located back reef (Montaggioni et al., 1986). We
found Tridacna spp. to be significantly more abundant in
these leeward, sheltered parts of the reef, which is consistent
with previous reports on giant clam densities in other regions
worldwide (Andréfouët et al., 2009; Van Wynsberge et al.,
2016). In general, also the “reef type” may have a substantial
effect on the densities of giant clams (Andréfouët et al., 2009;
Van Wynsberge et al., 2016).

There are a number of environmental factors that can
potentially influence the density of clams in the shallow waters
of lagoons and the back-reef. For instance, a potentially reduced
water-exchange could lead to a decrease in oxygenation. In
fact, it was suggested that the mass mortality events of giant
clams in French Polynesia in 2009/2010 were the result of
prolonged periods of low swell and low winds that prevented
a renewal of the lagoonal water (Andréfouët et al., 2015;
Van Wynsberge et al., 2017). For the back-reef of Red Sea
fringing reefs, however, it was reported that there are no,
or only very infrequent, long-term stagnations (leading to an
irregular inflow of oxygenated water) in the innermost parts
of the reefs (Montaggioni et al., 1986). Thus, giant clams in
shallow Red Sea reefs are less likely to be exposed to occasional
low-oxygen levels (Giomi et al., 2019). Sheltered conditions
inside the reef lagoon may even support the larval supply,
resulting in higher densities inside these sheltered lagoons,
in comparison to the outer reef slope, as suggested by Van
Wynsberge et al. (2016). This would be further supported
by our findings that Red Sea Tridacna spp. can be found
in highest densities at reefs located inside the Al Wajd
lagoon, located in the central/northeastern part of the Red
Sea, which is characterized by extensive coral reef formations
with a live coral cover that ranges between ∼30 and ∼70%
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(Chalastani et al., 2020). Occasionally, however, the temperature
in shallow waters can become very high, especially during
the summer months, which can potentially cause bleaching
(i.e., the expulsion of the symbiotic microalgae) by the clams
(Addessi, 2001; Leggat et al., 2003). Additionally, high water
temperatures have been previously shown to result in lower
overall survival of Tridacninae larvae (Neo et al., 2013; Enricuso
et al., 2018) and a general increase in mortality (Addessi,
2001; Junchompoo et al., 2013; Apte et al., 2019). Indeed,
we also identified water temperature as a potential driver
influencing the densities of Tridacna spp. in the Red Sea.
The highest density of clams was estimated at an average
yearly water temperature of 26.3◦C, which was reflected in a
decrease in densities from North to South, where the average
annual temperatures are higher than in the northern Red Sea
(Supplementary Figure 1; Chaidez et al., 2017; Agulles et al.,
2020). The recent experimental findings that water temperatures
above 30.7◦C can lead to a strong bleaching response in
T. maxima (Brahmi et al., 2019) and the reported negative
effect of elevated seawater temperatures on the embryonic and
larval development of T. gigas (Enricuso et al., 2019) and
T. squamosa clams (Eckman et al., 2019) further support our
findings of a rather low yearly mean thermal optimum of
Tridacninae. In the oligotrophic waters of the Red Sea, giant
clams in shallow waters are potentially also exposed to high
levels of incident radiation, in particular highly energetic UV
(Overmans and Agustí, 2020). Yet, recent studies suggest that
giant clams are well adapted to these short wavelengths and
developed different photo-defensive mechanisms (Ishikura et al.,
1997; Rossbach et al., 2020a,b) allowing them to thrive even under
high solar irradiances.

The availability of photosynthetically active radiation
within the PAR spectrum (400–700 nm), however, has been
previously suggested to influence the depth-related abundances
of Tridacninae (Jantzen et al., 2008; Rossbach et al., 2019).
Our data likewise demonstrate a strong depth-dependency of
giant clam densities, with significantly less individuals in depths
below 6.5 m. As the survey depth can have a significant impact
on the estimates of Tridacna spp. abundances, with expected
higher densities reported for shallow reefs (i.e., 0–5 m; Van
Wynsberge et al., 2016), this might again explain the differences
between previously reported densities of Red Sea giant clams
(e.g., Roa-Quiaoit, 2005) and those in the present study. As
photosymbiotic organisms, and occasionally even functional
phototrophs (Klumpp and Griffiths, 1994; Jantzen et al., 2008),
Tridacna spp. rely on their symbionts and their photosynthetic
activity to yield their carbon respiratory requirements (Trench
et al., 1981; Klumpp et al., 1992) and promote their high
calcification rates (Ip et al., 2017a,b; Boo et al., 2019; Chew
et al., 2019; Rossbach et al., 2019). Their distribution may,
therefore, also be influenced by underwater light penetration
(Schuhmacher, 1973), as variations in suspension load in
the reefs has been shown to fundamentally influence the
abundances of Tridacna spp. (Zuschin and Piller, 1997). This
could also provide a further explanation for the latitudinal
decrease in abundances from North to South. Tridacninae in
the northern and central Red Sea can be found on narrow

shelves, where the reefs are exposed to clear oceanic waters
(Richter and Abu-Hilal, 2006) while the reef waters in the
southern Red Sea are more turbid due to higher amounts of
suspended particles (Kotb et al., 2004) in these nutrient- and
plankton-rich waters.

Particularly the significant differences in densities of Tridacna
spp. according to the reef zone (i.e., flat, edge, slope, and
steep slope) highlights the intertwining of drivers that together
modulate their abundance. The clams can be mainly found
at reef flats and the edge, where they receive sufficiently high
incident light levels, which are required by their algal symbionts
to support and maintain their high metabolic rates. However,
the high temperature and irradiance, which the clams might
occasionally experience in shallow waters, could explain why
most of the clams can be found on the reef edge. Here, the
clams receive sufficient incident light, while being simultaneously
exposed to a constant flow of well-oxygenated and cooler water.
This pattern concurs with the previous report by Ashworth
et al. (2004), who also observed higher numbers of Tridacna
spp. at the reef edge. We found that giant clam numbers
decreased with depth along the reef slope and that clams
were significantly less abundant at steep reef slopes. There are
a number of possible explanations and potential causes. For
example the topography of the settling substrate, as it has been
reported that giant clam larvae, like those of corals, prefer
to settle on substrates which provide shelter via grooves, pits
and crevices (Petersen et al., 2005; Neo et al., 2009), where
they (as they further develop) penetrate the substrates (mostly
mechanically but probably supported by chemical boring)
and attach themselves permanently with their byssus threads
(Yonge, 1962). The slopes of a coral reef might thus be less
suitable for their settlement. At steep slopes, reef organisms
also receive only limited amounts of incident light (Vermeij
and Bak, 2002; Lesser et al., 2018), due to shading of the
reef wall, which may influence their densities. Furthermore,
in the Red Sea, steep outer reef slopes are mostly found at
offshore reefs, which is where we observed lower clam density.
It is therefore not possible to unravel if the abundances of
Tridacna spp. are reduced at offshore reefs because of a co-
occurrence of factors, including higher proportion of steep
slopes at these reefs.

Globally, giant clam populations have been reported to be
highly vulnerable to anthropogenic over-exploitation (Lewis
et al., 1988; Lucas, 1994; Gilbert et al., 2006; Larson, 2016), as
they can be easily accessed, especially in shallow reefs (Ashworth
et al., 2004). Indeed, fishing pressure may have been a driver
for Red Sea Tridacna spp. abundances in previous times (as
reported by Bodoy, 1984; Gladstone, 2000; and Ashworth et al.,
2004). Yet, since the collection of giant clams has been banned
by the Saudi Arabian Wildlife Commission since the early
2000s (Gladstone, 2000; AbuZinada et al., 2004), and after
consultation with several local fishermen at various sites along
the Saudi Arabian coastline (S.R., personal communication),
confirming that Tridacninae are not targeted in local fisheries
since the ban, we presume that harvesting pressure is most
likely not among the drivers for giant clam densities in the
eastern Red Sea.
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Contribution of Tridacninae to Calcium
Carbonate Budgets
Coral reefs, due to the biological activity of their communities,
play an important role in the oceanic carbon budget. Although
scleractinian corals are certainly the main contributors to the
calcium carbonate budget of reefs, other calcifying organisms,
including giant clams are also contributing. As reported
previously, the average net calcification of T. maxima in shallow
reefs (<10 m) is about 0.47± 0.03 µmol CaCO3 cm−2 of mantle
surface per hour, and averaged mantle surface area of clams
in these depths is 140 cm2 (Rossbach et al., 2019). Therefore,
considering the average density of T. maxima of 0.21± 0.40 clams
m−2 in shallow depths (<10 m) in Red Sea reefs reported here,
giant clams account for approximately 0.3% of the total reef area.
Their estimated contribution to the overall reef net calcification
would be therefore about 14 µmol CaCO3 m−2 h−1, resulting
in 114 kg CaCO3 ha−1 year−1. Given that overall calcification
rates of entire Red Sea coral reefs communities are estimated to
be around 16.425 kg CaCO3 ha−1 year−1 (Silverman et al., 2007),
giant clams may thus contribute to about 0.7% to overall reef
calcification. Locally, at those reefs with highest abundances (i.e.,
in the Al Wajd lagoon), they may even contribute up to 9%.

CONCLUSION

In summary, it is evident that there is not one main, but a
number of different geographical (i.e., latitude and distance
to shore) and local environmental drivers (i.e., depth and
reef zone) that influence Tridacna spp. densities in the Red
Sea. Their co-occurrence and the complexity of many drivers
might also explain the high variation in Tridacninae densities
across different sites, which is congruent with existing reports
on Tridacna spp. densities from other parts of the world,
where censuses revealed comparably large variations among sites
(e.g., in Western Australia; Black et al., 2011). Only the latest
insights on their overall abundances, provided by this study,
in combination with the recent efforts in understanding the
population structures and dynamics of Tridacninae in the region
(Lim et al., 2020) can give a comprehensive picture of their
status in the Red Sea. The presented data on the large-scale
abundances of Tridacna spp. in Saudi Arabian Red Sea waters
may therefore serve as a baseline to understand the importance
of this charismatic reef invertebrate for Red Sea coral reefs, and
to assess future trends. It may also contribute to the conservation
efforts from local to regional scales and eventually aid the
protection of Tridacninae in the entire Red Sea and elsewhere.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: doi: 10.1594/
PANGAEA.921114.

AUTHOR CONTRIBUTIONS

CD and SR conceptualized the research. SR performed the
abundance surveys. AA and SR conducted the data curation
and ran formal statistical analyses. SR prepared the first
draft of the manuscript and all the co-authors contributed
substantially to subsequent versions, including the final draft.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by King Abdullah University of Science
and Technology (KAUST), through baseline funding to CD
(BAS/1/1071-01-01).

ACKNOWLEDGMENTS

We thank Aislinn Dunne, Alejandra Ortega, Cecilia Martin,
Felix Ivo Rossbach, Janna Leigh Randle, Silvia Arossa, Vincent
Saderne, and Walther Rich IV and for assistance with the
abundance transects, and the KAUST Coastal and Marine
Resources Core Lab for logistical support in the field. We also
thank Sebastian Overmans for his help with an early version
of the manuscript. Further, we thank Gabriel Jorda and Miguel
Agulles for the provision of the average water temperature data.
We also thank Beacon Development Company for the provision
of some of their transect data in the Red Sea.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2020.592852/full#supplementary-material

REFERENCES
AbuZinada, A., Robinson, E., Nader, I., and Al Wetaid, Y. (2004). First

Saudi Arabian National Report on the Convention on Biological Diversity.
Riyadh: The National Commission for Wildlife Conservation and
Development.

Addessi, L. (2001). Giant clam bleaching in the lagoon of Takapoto
atoll (French Polynesia). Coral Reefs 19:220. doi: 10.1007/pl0000
6957

Agulles, M., Jordà, G., Jones, B., Agustí, S., and Duarte, C. M. (2020). Temporal
evolution of temperatures in the Red Sea and the Gulf of Aden based on in situ
observations (1958–2017). Ocean Sci. 16, 149–166. doi: 10.5194/os-16-149-
2020

Al Saafani, M., and Shenoi, S. (2004). Seasonal cycle of hydrography in the Bab
el Mandab region, southern Red Sea. J. Earth Syst. Sci. 113, 269–280. doi:
10.1007/bf02716725

Alcazar, S., and Solis, E. (1986). Spawning, larval rearing and early growth of
Tridacna maxima (Röding) (Bivalvia: Tridacnidae). Silliman J. 33, 65–73.

Frontiers in Marine Science | www.frontiersin.org 11 January 2021 | Volume 7 | Article 592852

https://doi.org/10.1594/PANGAEA.921114
https://doi.org/10.1594/PANGAEA.921114
https://www.frontiersin.org/articles/10.3389/fmars.2020.592852/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2020.592852/full#supplementary-material
https://doi.org/10.1007/pl00006957
https://doi.org/10.1007/pl00006957
https://doi.org/10.5194/os-16-149-2020
https://doi.org/10.5194/os-16-149-2020
https://doi.org/10.1007/bf02716725
https://doi.org/10.1007/bf02716725
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-592852 January 7, 2021 Time: 10:40 # 12

Rossbach et al. Tridacna spp. Abundance Red Sea

Alcazar, S. N. (1986). Observations on predators of giant clams (Bivalvia: Family
Tridacnidae). Silliman J. 33, 54–57.

Andréfouët, S., Friedman, K., Gilbert, A., and Remoissenet, G. (2009). A
comparison of two surveys of invertebrates at Pacific Ocean islands: the giant
clam at Raivavae Island, Australes Archipelago, French Polynesia. ICES J. Mar.
Sci. 66, 1825–1836. doi: 10.1093/icesjms/fsp148

Andréfouët, S., Dutheil, C., Menkes, C. E., Bador, M., and Lengaigne, M. (2015).
Mass mortality events in atoll lagoons: environmental control and increased
future vulnerability. Glob. Chang. Biol. 21, 195–205. doi: 10.1111/gcb.12699

Andréfouët, S., Gilbert, A., Yan, L., Remoissenet, G., Payri, C., and Chancerelle,
Y. (2005). The remarkable population size of the endangered clam Tridacna
maxima assessed in Fangatau Atoll (Eastern Tuamotu, French Polynesia) using
in situ and remote sensing data. ICES J. Mar. Sci. 62, 1037–1048. doi: 10.1016/
j.icesjms.2005.04.006

Andréfouët, S., Van Wynsberge, S., Gaertner-Mazouni, N., Menkes, C., Gilbert,
A., and Remoissenet, G. (2013). Climate variability and massive mortalities
challenge giant clam conservation and management efforts in French Polynesia
atolls. Biol. Conserv. 160, 190–199. doi: 10.1016/j.biocon.2013.01.017

Anton, A., Randle, J. L., Garcia, F. C., Rossbach, S., Ellis, J. I., Weinzierl, M., et al.
(2020). Differential thermal tolerance between algae and corals may trigger the
proliferation of algae in coral reefs. Glob. Chang. Biol. 26, 4316–4327. doi:
10.1111/gcb.15141

Apte, D., Narayana, S., and Sutirtha, D. (2019). Impact of sea surface temperature
anomalies on giant clam population dynamics in Lakshadweep reefs: inferences
from a fourteen years study. Ecol. Indic. 107:105604. doi: 10.1016/j.ecolind.
2019.105604

Arz, H. W., Lamy, F., Pätzold, J., Müller, P. J., and Prins, M. (2003). Mediterranean
moisture source for an early-Holocene humid period in the northern Red Sea.
Science 300, 118–121. doi: 10.1126/science.1080325

Ashworth, J. S., Ormond, R. F., and Sturrock, H. T. (2004). Effects of reef-top
gathering and fishing on invertebrate abundance across take and no-take zones.
J. Exp. Mar. Biol. Ecol. 303, 221–242. doi: 10.1016/j.jembe.2003.11.017

Badr, N. B., El-Fiky, A. A., Mostafa, A. R., and Al-Mur, B. A. (2009). Metal
pollution records in core sediments of some Red Sea coastal areas, Kingdom
of Saudi Arabia. Environ. Monit. Assess. 155, 509–526. doi: 10.1007/s10661-
008-0452-x

Beckvar, N. (1981). Cultivation, spawning, and growth of the giant clams Tridacna
gigas, T. derasa, and T. squamosa in Palau, Caroline Islands. Aquaculture 24,
21–30. doi: 10.1016/0044-8486(81)90040-5

bin Othman, A. S., Goh, G. H., and Todd, P. A. (2010). The distribution and
status of giant clams (family Tridacnidae)- a short review. Raffles Bull. Zool.
58, 103–111.

Black, R., Johnson, M. S., Prince, J., Brearley, A., and Bond, T. (2011). Evidence
of large, local variations in recruitment and mortality in the small giant clam,
Tridacna maxima, at Ningaloo Marine Park, Western Australia. Mar. Freshw.
Res. 62, 1318–1326. doi: 10.1071/mf11093

Bodoy, A. (1984). “Assessment of human impact on giant clams, Tridacna maxima,
near Jeddah, Saudi Arabia,” in Proceedings of the Symposium on Coral Reef
Environment of the Red Sea, Jeddah, Saudi Arabia, January 1984, Jeddah,
472–490.

Bonham, K. (1965). Growth rate of giant clam Tridacna gigas at Bikini Atoll as
revealed by radioautography. Science 149, 300–302. doi: 10.1126/science.149.
3681.300

Boo, M. V., Hiong, K. C., Wong, W. P., Chew, S. F., and Ip, Y. K. (2019). Shell
formation in the giant clam, Tridacna squamosa, may involve an apical Na+/Ca
2+ exchanger 3 homolog in the shell-facing epithelium of the whitish inner
mantle, which displays light-enhanced gene and protein expression. Coral Reefs
38, 1173–1186. doi: 10.1007/s00338-019-01848-y

Borsa, P., Fauvelot, C., Andréfouët, S., Chai, T.-T., Kubo, H., and Liu, L.-L. (2015).
On the validity of Noah’s giant clam Tridacna noae (Röding, 1798) and its
synonymy with Ningaloo giant clam Tridacna ningaloo Penny & Willan, 2014.
Raffles Bull. Zool. 63, 484–489.

Brachert, T. C., and Dullo, W.-C. (1991). Laminar micrite crusts and associated
foreslope processes, Red Sea. J. Sediment. Res. 61, 354–363.

Brahmi, C., Chapron, L., Le Moullac, G., Soyez, C., Beliaeff, B., Lazareth, C. E., et al.
(2019). Effects of temperature and pCO2 on the respiration, biomineralization
and photophysiology of the giant clam Tridacna maxima. bioRxiv [Preprint].
672907,

Burnham, K. P., and Anderson, D. R. (2004). Multimodel inference: understanding
AIC and BIC in model selection. Sociol. Methods Res. 33, 261–304. doi: 10.1177/
0049124104268644

Chaidez, V., Dreano, D., Agusti, S., Duarte, C. M., and Hoteit, I. (2017). Decadal
trends in Red Sea maximum surface temperature. Sci. Rep. 7:8144.

Chalastani, V. I., Manetos, P., Al-Suwailem, A. M., Hale, J. A., Vijayan, A. P.,
Pagano, J., et al. (2020). Reconciling tourism development and conservation
outcomes through marine spatial planning for a Saudi giga-project in the Red
Sea (The Red Sea Project, Vision 2030). Front. Mar. Sci. 7:168. doi: 10.3389/
fmars.2020.00168

Chambers, C. N. (2007). Pasua (Tridacna maxima) size and abundance in
Tongareva Lagoon, Cook Islands. SPC Trochus Inform. Bull. 13, 7–12.

Chew, S. F., Koh, C. Z., Hiong, K. C., Choo, C. Y., Wong, W. P., Neo, M. L.,
et al. (2019). Light-enhanced expression of Carbonic Anhydrase 4-like supports
shell formation in the fluted giant clam Tridacna squamosa. Gene 683, 101–112.
doi: 10.1016/j.gene.2018.10.023

Crawley, M. J. (2012). The R Book. Chichester: John Wiley & Sons.
De Grave, S. (1999). Pontoniinae (Crustacea: Decapoda: Palaemonidea) associated

with bivalve molluscs from Hansa Bay, Papua New Guinea. Bull. Institut R. Sci.
Nat. Belgique Biol. 69, 125–141.

Eckman, W., Vicentuan, K., and Todd, P. A. (2019). Effects of low light and
high temperature on pediveligers of the fluted giant clam Tridacna squamosa.
Mar. Freshw. Behav. Physiol. 52, 255–264. doi: 10.1080/10236244.2019.170
0117

Edwards, A., Head, S., Braithwaite, C., Edwards, F., Karbe, L., Weikert, H., et al.
(1987). Key Environments Red Sea, ed. A. Edwards (Oxford: Pergamon Press),
45–68.

Enricuso, O. B., Conaco, C., Sayco, S. L. G., Neo, M. L., and Cabaitan, P. C. (2018).
Elevated seawater temperatures affect embryonic and larval development in
the giant clam Tridacna gigas (Cardiidae: Tridacninae). J. Molluscan Stud. 85,
66–72. doi: 10.1093/mollus/eyy051

Enricuso, O. B., Conaco, C., Sayco, S. L. G., Neo, M. L., and Cabaitan, P. C. (2019).
Elevated seawater temperatures affect embryonic and larval development in
the giant clam Tridacna gigas (Cardiidae: Tridacninae). J. Molluscan Stud. 85,
66–72.

Fauvelot, C., Zuccon, D., Borsa, P., Grulois, D., Magalon, H., Riquet, F.,
et al. (2020). Phylogeographical patterns and a cryptic species provide new
insights into Western Indian Ocean giant clams phylogenetic relationships and
colonization history. J. Biogeogr. 47, 1086–1105. doi: 10.1111/jbi.13797

Furby, K. A., Bouwmeester, J., and Berumen, M. L. (2013). Susceptibility of central
Red Sea corals during a major bleaching event. Coral Reefs 32, 505–513. doi:
10.1007/s00338-012-0998-5

Gilbert, A., Remoissenet, G., Yan, L., and Andrefouet, S. (2006). Special traits and
promises of the giant clam (Tridacna maxima) in French Polynesia. Fish. Newsl.
South Pac. Comm. 118, 44.

Gilbert, A., Yan, L., Remoissenet, G., Andrefouët, S., Payri, C., and Chancerelle,
Y. (2005). Extraordinarily high giant clam density under protection in Tatakoto
atoll (Eastern Tuamotu archipelago, French Polynesia). Coral Reefs 24, 495–495.
doi: 10.1007/s00338-005-0494-2

Giomi, F., Barausse, A., Duarte, C. M., Booth, J., Agusti, S., Saderne, V., et al. (2019).
Oxygen supersaturation protects coastal marine fauna from ocean warming. Sci.
Adv. 5:eaax1814. doi: 10.1126/sciadv.aax1814

Gladstone, W. (2000). The ecological and social basis for management of a Red
Sea marine-protected area. Ocean Coast. Manag. 43, 1015–1032. doi: 10.1016/
s0964-5691(00)00070-3

Gladstone, W., Curley, B., and Shokri, M. R. (2013). Environmental impacts of
tourism in the Gulf and the Red Sea. Mar. Pollut. Bull. 72, 375–388. doi:
10.1016/j.marpolbul.2012.09.017

Guest, J. R., Todd, P. A., Goh, E., Sivalonganathan, B. S., and Reddy, K. P. (2008).
Can giant clam (Tridacna squamosa) populations be restored on Singapore’s
heavily impacted coral reefs? Aquat. Conserv. 18, 570–579. doi: 10.1002/aqc.888

Hart, A. M., Bell, J. D., and Foyle, T. P. (1998). Growth and survival of the
giant clams, Tridacna derasa, T. maxima and T. crocea, at village farms in
the Solomon Islands. Aquaculture 165, 203–220. doi: 10.1016/s0044-8486(98)
00255-5

Hasan, M. H. (2005). Destruction of a Holothuria scabra population by overfishing
at Abu Rhamada Island in the Red Sea. Mar. Environ. Res. 60, 489–511. doi:
10.1016/j.marenvres.2004.12.007

Frontiers in Marine Science | www.frontiersin.org 12 January 2021 | Volume 7 | Article 592852

https://doi.org/10.1093/icesjms/fsp148
https://doi.org/10.1111/gcb.12699
https://doi.org/10.1016/j.icesjms.2005.04.006
https://doi.org/10.1016/j.icesjms.2005.04.006
https://doi.org/10.1016/j.biocon.2013.01.017
https://doi.org/10.1111/gcb.15141
https://doi.org/10.1111/gcb.15141
https://doi.org/10.1016/j.ecolind.2019.105604
https://doi.org/10.1016/j.ecolind.2019.105604
https://doi.org/10.1126/science.1080325
https://doi.org/10.1016/j.jembe.2003.11.017
https://doi.org/10.1007/s10661-008-0452-x
https://doi.org/10.1007/s10661-008-0452-x
https://doi.org/10.1016/0044-8486(81)90040-5
https://doi.org/10.1071/mf11093
https://doi.org/10.1126/science.149.3681.300
https://doi.org/10.1126/science.149.3681.300
https://doi.org/10.1007/s00338-019-01848-y
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.3389/fmars.2020.00168
https://doi.org/10.3389/fmars.2020.00168
https://doi.org/10.1016/j.gene.2018.10.023
https://doi.org/10.1080/10236244.2019.1700117
https://doi.org/10.1080/10236244.2019.1700117
https://doi.org/10.1093/mollus/eyy051
https://doi.org/10.1111/jbi.13797
https://doi.org/10.1007/s00338-012-0998-5
https://doi.org/10.1007/s00338-012-0998-5
https://doi.org/10.1007/s00338-005-0494-2
https://doi.org/10.1126/sciadv.aax1814
https://doi.org/10.1016/s0964-5691(00)00070-3
https://doi.org/10.1016/s0964-5691(00)00070-3
https://doi.org/10.1016/j.marpolbul.2012.09.017
https://doi.org/10.1016/j.marpolbul.2012.09.017
https://doi.org/10.1002/aqc.888
https://doi.org/10.1016/s0044-8486(98)00255-5
https://doi.org/10.1016/s0044-8486(98)00255-5
https://doi.org/10.1016/j.marenvres.2004.12.007
https://doi.org/10.1016/j.marenvres.2004.12.007
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-592852 January 7, 2021 Time: 10:40 # 13

Rossbach et al. Tridacna spp. Abundance Red Sea

Huber, M., and Eschner, A. (2010). Tridacna (Chametrachea) costata Roa-Quiaoit,
Kochzius, Jantzen, Al-Zibdah & Richter from the Red Sea, a junior synonym
of Tridacna squamosina Sturany, 1899 (Bivalvia, Tridacnidae). Ann. Nat. Mus.
Wien Ser. B Bot. Zool. 112, 153–162.

Huelsken, T., Keyse, J., Liggins, L., Penny, S., Treml, E. A., and Riginos, C. (2013).
A novel widespread cryptic species and phylogeographic patterns within several
giant clam species (Cardiidae: Tridacna) from the Indo-Pacific Ocean. PLoS
One 8:e80858. doi: 10.1371/journal.pone.0080858

Ip, Y. K., Koh, C. Z., Hiong, K. C., Choo, C. Y., Boo, M. V., Wong, W. P., et al.
(2017a). Carbonic anhydrase 2−like in the giant clam, Tridacna squamosa:
characterization, localization, response to light, and possible role in the
transport of inorganic carbon from the host to its symbionts. Physiol. Rep.
5:e13494. doi: 10.14814/phy2.13494

Ip, Y. K., Hiong, K. C., Goh, E. J. K., Boo, M. V., Choo, C. Y. L., Ching, B.,
et al. (2017b). The whitish inner mantle of the giant clam, Tridacna squamosa,
expresses an apical plasma membrane Ca2+-ATPase (PMCA) which displays
light-dependent gene and protein expressions. Front. Physiol. 8:781. doi: 10.
3389/fphys.2017.00781

Ip, Y. K., Hiong, K. C., Lim, L. J., Choo, C. Y., Boo, M. V., Wong, W. P., et al.
(2018). Molecular characterization, light-dependent expression, and cellular
localization of a host vacuolar-type H+-ATPase (VHA) subunit A in the giant
clam, Tridacna squamosa, indicate the involvement of the host VHA in the
uptake of inorganic carbon and its supply to the symbiotic zooxanthellae. Gene
659, 137–148. doi: 10.1016/j.gene.2018.03.054

Ishikura, M., Kato, C., and Maruyama, T. (1997). UV-absorbing substances in
zooxanthellate and azooxanthellate clams. Mar. Biol. 128, 649–655. doi: 10.
1007/s002270050131

IUCN (2016). Red List of Threatened Species. Available online at:
wwwiucnredlistorg Version 2016-3 (accessed August 1, 2020).

Jantzen, C., Wild, C., El-Zibdah, M., Roa-Quiaoit, H. A., Haacke, C., and Richter,
C. (2008). Photosynthetic performance of giant clams, Tridacna maxima and
T. squamosa, Red Sea. Mar. Biol. 155, 211–221. doi: 10.1007/s00227-008-
1019-7

Johnson, M. S., Prince, J., Brearley, A., Rosser, N. L., and Black, R. (2016).
Is Tridacna maxima (Bivalvia: Tridacnidae) at Ningaloo Reef, Western
Australia? Molluscan Res. 36, 264–270. doi: 10.1080/13235818.2016.118
1141

Junchompoo, C., Sinrapsasan, N., Penpain, C., and Patsorn, P. (2013). “Changing
seawater temperature effects on giant clams bleaching, Mannai Island, Rayong
province, Thailand,” in Proceedings of the Design Symposium on Conservation of
Ecosystem 2013, BANGKOK, 71–76.

Klumpp, D. W., and Griffiths, C. L. (1994). Contributions of phototrophic and
heterotrophic nutrition to the metabolic and growth requirements of four
species of giant clam (Tridacnidae). Mar. Ecol. Prog. Ser. 115, 103–115. doi:
10.3354/meps115103

Klumpp, D. W., Bayne, B. L., and Hawkins, A. J. S. (1992). Nutrition of the giant
clam Tridacna gigas (L.) I. Contribution of filter feeding and photosynthates
to respiration and growth. J. Exp. Mar. Biol. Ecol. 155, 105–122. doi: 10.1016/
0022-0981(92)90030-e

Kotb, M., Abdulaziz, M., Al-Agwan, Z., Alshaikh, K., Al-Yami, H., Banajah, A., et al.
(2004). Status of Coral Reefs in the RED Sea and Gulf of Aden in 2004, Vol.
70. Townsville, QLD: Global Coral Reef Monitoring Network and Australian
Institute of Marine Science, 137–139.

Kubo, H., and Iwai, K. (2007). On two sympatric species within Tridacna
“maxima”. Ann. Rep. Okinawa Fish. Ocean Res. Cent. 68, 205–210.

LaJeunesse, T. C., Parkinson, J. E., Gabrielson, P. W., Jeong, H. J., Reimer, J. D.,
Voolstra, C. R., et al. (2018). Systematic revision of symbiodiniaceae highlights
the antiquity and diversity of coral endosymbionts. Curr. Biol. 28, 2570–2580.
doi: 10.1016/j.cub.2018.07.008

Laurent, V. (2001). Etude de Stocks, Relations Biométriques et Structure des
Populations de Bénitiers, Tridacna Maxima, dans trois lagons de Polynésie
Française (Moorea, Takapoto et Anaa), Rapport de fin d’études. Rennes:
ENSAR, 45.

Larson, C. (2016). Shell trade pushes giant clams to the brink. Science 351, 323–324.
doi: 10.1126/science.351.6271.323

Leggat, W., Buck, B. H., Grice, A., and Yellowlees, D. (2003). The impact of
bleaching on the metabolic contribution of dinoflagellate symbionts to their

giant clam host. Plant Cell Environ. 26, 1951–1961. doi: 10.1046/j.0016-8025.
2003.01111.x

Lenth, R. V., and Hervé, M. (2015). lsmeans: Least-Squares Means. R Package
Version 2.

Lesser, M. P., Slattery, M., and Mobley, C. D. (2018). Biodiversity and functional
ecology of mesophotic coral reefs. Ann. Rev. Ecol. Evol. Syst. 49, 49–71. doi:
10.1146/annurev-ecolsys-110617-062423

Lewis, A., Adams, T., and Ledua, E. (1988). Fiji’s giant clam stocks- a review of
their distribution, abundance, exploitation and management. ACIAR Monogr.
Ser. 98, 66–72.

Lim, K. K., Rossbach, S., Geraldi, N. R., Schmidt-Roach, S., Serrao, E. A., and
Duarte, C. M. (2020). The small giant clam, Tridacna maxima exhibits minimal
population genetic structure in the Red Sea and genetic differentiation from the
Gulf of Aden. Front. Mar. Sci. 7:889. doi: 10.3389/fmars.2020.570361

Lucas, J. S. (1994). The biology, exploitation, and mariculture of giant clams
(Tridacnidae). Rev. Fish. sci. 2, 181–223. doi: 10.1080/10641269409388557

Mergner, H., and Schuhmacher, H. (1974). Morphologie, ökologie und zonierung
von korallenriffen bei aqaba,(Golf von Aqaba, Rotes Meer). Helgoländer
Wissenschaftliche Meeresuntersuchungen 26, 238–358. doi: 10.1007/bf01627619

Monroe, A. A., Ziegler, M., Roik, A., Röthig, T., Hardenstine, R. S., Emms,
M. A., et al. (2018). In situ observations of coral bleaching in the central
Saudi Arabian Red Sea during the 2015/2016 global coral bleaching event. PLoS
One 13:e0195814. doi: 10.1371/journal.pone.0195814

Montaggioni, L., Behairy, A., El-Sayed, M. K., and Yusuf, N. (1986). The modern
reef complex, Jeddah area, Red Sea: a facies model for carbonate sedimentation
on embryonic passive margins. Coral Reefs 5, 127–150. doi: 10.1007/bf00298180

Neo, M., Todd, P., Teo, S., and Chou, L. (2013). The effects of diet, temperature
and salinity on survival of larvae of the fluted giant clam, Tridacna squamosa.
J. Conchol. 4, 369–376.

Neo, M. L., and Low, J. K. (2017). First observations of Tridacna noae (Röding,
1798)(Bivalvia: Heterodonta: Cardiidae) in Christmas Island (Indian Ocean).
Mar. Biodivers. 48, 2183–2185. doi: 10.1007/s12526-017-0678-3

Neo, M. L., Todd, P. A., Teo, S. L.-M., and Chou, L. M. (2009). Can artificial
substrates enriched with crustose coralline algae enhance larval settlement and
recruitment in the fluted giant clam (Tridacna squamosa)? Hydrobiologia 625,
83–90. doi: 10.1007/s10750-008-9698-0

Neo, M. L., Liu, L.-L., Huang, D., and Soong, K. (2018). Thriving populations with
low genetic diversity in giant clam species, Tridacna maxima and Tridacna
noae, at Dongsha Atoll, South China Sea. Reg. Stud. Mar. Sci. 24, 278–287.
doi: 10.1016/j.rsma.2018.09.001

Neo, M. L., Eckman, W., Vicentuan, K., Teo, S. L. M., and Todd, P. A. (2015). The
ecological significance of giant clams in coral reef ecosystems. Biol. Conserv.
181, 111–123. doi: 10.1016/j.biocon.2014.11.004

Neo, M. L., Wabnitz, C. C., Braley, R. D., Heslinga, G. A., Fauvelot, C., Van
Wynsberge, S., et al. (2017). Giant clams (Bivalvia: Cardiidae: Tridacninae):
a comprehensive update of species and their distribution, current threats
and conservation status. Oceanogr. Mar. Biol. 55, 87–388. doi: 10.1201/b2
1944-5

Ngugi, D. K., Antunes, A., Brune, A., and Stingl, U. (2012). Biogeography of pelagic
bacterioplankton across an antagonistic temperature–salinity gradient in the
Red Sea. Mol. Ecol. 21, 388–405. doi: 10.1111/j.1365-294x.2011.05378.x

Osman, E. O., Smith, D. J., Ziegler, M., Kürten, B., Conrad, C., El−Haddad, K. M.,
et al. (2018). Thermal refugia against coral bleaching throughout the northern
Red Sea. Glob. Change Biol. 24, e474–e484.

Overmans, S., and Agustí, S. (2019). Latitudinal gradient of UV attenuation along
the highly transparent Red Sea Basin. Photochem. Photobiol. 95, 1267–1279.
doi: 10.1111/php.13112

Overmans, S., and Agustí, S. (2020). Unraveling the seasonality of UV exposure
in reef waters of a rapidly warming (sub-) tropical sea. Front. Mar. Sci. 7:111.
doi: 10.3389/fmars.2020.00111

Pappas, M. K., He, S., Hardenstine, R. S., Kanee, H., and Berumen, M. L.
(2017). Genetic diversity of giant clams (Tridacna spp.) and their associated
Symbiodinium in the central Red Sea. Mar. Biodiv. 47, 1–14. doi: 10.1007/978-
3-319-23534-9_1

Petersen, D., Laterveer, M., and Schuhmacher, H. (2005). Spatial and temporal
variation in larval settlement of reefbuilding corals in mariculture. Aquaculture
249, 317–327. doi: 10.1016/j.aquaculture.2005.04.048

Frontiers in Marine Science | www.frontiersin.org 13 January 2021 | Volume 7 | Article 592852

https://doi.org/10.1371/journal.pone.0080858
https://doi.org/10.14814/phy2.13494
https://doi.org/10.3389/fphys.2017.00781
https://doi.org/10.3389/fphys.2017.00781
https://doi.org/10.1016/j.gene.2018.03.054
https://doi.org/10.1007/s002270050131
https://doi.org/10.1007/s002270050131
wwwiucnredlistorg
https://doi.org/10.1007/s00227-008-1019-7
https://doi.org/10.1007/s00227-008-1019-7
https://doi.org/10.1080/13235818.2016.1181141
https://doi.org/10.1080/13235818.2016.1181141
https://doi.org/10.3354/meps115103
https://doi.org/10.3354/meps115103
https://doi.org/10.1016/0022-0981(92)90030-e
https://doi.org/10.1016/0022-0981(92)90030-e
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1126/science.351.6271.323
https://doi.org/10.1046/j.0016-8025.2003.01111.x
https://doi.org/10.1046/j.0016-8025.2003.01111.x
https://doi.org/10.1146/annurev-ecolsys-110617-062423
https://doi.org/10.1146/annurev-ecolsys-110617-062423
https://doi.org/10.3389/fmars.2020.570361
https://doi.org/10.1080/10641269409388557
https://doi.org/10.1007/bf01627619
https://doi.org/10.1371/journal.pone.0195814
https://doi.org/10.1007/bf00298180
https://doi.org/10.1007/s12526-017-0678-3
https://doi.org/10.1007/s10750-008-9698-0
https://doi.org/10.1016/j.rsma.2018.09.001
https://doi.org/10.1016/j.biocon.2014.11.004
https://doi.org/10.1201/b21944-5
https://doi.org/10.1201/b21944-5
https://doi.org/10.1111/j.1365-294x.2011.05378.x
https://doi.org/10.1111/php.13112
https://doi.org/10.3389/fmars.2020.00111
https://doi.org/10.1007/978-3-319-23534-9_1
https://doi.org/10.1007/978-3-319-23534-9_1
https://doi.org/10.1016/j.aquaculture.2005.04.048
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-592852 January 7, 2021 Time: 10:40 # 14

Rossbach et al. Tridacna spp. Abundance Red Sea

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., and Team, R. C. (2015). nlme: Linear
and Nonlinear Mixed Effects Models. R Package Version 3.

Raitsos, D. E., Pradhan, Y., Brewin, R. J., Stenchikov, G., and Hoteit, I. (2013).
Remote sensing the phytoplankton seasonal succession of the Red Sea. PLoS
One 8:e64909. doi: 10.1371/journal.pone.0064909

Richter, C., and Abu-Hilal, A. (2006). “Seas of the Arabian Region,” in The Sea, Ideas
and Observations on Progress in the Study of the Seas. 14, The Global Coastal
Ocean. Interdisciplinary Regional Studies and Syntheses, Part B: The Coasts of
Africa, Europe, Middle East, Oceania and Polar Regions, eds A. R. Robinson,
and K. H. Brink (New York, NY: John Wiley & Sons), 1373–1412.

Richter, C., Roa-Quiaoit, H., Jantzen, C., Al-Zibdah, M., and Kochzius, M. (2008).
Collapse of a new living species of giant clam in the Red Sea. Curr. Biol. 18,
1349–1354. doi: 10.1016/j.cub.2008.07.060

Roa-Quiaoit, H. A. F. (2005). The Ecology and Culture of Giant Clams (Tridacnidae)
in the Jordanian Sector of the Gulf of Aqaba, Red Sea. Ph D. thesis, Universitat
Bremen, Bremen.

Rossbach, S., Saderne, V., Anton, A., and Duarte, C. M. (2019). Light-dependent
calcification in Red Sea giant clam Tridacna maxima. Biogeosciences 16, 2635–
2650. doi: 10.5194/bg-16-2635-2019

Rossbach, S., Subedi, R. C., Ng, T. K., Ooi, B. S., and Duarte, C. M. (2020a).
Iridocytes mediate photonic cooperation between giant clams (Tridacninae)
and their photosynthetic symbionts. Front. Mar. Sci. 7:465. doi: 10.3389/fmars.
2020.00465

Rossbach, S., Overmans, S., Kaidarova, A., Kosel, J., Agustí, S., and Duarte,
C. M. (2020b). Giant clams in shallow reefs: UV-resistance mechanisms of
Tridacninae in the Red Sea. Coral Reefs 39, 1345–1360. doi: 10.1007/s00338-
020-01968-w

Sawall, Y., Al-Sofyani, A., Hohn, S., Banguera-Hinestroza, E., Voolstra, C. R., and
Wahl, M. (2015). Extensive phenotypic plasticity of a Red Sea coral over a strong
latitudinal temperature gradient suggests limited acclimatization potential to
warming. Sci. Rep. 5:8940.

Schuhmacher, H. (1973). Light-dependent colonization of pillars by sessile animals
and algae from coral reef at Eilat (Red Sea). Helgolander Wissenschaftliche
Meeresuntersuchungen 24, 307–326. doi: 10.3354/meps263307

Silverman, J., Lazar, B., and Erez, J. (2007). Effect of aragonite saturation,
temperature, and nutrients on the community calcification rate of a coral reef.
J. Geophys. Res. 112:C05004.

Sofianos, S., and Johns, W. E. (2015). “Water mass formation, overturning
circulation, and the exchange of the Red Sea with the adjacent basins,” in The
Red Sea, eds N. Rasul, and I. Stewart (Berlin: Springer), 343–353. doi: 10.1007/
978-3-662-45201-1_20

Sofianos, S. S., and Johns, W. E. (2002). An oceanic general circulation model
(OGCM) investigation of the Red Sea circulation, 1. Exchange between the Red
Sea and the Indian Ocean. J. Geophys. Res. 107, 17-1-17-11.

Spaet, J. L., and Berumen, M. L. (2015). Fish market surveys indicate unsustainable
elasmobranch fisheries in the Saudi Arabian Red Sea. Fish. Res. 161, 356–364.
doi: 10.1016/j.fishres.2014.08.022

Su, Y., Hung, J.-H., Kubo, H., and Liu, L.-L. (2014). Tridacna noae (Röding,
1798) –a valid giant clam species separated from T. maxima (Röding, 1798)
by morphological and genetic data. Raffles Bull. Zool. 62, 143–154.

Taylor, D. L. (1969). Identity of zooxanthellae isolated from some Pacific
Tridacnidae. J. Phycol. 5, 336–340. doi: 10.1111/j.1529-8817.1969.tb02623.x

Trench, R., Wethey, D., and Porter, J. (1981). Observations on the symbiosis
with zooxanthellae among the Tridacnidae (Mollusca, Bivalvia). Biol. Bull. 161,
180–198. doi: 10.2307/1541117

Ullmann, J. (2013). Population status of giant clams (Mollusca: Tridacnidae) in the
northern Red Sea, Egypt. Zool. Middle East 59, 253–260. doi: 10.1080/09397140.
2013.842307

Van Wynsberge, S., Andréfouët, S., Gaertner-Mazouni, N., Wabnitz, C. C. C.,
Gilbert, A., Remoissenet, G., et al. (2016). Drivers of density for the exploited
giant clam Tridacna maxima: a meta-analysis. Fish Fish. 17, 567–584. doi:
10.1111/faf.12127

Van Wynsberge, S., Andréfouët, S., Gaertner-Mazouni, N., Wabnitz, C. C.,
Menoud, M., Le Moullac, G., et al. (2017). Growth, survival and reproduction
of the giant clam Tridacna maxima (Röding 1798, Bivalvia) in two contrasting
Lagoons in French Polynesia. PLoS One 12:e0170565. doi: 10.1371/journal.
pone.0170565

Vermeij, M., and Bak, R. (2002). How are coral populations structured by light?
Marine light regimes and the distribution of Madracis. Mar. Ecol. Prog. Ser. 233,
105–116. doi: 10.3354/meps233105

Vicentuan-Cabaitan, K., Neo, M. L., Eckman, W., Teo, S. L. M., and Todd, P. A.
(2014). Giant clam shells host a multitude of epibionts. Bull. Mar. Sci. 90,
795–796. doi: 10.5343/bms.2014.1010

Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag, 2009.

Williams, G. J., Smith, J. E., Conklin, E. J., Gove, J. M., Sala, E., and Sandin,
S. A. (2013). Benthic communities at two remote Pacific coral reefs: effects of
reef habitat, depth, and wave energy gradients on spatial patterns. PeerJ 1:e81.
doi: 10.7717/peerj.81

Yonge, C. (1975). Giant clams. Sci. Am. 232, 96–105.
Yonge, C. M. (1936). Mode of life, feeding, digesting and symbiosis with

zooxanthellae. Sci. Rep. Great Barrier Reef Expedition 1, 283–321.
Yonge, C. M. (1962). On the primitive significance of the byssus in the Bivalvia

and its effects in evolution. J. Mar. Biol. Assoc. U K 42, 113–125. doi: 10.1017/
S0025315400004495

Zarokanellos, N. D., Papadopoulos, V. P., Sofianos, S. S., and Jones, B. H. (2017).
Physical and biological characteristics of the winter-summer transition in the
Central Red Sea. J. Geophys. Res. 122, 6355–6370. doi: 10.1002/2017jc01
2882

Zuschin, M., and Piller, W. E. (1997). Bivalve distribution on coral carpets in
the northern Bay of Safaga (Red Sea, Egypt) and its relation to environmental
parameters. Facies 37, 183–194. doi: 10.1007/bf02537378

Zuschin, M., Hohenegger, J., and Steininger, F. F. (2000). A comparison of living
and dead molluscs on coral reef associated hard substrata in the northern Red
Sea—implications for the fossil record. Palaeogeogr. Palaeoclimatol. Palaeoecol.
159, 167–190. doi: 10.1016/s0031-0182(00)00045-6

Zuschin, M., Hohenegger, J., and Steininger, F. (2001). Molluscan assemblages on
coral reefs and associated hard substrata in the northern Red Sea. Coral Reefs
20, 107–116. doi: 10.1007/s003380100140

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Rossbach, Anton and Duarte. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 14 January 2021 | Volume 7 | Article 592852

https://doi.org/10.1371/journal.pone.0064909
https://doi.org/10.1016/j.cub.2008.07.060
https://doi.org/10.5194/bg-16-2635-2019
https://doi.org/10.3389/fmars.2020.00465
https://doi.org/10.3389/fmars.2020.00465
https://doi.org/10.1007/s00338-020-01968-w
https://doi.org/10.1007/s00338-020-01968-w
https://doi.org/10.3354/meps263307
https://doi.org/10.1007/978-3-662-45201-1_20
https://doi.org/10.1007/978-3-662-45201-1_20
https://doi.org/10.1016/j.fishres.2014.08.022
https://doi.org/10.1111/j.1529-8817.1969.tb02623.x
https://doi.org/10.2307/1541117
https://doi.org/10.1080/09397140.2013.842307
https://doi.org/10.1080/09397140.2013.842307
https://doi.org/10.1111/faf.12127
https://doi.org/10.1111/faf.12127
https://doi.org/10.1371/journal.pone.0170565
https://doi.org/10.1371/journal.pone.0170565
https://doi.org/10.3354/meps233105
https://doi.org/10.5343/bms.2014.1010
https://doi.org/10.7717/peerj.81
https://doi.org/10.1017/S0025315400004495
https://doi.org/10.1017/S0025315400004495
https://doi.org/10.1002/2017jc012882
https://doi.org/10.1002/2017jc012882
https://doi.org/10.1007/bf02537378
https://doi.org/10.1016/s0031-0182(00)00045-6
https://doi.org/10.1007/s003380100140
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


236 

 

 

APPENDIX 2 

Appendix 2.1 

 

 

 

A2.1 Annotated abundances of ITS2 sequences and predicted ITS2 type profiles (above and 

below, respectively) arranged by sampling site and for the three negative controls (i.e. the lab 

and kit contaminants, including negative extraction and MilliQ; and the negative PCR). 

Predicted profiles are plotted below the sequences. 
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Appendix 2.2, 2.3, 2.4 and 2.5 

 

See electronically available material of respective publication  
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Appendix 2.6 

 

This single DIV represents a case where the SymPortal algorithm has assigned a conservative 

profile that consists of only the most abundant sequence for the given sample, for the given 

genus/clade. This conservative prediction it is a product of the fact that sets of the sequences 

found in one such sample, could not be found in a sufficient number of other samples to support 

the prediction of a more derived profile (i.e. one defined by a larger number of sequences; 

reciprocally, sets of samples used to define more derived profiles in other samples, were not 

found in these samples). These profiles most likely represent the sampling of rarer 

Symbiodiniaceae genotypes (sampled in insufficient quantity to enable a more derived profile 

to be assigned). A less parsimonious interpretation of these one DIV profiles would be that they 

are the result of a processing artefacts that resulted in a DIV that was present in the genotype, 

not being recovered. However, this represents a less parsimonious interpretation given the 

cutoffs implemented within the SymPortal search algorithms. 
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APPENDIX 3 

Appendix 3.1 

A3.1 Seawater carbonate chemistry conditions at start of incubations under moderate light 

conditions (530, 358, 244, 197 μmol photons m-2 s-1) and during the dark. Total alkalinity 

(TA) and dissolved inorganic carbon (DIC) were measured, while the inorganic carbon 

speciation , including pH, partial pressure of carbon dioxide (pCO2), carbon dioxideaq 

(CO2(aq)), bicarbonate (HCO3
-), carbonate (CO3

2-) as well as the aragonite (ΩArag) and calcite 

(ΩCalc) saturation state were calculated using R package Seacarb. Values are means ± SD (n = 

10). 

Treatment 

[μmol 

photons m-2 

s-1 ] 

TA 

[μmol kg-1] 

DIC 

[μmol kg-1] 
pH 

pCO2 

[μatm] 

CO2 (aq) 

[μmol kg-

1] 

HCO3
- 

[μmol kg-1] 

CO3
2-  

[μmol kg-1] 
ΩArag ΩCalc 

530 2,387 ± 4 2,059 ± 5 
8.01 ± 

0.01 
445 ± 12 11.7 ±  0.3 1,815 ± 8 232 ± 40 

3.64 ± 

0.07 

5.47 ± 

0.10 

358 2,295 ± 8 1,966 ±  24 
8.02 ± 

0.03 
412 ± 37 10.8 ±  1.0 1,726 ± 34 229 ± 12 

3.59 ± 

0.18 

5.38 ± 

0.27 

244 2,242 ± 149 
1,966 ±  

143 

7.95 ± 

0.07 

501 ± 

117 
13.5 ±  3.2 1,760 ± 138 192 ± 29 

3.00 ± 

0.44 

4.51 ± 

0.67 

197 2,331 ± 5 2,028 ±  4 
7.97 ±  

0.01 
477 ± 13 12.6 ±  0.3 1,802 ± 7 213 ± 40 

3.33 ± 

0.06 

5.01 ± 

0.10 

Dark 2,368 ± 13 2,035 ±  10 
8.02 ±  

0.02 
422 ± 22 11.3 ±  0.6 1,790 ± 15 233 ± 90 

3.64 ± 

0.14 

5.47 ± 

0.20 
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Appendix 3.2 

A3.2 Total alkalinity (TA) at start of each incubation under high light conditions (1061, 959, 

561 μmol photons m-2 s-1) and during the dark. Values are means ± SD (n = 8). 

  

Treatment 

[μmol photons m-2 s-1 ] 

TA 

[μmol kg-1] 

1061 2,502 ± 8 

959 2,450 ± 8 

561 2,537 ± 71 

Dark 2,468 ± 5 
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Appendix 3.3 

A3.3 Statistics for depth – dependent abundances of T. maxima  

A3.3.1 ANOVA – sheltered reef 

Summary.aov (Model1) 

 DF Sum Sq Mean Sq F value Pr (>F) 

AbundanceReef1$depth 5 2.848 0.570 35.6 9.63 e-12 *** 

Residuals 30 0.480 0.016   

 

Significant codes  <0.001 ‘***’  0.001 ‘**’  0.01 ‘*’  0.05 ‘.’  0.1 ‘ ‘  1 

 

A3.3.2 Tukey Post-hoc test - sheltered reef 

 Tukey multiple comparisons of means 

 95% family-wise confidence level  

Fit: aov(formula = Abundance_Reef1$clams ~ Abundance_Reef1$depth) 

$`Abundance_Reef1$depth` 

 diff lwr upr p adj 

1.5 m – 0.5 m 0.0283 -0.0194 0.2504 0.9987 

3 m – 0.5 m 0.4133 0.1912 0.6354 <0.0001 *** 

5 m – 0.5 m -0.2183 -0.4405 0.0038 0.0562 

8 m – 0.5 m -0.3717 -0.5938 -01495 <0.0001*** 

11 m – 0.5 m -0.4117 -0.6338 -0.1895 0.0001 *** 

3 m – 1.5 m 0.3850 0.1629 0.6071 0.0001 *** 

5 m – 1.5 m -0.2467 -0.4688 -0.0245 0.0227 * 

8 m – 1.5 m -0.4000 -0.6221 -0.1779 <0.0001 *** 

11 m – 1.5 m -0.4400 -0.6621 -0.2179 <0.0001 *** 

5 m – 3 m -0.6317 -0.8538 -0.4100 <0.0001 *** 

8 m – 3 m -0.7850 -1.0071 -0.5629 <0.0001 *** 

11 m – 3 m 0.8250 0.6029 1.0471 <0.0001 *** 

8 m – 5 m -0.1533 -0.3755 0.0688 0.3145 

11 m – 5 m 0.1933 -0.0288 0.4155 0.1168 

11 m – 8 m 0.0400 -0.1821 0.2621 0.9936 
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A3.3.3 ANOVA – exposed reef 

Summary.aov (Model1) 

 DF Sum Sq Mean Sq F value Pr (>F) 

Abundance_Reef2$depth 5 0.018 0.004 3.813 0.027 * 

Residuals 12 0.012 0.001   

 

Significant codes  <0.001 ‘***’  0.001 ‘**’  0.01 ‘*’  0.05 ‘.’  0.1 ‘ ‘  1 

 

A3.3.4 Tukey Post-hoc test - exposed reef 

 Tukey multiple comparisons of means 

 95% family-wise confidence level 

 

Fit: aov(formula = Abundance_Reef2$clams ~ Abundance_Reef2$depth) 

$`Abundance_Reef2$depth` 

 diff lwr upr p adj 

1.5 m – 0.5 m <0.0001 0.0751 0.0973 0.9976 

3 m – 0.5 m <0.0001 -0.0084 0.1640 0.0861 

5 m – 0.5 m <0.0001 -0.0862 0.0862 1.0000 

8 m – 0.5 m <0.0001 -0.0973 0.0751 0.9976 

11 m – 0.5 m <0.0001 -0.1084 0.0640 0.9478 

3 m – 1.5 m <0.0001 -0.0195 0.1529 0.1711 

5 m – 1.5 m <0.0001 -0.0973 0.0751 0.9976 

8 m – 1.5 m <0.0001 -0.1084 0.0640 0.9478 

11 m – 1.5 m <0.0001 -0.1195 0.0529 0.7804 

5 m – 3 m <0.0001 -0.1640 0.0084 0.0861 

8 m – 3 m <0.0001 -0.1751 -0.0027 0.0420 * 

11 m – 3 m <0.0001 0.0138 0.1862 0.0202 * 

8 m – 5 m <0.0001 0.0973 0.0751 0.9976 

11 m – 5 m <0.0001 0.0640 0.1084 0.9478 

11 m – 8 m <0.0001 -0.0751 0.0973 0.9976 
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A3.4 Statistics for gross primary production (GPP) of T. maxima under 561, 959 and 1061 

μmol quanta m-2 s-1 

A3.4 ANOVA – Gross Primary Production (GPP) at three different light level 

Summary.aov (Model1) 

 DF Sum Sq Mean Sq F value Pr (>F) 

GPPStats$PAR 1 2.734 2.734 4.982 0.039 * 

Residuals 17 9.331 0.549   

 

Significant codes  <0.001 ‘***’  0.001 ‘**’  0.01 ‘*’  0.05 ‘.’  0.1 ‘ ‘  1 
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Abstract. Tropical giant clams of the subfamily Tridacninae,
including the species Tridacna maxima, are unique among
bivalves as they live in a symbiotic relationship with uni-
cellular algae and generally function as net photoautotrophs.
Light is therefore crucial for these species to thrive. Here
we examine the light dependency of calcification rates of T.
maxima in the central Red Sea as well as the patterns of its
abundance with depth in the field. Red Sea T. maxima show
the highest densities at a depth of 3 m with 0.82± 0.21 and
0.11±0.03 individuals m−2 (mean±SE) at sheltered and ex-
posed sites, respectively. Experimental assessment of net cal-
cification (µmol CaCO3 cm−2 h−1) and gross primary pro-
duction (µmol O2 cm−2 h−1) under seven light levels (1061,
959, 561, 530, 358, 244, and 197 µmol quanta m−2 s−1)
showed net calcification rates to be significantly enhanced
under light intensities corresponding to a water depth of
4 m (0.65± 0.03 µmol CaCO3 cm−2 h−1; mean±SE), while
gross primary production was 2.06±0.24 µmol O2 cm−2 h−1

(mean±SE). We found a quadratic relationship between net
calcification and tissue dry mass (DM in gram), with clams
of an intermediate size (about 15 g DM) showing the highest
calcification. Our results show that the Red Sea giant clam
T. maxima stands out among bivalves as a remarkable calci-
fier, displaying calcification rates comparable to other tropi-
cal photosymbiotic reef organisms such as corals.

1 Introduction

Giant clams (family Cardiidae, subfamily Tridacninae) are
among the largest and fastest growing bivalves on earth,
reaching up to 1 m in size (Rosewater, 1965) and growth
rates of up to 8–12 cm yr−1 in the largest species, Tridacna
gigas (Beckvar, 1981). In the Indo-Pacific, giant clams are
considered ecosystem-engineering species (Neo et al., 2015),
playing multiple roles in the framework of coral reef com-
munities, such as providing food for a number of preda-
tors and scavengers (Alcazar, 1986), shelter for commen-
sal organisms (De Grave, 1999), and substrate for epibionts
(Vicentuan-Cabaitan et al., 2014). By producing calcium car-
bonate shell material they can occasionally even form reef-
like structures (Andréfouët et al., 2005). However, due to
their specific habitat preference (Yonge, 1975; Hart et al.,
1998) and their presumed longevity (Chambers, 2007), Tri-
dacninae are exceedingly vulnerable to exploitation and en-
vironmental degradation (Ashworth et al., 2004; Van Wyns-
berge et al., 2016). In South-East Asia, giant clams have
been harvested for human consumption (adductor muscle
and mantle meat) and for their shells (Lucas, 1994) already
since pre-historic times (Hviding, 1993). Giant clams are also
reared in aquaculture farms for the fishkeeping market (Bell
et al., 1997) and in an effort to restock the natural population
(Gomez and Mingoa-Licuanan, 2006). Currently, all giant
clam species are listed in the IUCN Red List of Threatened
Species (IUCN, 2016) and protected under Appendix II of
the Convention on International Trade in Endangered Species
of Wild Fauna and Flora (CITES). Most of them are con-
sidered to be lower risk/conservation-dependent status; how-
ever, the IUCN status of tridacnine species is in need of up-

Published by Copernicus Publications on behalf of the European Geosciences Union.
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dating according to Neo et al. (2017). Besides the pressure
of fishing on natural stocks, giant clams are also predicted to
be vulnerable to the effects of climate change, including heat
waves which have been associated with mass die-off events
of Tridacninae in French Polynesia (Andréfouët et al., 2013).

Giant clams are one of the few molluscan groups living
in symbiotic relationship with dinoflagellates of the genus
Symbiodinium (Yonge, 1936; Taylor, 1969; LaJeunesse et al.,
2018), likewise to corals and sea anemones. They are gener-
ally described as being mixotrophic (Klumpp et al., 1992),
obtaining their energy from both filter feeding and photo-
synthesis; however, some species appear to be even func-
tionally autotrophic (Beckvar, 1981; Jantzen et al., 2008).
This dual capacity is assumed to support their fast calcifica-
tion and growth rates, exceeding those of most other bivalves
(Klumpp and Griffiths, 1994). Thus, the availability of light
seems to be a critical factor affecting the growth and over-
all performance of giant clams (Lucas et al., 1989). To date,
several studies have examined long-term growth rates of gi-
ant clams in response to different environmental factors, such
as nutrient enrichment (Hastie et al., 1992; Hoegh-Guldberg,
1997; Belda-Baillie et al., 1998), water temperature (Hart et
al., 1998; Schwartzmann et al., 2011), and wave exposure
(Hart et al., 1998). Only a few studies assessed net calcifica-
tion of Tridacninae as a short-term process and how environ-
mental factors, especially light, are influencing the calcifica-
tion, physiology, and general metabolic rates of Tridacninae.

A positive correlation between light and calcification has
been observed in several photosynthetic calcifying organ-
isms, symbiotic (e.g. scleractinian corals) or not (e.g. coccol-
ithophorids and calcifying algae) (Allemand et al., 2011). For
corals, the term light-enhanced calcification (LEC) has been
coined (Yonge, 1931); however, the underlying mechanisms
remain poorly understood and various hypotheses have been
proposed. (1) The photosynthetic uptake of carbon dioxide
by the symbionts lowers CO2 levels while increasing pH and
the concentration of carbonate ions at the calcification site,
which eventually could favour calcium carbonate precipita-
tion (McConnaughey and Whelan, 1997); (2) the removal
of inhibiting substances (such as phosphates) by the sym-
bionts during photosynthesis (Simkiss, 1964) or (3) the light-
induced production of signalling molecules by the symbionts
could lead to an increase in enzymatic activity, essential for
the calcification of the host (Ip et al., 2015). Only within
the last years has it been possible to investigate LEC mech-
anisms at the molecular level (Moya et al., 2008; Bertucci
et al., 2015), leading to an increasing number of publica-
tions reporting light-enhanced expression of enzymes, such
as carbonic anhydrase, supporting shell formation in giant
clams (Ip et al., 2006, 2015, 2017; Hiong et al., 2017a, b;
Chan et al., 2018; Chew et al., 2019). There is also evidence
of the light-enhanced expression of gene encoding for those
transporters/enzymes needed for calcification within the in-
ner mantle and ctenidium of Tridacna squamosa (Hiong et
al., 2017a, b; Ip et al., 2017; Chew et al., 2019). As both

tissues lack the presence of symbiotic algae, it has been sup-
posed that light could also directly affect the giant clam host.
Despite recent progress in understanding LEC processes in
Tridacninae, much remains unknown to date. Previous stud-
ies mostly focussed on molecular processes or long-term
(several months) effects of light on growth rates, assessed ei-
ther as an increase in shell length (Lucas et al., 1989; Adams
et al., 2013) or total weight (Adams et al., 2013), and did
not differentiate between different light intensities. Only a
small number of studies actually reported short-term (hours
to few days) effects of light on calcification. They either fo-
cused on the development of proxies (strontium / calcium ra-
tio) for parameters of the daily light cycle (Sano et al., 2012)
through tracer (strontium) incorporation or aimed to under-
stand environmental and physiological parameters control-
ling daily trace element incorporation, using the total alkalin-
ity (TA) anomaly technique (Warter et al., 2018). As growth
and calcification rates in calcifying organisms are consid-
ered to be controlled by the corresponding light intensities
(Barnes and Taylor, 1973) and as the penetration of light de-
creases with depth, so the calcification rate is expected to
decrease (Goreau, 1963). Tridacna maxima, the most abun-
dant giant clam species in the Red Sea, can be found on shal-
low reef flats and edges, usually shallower than 10 m, where
light intensity is high due to these transparent waters of trop-
ical, oligotrophic oceans (Van Wynsberge et al., 2016). Al-
though tridacnid clams are one of the most dominant and
charismatic molluscan taxa in the Red Sea (Zuschin et al.,
2000), little is known about their ecology in this area. In ad-
dition, the majority of studies on Tridacninae in the region
exclusively focused on the Gulf of Aqaba in the northern Red
Sea (Roa-Quiaoit, 2005; Jantzen et al., 2008; Richter et al.,
2008), which represents less than 2 % of the entire basin of
the Red Sea (Berumen et al., 2013).

In the present study, we assessed the net calcification rates
(as µmol calcium carbonate per hour) of T. maxima in two
short incubation experiments under seven different incident
light levels (corresponding to a water depth of 0–14 m) and in
the dark, as well as photosynthetic rates at three experimen-
tal light levels corresponding to the high-light conditions in
shallow waters (0–4 m). Further, we assessed in situ abun-
dances of T. maxima in different depth zones (0.5–11 m) at
a sheltered reef and an exposed reef in the central Red Sea.
To our knowledge, this is the first study quantifying the light
dependence of short-term net calcification rates of tridacnid
clams of the Red Sea, interrelating these rates to their abun-
dances in the field.

2 Material and methods

2.1 Clam abundance surveys

Abundance surveys on T. maxima were conducted either via
snorkelling or SCUBA diving at two reefs in the eastern
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central Red Sea (Fig. 1). The first station was Abu Shosha
(22.303833◦ N, 39.048278◦ E), a small inshore reef, where
abundances were examined at the sheltered, leeward side
(south-east) of the reef which are relatively protected from
wave action and currents (Khalil et al., 2013). Additionally,
abundances were assessed at a second station (20.753764◦ N,
39.442561◦ E), a fringing reef close to Almojermah, where
we conducted transects at the exposed, windward side (north-
west) of the reef. At both stations, belt transects were con-
ducted at six different depths (0.5, 1.5, 3, 5, 8, and 11 m).
At the sheltered reef, a total area of 1000 m2 was covered,
and we conducted six transects at each depth. At the exposed
reef 560 m2 were covered, with three transects at each depth.
Transect lines of 25 m were deployed and all T. maxima spec-
imens within 2 m of the transect were counted (e.g. 50 m2

area was covered on each transect). In addition, their length
(maximum anterior to posterior distance) was recorded at the
sheltered reef, using a measuring tape to the nearest centime-
tre.

2.2 Clam incubations to obtain net calcification rates

We determined net calcification (see Sect. 2.4 below) in
T. maxima during two consecutive incubation experiments.
During the first incubations, conducted in December 2016,
we assessed net calcification of T. maxima under four dif-
ferent, moderate experimental light levels, mimicking light
intensities at different water depths ranging from 4 to 14 m
and during a dark incubation. In November 2016, 20 speci-
mens of T. maxima (shell length of 17± 2 cm; mean±SD)
were collected at a water depth of about 4 m at a sheltered
reef site (Station 1) (Fig. 2). As T. maxima is often em-
bedded in the substrate, specimens were removed by care-
fully cutting their byssus with a knife. The incubations took
place in December 2016 at the Coastal and Marine Resources
Core Lab (CMOR) of King Abdullah University of Science
and Technology (KAUST) in Thuwal, Saudi Arabia. The ex-
perimental setup consisted of 10 flow-through independent
LDPE (low-density polyethylene) outdoor aquaria (30 L).
Each aquarium contained 2 clams (in total 20), cleaned with
a brush from epibionts prior to the experiment. Aquaria
were supplied with water by gravity through an intermediate
PVC (polyvinylchloride) tank of 77 L, itself receiving wa-
ter pumped from the adjacent Red Sea surface water at a
flow of 0.22 m3 h−1, leading to a complete water exchange
in each single aquarium every 80 min. To maintain ambient
Red Sea surface water temperatures, all aquaria were im-
merged to the last top centimetre in a large flow-through pool
of 12 m3, receiving the overflowing water from the interme-
diate tank and the 10 experimental tanks. An Exo1 probe
(YSI Incorporated, Yellow Springs, USA) was used to log
water temperature and salinity at 30 min frequency. Both re-
mained constant during the experimental period, with an av-
erage temperature of 27.2± 0.8 ◦C (mean±SD, n= 672)
and salinity of 38.4±0.8 (mean±SD, n= 672). Experimen-

tal aquaria were shaded with nets to reproduce light levels
that mimicked natural conditions at different depths on the
reef. We conducted short-term incubations of 6 h (from ap-
proximately 09:30 to 15:30 mean solar time) under four dif-
ferent shadings and one dark incubation (at night) (n= 10),
allowing a 3 d acclimatization period to the clams prior to
each incubation. During the incubations, the flow-through
system was turned off in order to determine changes in sea-
water carbon chemistry over time as a measure for calcifi-
cation processes. Photosynthetically active radiation (PAR)
was recorded with a light logger (Odyssey Logger, Dataflow
Systems Ltd., New Zealand) as µmol quanta m−2 s−1 and av-
eraged over the incubation period, as natural light conditions
fluctuated over the course of the day. Experimental light lev-
els comprised 530, 358, 244, and 197 µmol quanta m−2 s−1.
Using data on depth-dependent decrease in light levels (Dis-
hon et al., 2012), we calculated the extinction of light with
water depth. The experimental irradiation levels therefore
correspond to incident light conditions at about 4, 8, 12, and
14 m water depths. No additional food was provided, as nat-
ural and unfiltered seawater was flowing into the tanks. Dur-
ing the subsequent incubation, conducted in April 2018, we
examined net calcification and primary production of T. max-
ima under three additional experimental high-light levels, ad-
dressing light effects encountered in very shallow waters (be-
tween 0 and 4 m). We collected eight specimens of T. max-
ima (shell length of 17± 1 cm; mean±SD) at a water depth
of about 4 m at an exposed, fringing reef close to Almojer-
mah (Station 2) (Fig. 2). The incubation experiment was con-
ducted onboard R/V Thuwal in a setup consisting of two big
PVC flow-through tanks (350 L each) containing nine indi-
vidual PVC tanks (10 L), eight of them containing one clam
each (cleaned from epibionts) and one serving as a control
tank. To maintain ambient Red Sea surface water tempera-
tures, all aquaria were immerged into the flow-through pool
and water was constantly pumped (0.36 m3 h−1), ensuring
a constant water exchange and movement in the individual
tanks. Temperature and salinity were checked four times a
day using a handheld CTD (conductivity, temperature, depth)
probe (CastAway-CTD, SonTek, USA). Both remained con-
stant during the experimental period, with an average tem-
perature of 31.5±0.3 ◦C (mean±SD, n= 16) and salinity of
38.2±0.1 (mean±SD, n= 16). During the incubations, the
individual tanks were closed air-tight with see-through PVC
lids and water movement was generated with battery-driven
motors (Underwater motor, Playmobil, Germany). Nets were
used for shading and therefore to reproduce light levels that
mimicked natural conditions at different depths on the reef.
We conducted closed short-term incubations of 3 h (from ap-
prox. 11:00 to 14:00 mean solar time) under three different
shadings and one dark incubation (at night), allowing 1 d ac-
climatization to the clams prior to each incubation. Measure-
ments of PAR intensities were identical to the first round of
incubations. Experimental light levels comprised 561, 959,
and 1061 µmol quanta m−2 s−1. The amount of light received
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Figure 1. (a) Map of the Red Sea. Abundance surveys and sampling of clams for incubation experiments were conducted at both a sheltered
reef (Station 1; 22.303833◦ N, 39.048278◦ E) and an exposed reef (Station 2; 20.753764◦ N, 39.442561◦ E). (b) Satellite image of the
sheltered reef (Station 1). (c) Satellite image of the exposed, fringing reef (Station 2).

by the highest experimental light level was identical to light
received directly at the water surface in the reef of collection
at the same time of the day. Experimental irradiation levels
correspond to incident light conditions at 0, 0.5, and 4 m. No
additional food was provided, as raw unfiltered seawater was
used.

2.3 Carbonate chemistry

At the start, after 3 h and after 6 h of incubation, seawa-
ter was sampled from each experimental aquarium in gas-
tight 100 mL borosilicate bottles (Schott Duran, Germany)
and poisoned with mercury chloride, following Dickson et
al. (2007). Each sample was analysed for TA by open-cell
titration with an AS-ALK2 titrator (Apollo SciTech,USA)
using certified seawater reference material (CRM) (An-
drew Dickson, Scripps Institution of Oceanography). Dur-
ing the incubations at moderate light levels (530, 358, 244,
and 197 µmol quanta m−2 s−1), additional samples for dis-
solved inorganic carbon (DIC) were analysed using an AS-
C3 infrared DIC analyser (Apollo SciTech, USA). Fur-
ther components of the carbonate system were calculated
with R package Seacarb (Lavigne and Gattuso, 2013) us-
ing first and second carbonate system dissociation constants
of Millero (2010) as well as the dissociations of HF and
HSO−4 (Dickson, 1990; Dickson and Goyet, 1994), respec-

tively. Carbonate chemistry at the beginning of each in-
cubation and in all experimental aquaria were comparable
with mean (±SD) TA of 2324± 83 and �Ara of 3.44± 0.33
(n= 50) during the moderate light incubations and a TA of
2489±38 (n= 4) during the high-light incubations (Sect. S1
in the Supplement).

2.4 Net calcification

Net calcification (G in µmol CaCO3 h−1) was estimated from
changes in total alkalinity (TA) using the alkalinity anomaly
technique (Smith and Key, 1975) using the following equa-
tion (Eq. 1):

G=−
1TA

2
×

1
1t

, (1)

where 1TA is the variation of TA during the time (t) of
the incubations and the factor 2 accounts for a decrease
in TA by two equivalents per CaCO3 precipitated (Zeebe
and Wolf-Gladrow, 2001). Calcification rates were expressed
relative to either mantle surface area (cm2) or tissue dry
mass (g). For mantle surface area, the power relationship
between standard length in centimetres (L) and mantle area
(cm2) (Jantzen et al., 2008) was used to calculate the man-
tle surface in cm2. For tissue dry mass (DM in gram) of
clams, all clams were dissected and their biomass was de-
termined subsequently to the incubation experiment. Clams
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Figure 2. Changes in the abundance (individuals m−2
±SD) of T. maxima with depth at a sheltered reef (a) and an exposed reef (b) in the

central Red Sea. Different capital letters describe statistically significant differences in abundance between survey depths.

were opened by cutting the adductor muscle with a scalpel,
and the mantle and other tissues were separated from the
shells and dried at 60 ◦C for 24 to 48 h to determine tissue
DM to the nearest 0.01 g. Experimentally determined net cal-
cification rates (µmol CaCO3 h−1) of T. maxima for differ-
ent DM under four moderate light levels (197, 244, 358, and
530 µmol quanta m−2 s−1) were used to create a multiple re-
gression modelling net calcification for any given light level
and DM.

2.5 Primary production

Primary production was assessed during the high-light in-
cubations (561, 959, and 1061 µmol quanta m−2 s−1) only.
Therefore, oxygen (µmol L−1) content in the incubation
chambers was automatically logged (miniDOT, Precision
Measurement Engineering, Inc., USA) in 15 min intervals
over the 3 h incubation period. Net photosynthesis (NPP)
was calculated from the variation of oxygen concentration
over time and normalized for clam mantle surface area
(µmol O2 cm−2 h−1). Dark respiration rates (R), also given
in µmol O2 cm−2 h−1, were used to calculate gross primary
production (GPP) as Eq. (2):

GPP= NPP+R. (2)

2.6 Statistical analyses

To assess the comparisons of clam abundance at the six sur-
vey depths, an analysis of variance (ANOVA) and pairwise
post hoc Tukey analysis (Tukey HSC) were performed. A sta-
tistical model was built to explain calcification rates from the
combination of PAR and clam tissue dry mass. The model
chosen was a multiple non-linear relationship built as the
combination of a linear dependency between PAR and calci-
fication rates and a quadratic dependency of net calcification

rates and clam tissue mass. This model was selected against
other concurrent models by using the Akaike information
criterion (AIC) (Anderson and Burnham, 2004). Statistical
analyses were performed using R (Foundation for Statisti-
cal Computing, Vienna, Austria, Version 3.4.2) and Statistica
(Dell Software).

3 Results

3.1 Depth-dependent abundances

At the sheltered reef site, significantly highest abundances of
T. maxima (0.82± 0.21 individuals m−2; mean±SE) were
observed at a water depth of 3 m (ANOVA, p < 0.001, F =

35.6; post hoc Tukey test p < 0.001; Sect. S2.1), being twice
as high as in shallower waters (between 0.41± 0.02 and
0.44± 0.01 individuals m−2 mean±SE; at 0.5 and 1.5 m,
respectively) (Fig. 2). No clams were found at the deepest
survey depth of 11 m and abundances at 8 m were low, at
0.04± 0.01 individual m−2 (mean±SE). Giant clams were
significantly less abundant in deeper water when compared
to shallow reef areas (p < 0.001 for both 0.5 and 1.5 m when
compared to 8 and 11 m). On average, the density of T.
maxima at the sheltered reef (0.5–11 m depth) was 0.32±
0.05 individuals m−2; mean±SE). The average size of clams
was 16.6± 5.1 cm (mean±SD, n= 422) and their calcu-
lated mantle surface area was 140.4±90.4 cm2 (mean±SD,
n= 422), respectively. At the exposed reef, abundances of T.
maxima were overall lower, at 0.04± 0.01 individuals m−2

(mean±SE); however, we also found highest densities of
clams at a water depth of 3 m (0.11± 0.03 individuals m−2;
mean±SE) (ANOVA, p = 0.027, F = 3.813; Sect. S2.2).
However, they were only significantly higher than those
found at 8 and 11 m (with mean±SE of 0.02± 0.01 and
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0.01± 0.01, respectively) (post hoc Tukey test; Sect. S2.2)
(Fig. 2).

3.2 Net calcification and primary production

We combined observed net calcification (as the balance be-
tween calcification and dissolution) at all seven experimen-
tal incident light levels and the dark incubation and identi-
fied a polynomial relationship (R2

= 0.77) between net cal-
cification (NC, µmol CaCO3 cm−2 h−1) and incident light (I ,
µmol quanta m−2 s−1) (Eq. 3) (Fig. 3):

NC=−2× 10−6
× I 2
+ 0.0019 × I + 0.1643. (3)

Among all light incubations, net calcification
rates of T. maxima were highest (mean±SE
0.65±0.03 µmol CaCO3 cm−2 h−1) at experimental incident
light levels of 530 to 561 µmol quanta m−2 s−1 (Fig. 3).
T. maxima still showed positive but low net calcification
during the night (0.18± 0.02 µmol CaCO3 cm−2 h−1;
mean±SE). The lowest NC rates (mean±SE of
0.01± 0.01 µmol CaCO3 cm−2 h−1) were observed at
the highest incident irradiance of 1061 µmol quanta m−2 s−1.
Overall, we observed a decline in net calcification with
both decreasing and increasing light intensities (Table 1),
with polynomial regression indicating the maximum
calcification (NCmax) to be reached at an incident light
level of 475 µmol quanta m−2 s−1. From an incident light
level of 1033 µmol quanta m−2 s−1 on, we expect to see
dissolution processes outweighing calcification (NCmin,
−0.01 µmol CaCO3 cm−2 h−1). Gross primary production
(GPP) under the high-light incubations (561, 959, and
1061 µmol quanta m−2 s−1) showed an identical decreasing
trend with increase in incident light as observed for net
calcification. At 561 µmol quanta m−2 s−1, GPP was highest
(2.06± 0.24 µmol O2 cm−2 h−1; mean±SE) and produc-
tion rates were significantly lower (ANOVA, p = 0.039,
F = 4.982; Sect. S3) during the incubations at 959 and
1061 µmol quanta m−2 s−1 (Table 1, Fig. 3), with mean±SE
of 1.76± 0.28 and 0.87± 0.37 µmol O2 cm−2 h−1, respec-
tively. Two specimens died after the second highest light
treatment of 959 µmol quanta m−2 s−1.

We identified a quadratic relationship between net calci-
fication and tissue dry mass, with clams of an intermediate
size (DM of about 15 g), showing the highest calcification
rates at the four incubations at moderate light level (197, 244,
358, 530 µmol quanta m−2 s−1) (Fig. 4). Therefore, we com-
bined the influence of light and dry mass into a statistical
model, explaining 77 % of the variance in observed calcifi-
cation rates (all parameters p < 0.05, Table 2, Fig. 5). Based
on this model, we identify maximum rates on clams of an
intermediate size (DM of about 15 g), showing the highest
calcification rates at the four light-level incubations.

4 Discussion

4.1 Depth-dependent abundances

In the Red Sea, T. maxima shows a significant dependence
of net calcification rates on incident light. This light depen-
dency is consistent with significantly higher abundances of
this species in shallow, sunlit reef flats. Globally, densities
of T. maxima range between 0.1 and 0.0001 individuals m−2

(Van Wynsberge et al., 2016), with some exceptions such
as at the Ningaloo Marine Park in Western Australia with
0.86 clams m−2 (Black et al., 2011), the Egyptian Sinai
Peninsula with a peak value of 0.80 clams m−2 (Roa-Quiaoit,
2005), and 0.42 clams m−2 in Kiribati (Chambers, 2007).

At water depths between 0.5 and 11 m, we found
averaged (±SD) abundances of T. maxima of 0.04±
0.01 individuals m−2 and 0.32± 0.05 individual per m−2

(mean±SE) at an exposed reef and a sheltered reef, re-
spectively. Abundances at the sheltered reef rank amongst
the highest abundances reported worldwide, representing a
50 % higher abundance than previously reported for a lo-
cal reef (Bodoy, 1984) with 0.22 clams m−2. This difference
in average abundances between the two reefs observed in
this study could be explained by the leeward and windward
(sheltered or exposed, respectively) characters of the exam-
ined sites. As reviewed by Van Wynsberge et al. (2016), the
“reef type” can influence Tridacna abundances, as it poten-
tially affects the water exchange (and thus water temper-
ature and nutrient availability) as well as the exposure to
waves. Similarly to Roa-Quiaoit (2005), we found that T.
maxima abundances in the Red Sea seem to display great
differences between locations, as we found significant lower
numbers of giant clams at the exposed reef, with an average
of 0.04± 0.01 individuals m−2; (mean±SE) at water depths
between 0.5 and 11 m. Explanations for the observed con-
trasts in numbers of clams per m2 at both reefs could lie in
the probable differences in abiotic environmental conditions
at the surveyed sites. For instance, giant clams at the exposed
reef are potentially more at risk from high wave action than
at the sheltered reef site, which could impact the initial set-
tlement (Jameson, 1976) as well as the survival of juveniles
(Foyle et al., 1997), as both have been shown to be influenced
by geographical factors (Foyle et al., 1997). While a previous
study (Militz et al., 2015), in which abundances of giant clam
species in French Polynesia were examined, reports similar
patterns for T. crocea, opposite patterns were observed for
abundances of T. maxima in that region. In the reefs surveyed
by Militz et al. (2015), T. maxima showed higher abundances
at reef sites with a high exposure, in comparison to those
with low exposure levels. However, additional factors such
as temperature and local geomorphology might also have an
influence on giant clam densities. Therefore, it is not possible
to confidently identify the underlying causes of the observed
differences by considering exposure alone. For example, T.
maxima specimens from our study, which were located at the

Biogeosciences, 16, 2635–2650, 2019 www.biogeosciences.net/16/2635/2019/



S. Rossbach et al.: Light-dependent calcification in a Red Sea giant clam 2641

Table 1. Net calcification (µmol CaCO3 cm−2 h−1; ±SE) and gross primary production (µmol O2 cm−2 h−1; ±SE) under the seven exper-
imental incident light levels (µmol quanta cm−2 h−1) and in the dark.

Incident light Net calcification Gross primary production
(µmol quanta cm−2 h−1) (µmol CaCO3 cm−2 h−1) (µmol O2 cm−2 h−1)

0 0.18± 0.02 –
197 0.43± 0.04 NA
244 0.51± 0.04 NA
358 0.60± 0.04 NA
530 0.66± 0.05 NA
561 0.65± 0.04 2.06± 0.24
959 0.25± 0.04 1.76± 0.28

1061 0.01± 0.01 0.87± 0.37

NA – not available

Figure 3. Boxplots showing net calcification rates (µmol CaCO3 cm−2 h−1) of T. maxima under seven different light regimes (197, 244,
358, 530, 561, 959, and 1061 µmol quanta m−2 s−1) (n= 10 in December 2016 and n= 8 in April 2018) and in the dark, as well as gross
primary production (µmol O2 cm−2 h−1) (n= 8) as dots (±SE), under three high-light regimes (561, 959, and 1061 µmol quanta m−2 s−1).
Calculated maximum net calcification (NCmax) at 475 µmol quanta m−2 s−1 and incident light level where dissolution outweighs calcification
processes (NCmin) are symbolized by a cross (×). Net calcification rates obtained during incubations under moderate light conditions are
symbolized by light grey boxplots and those from the high-light incubations by dark grey boxplots, the central line represents the median,
the boxes encompass the central 50 % of the data, and the lines extend to the 95 % quartiles.

more southern reef, could possibly also be exposed to higher
surface water temperatures due to the location of this reef at
lower latitudes. Mean sea surface annual temperatures of the
Red Sea have been shown to increase towards lower latitudes
and can be as high as 33 ◦C in the central and southern Red
Sea (Chaidez et al., 2017). Further, the local geomorphologi-
cal features of each reef could influence the light availability
of benthic habitats. Consequently, differences in the local to-
pography could have led to different angles of incident light
and shading conditions, which would then result in differ-
ences between reefs even though the examined depths are
identical.

Contrasting findings to previously reported Tridacninae
abundances in the central Red Sea could be further a re-
sult of differences in sampling depths in the respective stud-
ies, as e.g. Bodoy et al. (1984) only accounted for clams
at water depths of a maximum of 2 m, while we assessed
abundances of T. maxima at six different depths (0.5, 1.5,
3, 5, 8, and 11 m). Previous studies have shown that the
depth of abundance surveys significantly impacts the esti-
mates (Van Wynsberge et al., 2016), even though gener-
ally, the highest densities of T. maxima are always reported
for shallow reefs (0–5 m) (Jantzen et al., 2008; Andréfouët
et al., 2009). This is also reflected in the results of previ-
ous studies in the Red Sea (Roa-Quiaoit, 2005) showing the
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Table 2. Description of the statistical model parameters (Fig. 5) combining the influence of irradiance (E, µmol m−2 s−1) and clam dry mass
(DM; g) on calcification (G; µmol CaCO3 ind−1 h−1), where d is the fitted intercept.

G= a ·E+ b ·DM2
+ c ·DM+ d

Estimate SE t value p value Lower confidence limit Upper confidence limit
df= 46 [95 % confidence] [95 % confidence]

a 0.126 0.011 11.420 < 0.0001 0.104 0.148
b −0.298 0.070 −4.242 < 0.0001 −0.439 −0.156
c 9.115 2.006 4.545 < 0.0001 5.079 13.152
d −29.085 11.955 −2.433 0.019 −53.148 −5.022

R2: 0.77

Figure 4. Net calcification (µmol CaCO3 ind−1 h−1) (n= 10) in T. maxima at four different incident light levels (197, 244, 358, and
531 µmol photons cm−2 h−1) and in the dark, plotted against tissue dry mass (g). Data are shown with polynomial trend lines.

highest abundances of T. maxima in shallow water (< 3 m).
However, Roa-Quiaoit (2005) accumulated abundances at all
depths less than 3 m, while we differentiated even between
the 0.5, 1.5, and 3 m depth levels and thereby found that al-
though T. maxima shows the highest density at 3 m, abun-
dances in shallower depths are significantly reduced. Fur-
thermore, we found only a few specimens of T. maxima at
water depths between 5 and 11 m. This finding is similar to
previous studies describing T. maxima as being mostly re-
stricted to reefs shallower than 10 m, principally reef flats and
edges (Van Wynsberge et al., 2016). This depth distribution
is most likely a result from a trade-off between maximizing
light-dependent photosynthesis while minimizing tempera-
ture stress, UV irradiation, wave exposure, and/or emersion
stress. All these stressors have been previously reported to
lead to massive bleaching and mass die-off events in T. max-
ima (Addessi, 2001) and prevent settlement and recruitment
in the shallow waters of the reef flat (Watson et al., 2012).
The average size of T. maxima specimens at the sheltered
reef was 16.6± 5.1 cm (±SD), similar to previous studies

on this species in the Red Sea (Roa-Quiaoit, 2005), corre-
sponding, according to the size classification by Manu and
Sone (1995), to broodstock (i.e. sexually mature individu-
als) hermaphrodites. However, the number of small, juvenile
specimens (< 4 cm) is potentially underestimated, as they are
extremely cryptic (Munro and Heslinga, 1983).

4.2 Light-dependent calcification and production in
Red Sea giant clam T. maxima

Overall, we found significantly enhanced net calcifica-
tion rates in Red Sea T. maxima during light incuba-
tions compared to the dark incubation. Net calcification
rates also significantly increased with light intensity up
to 475 µmol photons m−2 s−1 (incident light level corre-
sponding to a water depth of approximately 5 m, at the
same time of the day and season, when the incubations
were conducted), and thenceforward decrease until an even-
tual dominance of dissolution over calcification at ap-
proximately 1033 µmol photons m−2 s−1 (corresponding to
light conditions received directly at the air–water interface
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Figure 5. Model considering a linear relationship between light and calcification and a first-order polynomial relationship between dry mass
(DM) and net calcification (NC) explaining 77 % of the variance.

in the reef of the collection). Likewise to net calcifica-
tion in T. maxima, we observed gross primary production
(GPP) to be highest at intermediate light levels of around
560 µmol photons m−2 s−1 (corresponding to a water depth
of about 4 m) and to decrease with increasing light intensi-
ties (at 959 and 1061 µmol quanta m−2 s−1, corresponding to
1.5 and 0.5 m water depth, respectively). We conclude that
net calcification in the Red Sea giant clam T. maxima is not
only enhanced by light, but is also likely coupled to the pho-
tosynthetic activity of their algal symbionts. Further, our re-
sults show that both net calcification and primary produc-
tion in Red Sea T. maxima are highest at incident light lev-
els received at water depths between 5 and 3 m at Red Sea
reefs. This is especially noteworthy as these findings corre-
late with the observed depth-related abundances of T. max-
ima, displaying the highest densities at intermediate water
depths around 3 m in the central Red Sea. The observed ir-
radiance optima for both net calcification and primary pro-
duction of T. maxima could therefore provide an explanation
for the maximum in abundances in intermediate waters (3–
5 m) and the decreasing numbers of observed clams at both
shallower and deeper reef sites.

Overall, our findings of enhanced calcification rates under
light are consistent with reports on the related species Tri-
dacna gigas (Lucas et al., 1989), Tridacna derasa (Sano et
al., 2012), and Tridacna squamosa (Adams et al., 2013). The
mechanisms of LEC have been intensely studied in zoox-
anthellate scleractinian corals, leading to several hypotheses
proposed to explain LEC (Tambutté et al., 2011). The ma-
jority of these refer to mechanisms that are influenced by
the symbiotic relationship of host and Symbiodinium, with

the most supported hypothesis relating photosynthetic CO2
uptake by the algal symbionts to increased pH and the con-
centration of carbonate ions, thereby favouring calcification
through the corresponding elevated saturation state for car-
bonate minerals (McConnaughey and Whelan, 1997).

Giant clams, including T. maxima, can potentially harbour
multiple genera of Symbiodiniaceae simultaneously (DeBoer
et al., 2012; Ikeda et al., 2017), including Symbiodinium,
Cladocopium, and Durusdinium (previously referred to as
clades A, C, and D; LaJeunesse et al., 2018; DeBoer et al.,
2012). The composition of these associated algal symbionts
might therefore also impact the susceptibility to (high) light
levels, as different genera of Symbiodiniaceae (in symbio-
sis) exhibit different physiological and ecological patterns,
including sensitivity to light and temperature (Rowan et al.,
1997; Berkelmans and Van Oppen, 2006). However, a pre-
vious study on Red Sea giant clams and their associated
Symbiodiniaceae (Pappas et al., 2017) reports that T. max-
ima in the region exclusively associated with Symbiodinium
spp. (previously clade A), which was thus assumed to rep-
resent an optimal group for the local environmental condi-
tions. However, the reliance of calcification of host organ-
isms (e.g. T. maxima) on their relationship with symbiotic
algae could provide an explanation for the significant de-
crease in net calcification rates at the highest light treat-
ment (1061 µmol photons m−2 s−1). These diminished rates
could be the result of photoinhibition and even photodam-
age of the associated unicellular algae when exposed to these
high incident light levels. This would also be supported by
the pronounced decrease in gross primary production rates
at this light treatment. High incident light levels, especially
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Table 3. Comparison of net calcification rates in relation to light conditions in different marine phototrophic and mixotrophic calcifiers.
Values are given as average value mean (±SE) or a (±SD). Experimental light incubation levels are given in µmol photons m−2 s−1. Net
calcification values were converted to µmol CaCO3 cm−2 h−1 from bmg CaCO3 cm−2 d−1.

Organism Species Nutrition Region Light incubation
(µmol photons
m−2 s−1)

Net calcification
(µmol CaCO3
cm−2 h−1)

Method Study

Coral Acropora
variabilis

mixotroph Northern
Red Sea

800 0.1a TA anomaly
method

Cohen et al. (2016)

Coral Porites lutea mixotroph Northern
Red Sea

800 0.28a TA anomaly
method

Cohen et al. (2016)

Coral Porites spp. mixotroph Japan 700 0.79b Buoyant
weighing

Comeau et al. (2014b)

Coral Pocillophora
damicornis

mixotroph Japan 700 0.49b Buoyant
weighing

Comeau et al. (2014b)

Coral Porites com-
pressa

mixotroph Hawaii 698 0.81± 0.02b Buoyant
weighing

Marubini et al. (2001)

Coral Acropora
pulchra

mixotroph French
Polynesia

640± 30 0.42± 0.02b Buoyant
weighing

Comeau et al. (2014a)

Coral Madracis
auretenra

mixotroph Caribbean 200 0.36± 0.4a TA anomaly
method

Jury et al. (2010)

Coral Porites com-
pressa

mixotroph Hawaii 150 0.43± 0.03b Buoyant
weighing

Marubini et al. (2001)

Coral Acropora
pulchra

mixotroph French
Polynesia

149.2± 0.1 0.11± 0.01b Buoyant
weighing

Comeau et al. (2014a)

Averaged net calcification corals 0.42± 0.08

Algae Porilithion
onkodes

phototroph Hawaii 700 0.80 ab Buoyant
weighing

Comeau et al. (2014b)

Algae Hydrolithion
reinboldii

phototroph French
Polynesia

640± 30 0.05± 0.00b Buoyant
weighing

Comeau et al. (2014b)

Averaged net calcification algae 0.43± 0.38

Bivalve Tridacna
maxima

mixotroph Central
Red Sea

1061 0.01± 0.01 TA anomaly
method

This study

Bivalve Tridacna
maxima

mixotroph Central
Red Sea

959 0.25± 0.04 TA anomaly
method

This study

Bivalve Tridacna
maxima

mixotroph Central
Red Sea

530–561 0.65± 0.03 TA anomaly
method

This study

Bivalve Tridacna
maxima

mixotroph Central
Red Sea

358 0.60± 0.04 TA anomaly
method

This study

Bivalve Tridacna
maxima

mixotroph Central
Red Sea

244 0.51± 0.04 TA anomaly
method

This study

Bivalve Tridacna
maxima

mixotroph Central
Red Sea

197 0.43± 0.02 TA anomaly
method

This study

Averaged net calcification T. maxima 0.47± 0.03

high levels of UV radiation in shallow waters, have been
previously shown to be correlated with decreased calcifica-
tion rates in other marine calcifiers such as stony corals, e.g.
Porites compressa (Kuffner, 2001). However, recent findings
for hermatypic corals also report that the contribution by the
symbionts might not be the primary or sole driver for LEC,
but the blue light spectrum could trigger the light sensors of
the host itself, leading to higher calcification rates (Cohen et

al., 2016). It is suggested that blue light photoreceptors in
coral tissues of Porites lutea and Acropora variabilis could
potentially sense the light which is ultimately activating a
cascade of processes involved in blue light-enhanced calcifi-
cation (Cohen et al., 2016). However, our experimental light
level, produced by different layers of neutral screen shading,
only differed in light intensities but not in the wavelength
that T. maxima would receive in the respective water depth.
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Table 4. Comparison of net calcification rates of different marine heterotrophic calcifiers. Values are given as average value mean (±SE)
or a (±SD). All net calcification values were normalized for gram dry mass (DM); rates given in fresh weight were converted to DM
b following Ricciardi and Bourget (1998) or c Dame (1972). Net calcification values were converted to µmol CaCO3 g DM−1 h−1 from
d µg CaCO3 g DM−1 d−1.

Organism Species Nutrition Region Net calcification
(µmol CaCO3
cm−2 h−1)

Method Study

Coral Lophelia
pertusa

heterotroph North Atlantic 1.5a TA anomaly
method

Hennige et al. (2014)

Coral Madrepora
oculata

heterotroph Mediterranean
Sea

0.091± 0.027 TA anomaly
method

Maier et al. (2016)

Averaged net calcification for heterotrophic corals 0.80± 0.70

Bivalve Mytilus
edulis

heterotroph North Sea 0.0244ab TA anomaly
method

Gazeau et al. (2007)

Bivalve Crassostrea
gigas

heterotroph North Sea 0.219ab TA anomaly
method

Gazeau et al. (2007)

Bivalve Argopecten
purpuratus

heterotroph Southern Pacific 0.004± 0.001d Buoyant
weighing

Ramajo et al. (2016)

Averaged net calcification for heterotrophic bivalves 0.08± 0.07

Bivalve Tridacna
maxima

mixotroph Central Red Sea 5.38± 0.42 TA anomaly
method

This study

Averaged net calcification for T. maxima 5.38± 0.42

In a previous study on Tridacna crocea, short-term calcifi-
cation rates were also reported to be strongly light depen-
dent (Warter et al., 2018). However, in this their experiment,
Warter et al. (2018) exposed the clams not only to artificial
light, but also light levels that were not comparable to actual
conditions in the environment, as the average treatment com-
prised only 162±7 µmol quanta m−2 s−2 (corresponding to a
water depth of approximately 16 m in an oligotrophic ocean
such as the Red Sea).

4.2.1 Allometric relationship between calcification and
biomass

We determined a non-linear relationship between net calcifi-
cation and biomass (as tissue DM) in T. maxima. Clams of an
intermediate DM of approximately 15 g showed the highest
net calcification throughout the four incubations as moderate
light levels (530, 358, 244, and 197 µmol quanta m−2 s−1).
Specimens of a smaller or higher biomass calcified less dur-
ing the incubations. A similar allometric relationship has
been previously described for the photosynthetic metabolic
performance of the zooxanthellae in T. maxima (Yau and
Fan, 2012). This allometric pattern is most likely due to an
optimal ratio of symbionts to clam body mass at interme-
diate sizes. As the clam grows, its mantle tissue increases
in thickness and thus the three dimensional tubular systems
bearing the utmost of symbionts (Fisher et al., 1985). How-
ever, as the mantle thickens, impinging light must penetrate

through more tissue before reaching the stacked zooxanthel-
lae (Trench et al., 1981), and there is evidence of increased
shading of the symbionts in the mantles of bigger clams
(Fisher et al., 1985). With further increasing size, the number
of symbionts per unit clam biomass also decreases (Fisher et
al., 1985; Fitt et al., 1993; Griffiths and Klumpp, 1996). In
general, growth rates of giant clams seem to decrease with
age once they reach the threshold for maturity and become
broodstock hermaphrodites (Van Wynsberge et al., 2016).
Past this age, a growing portion of their energy is invested
in reproduction (Romanek and Grossman, 1989; Van Wyns-
berge et al., 2016), especially since there is an exponentially
increase in produced egg numbers with increasing shell size
(Jameson, 1976).

4.2.2 Comparison with other calcifiers

We compared net calcification rates of T. maxima with those
of other benthic phototrophic and mixotrophic calcifiers (Ta-
ble 3). In most calcifying organisms that live in symbiotic
relationship with zooxanthellae (such as corals), metabolic
rates and calcification are normalized by surface area. In con-
trast to corals, however, which host their symbiotic algae
intracellularly in their endodermal cell layer, the symbionts
of Tridacninae are located in delicately branching and spe-
cialized channels within the mantle, which extend from the
stomach (Trench et al., 1981; Norton et al., 1992). Although
this difference makes the comparison to other calcifiers con-
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ceptually difficult, normalization of calcification rates per
mantle surface area would also be appropriate, as Symbio-
dinium cells in giant clams are mostly found in the upper
5 mm of the mantle (Ishikura et al., 1997). The Red Sea gi-
ant clam T. maxima shows averaged net calcification rates of
0.47± 0.03 µmol CaCO3 cm−2 h−1 (mean±SE), which are
comparable to those reported for hermatypic corals (0.42±
0.08 µmol CaCO3 cm−2 h−1; mean±SE) and those for
calcifying macroalgae (0.43± 0.38 µmol CaCO3 cm−2 h−1;
mean±SE). However, in comparison with averaged rates
of other heterotrophic, temperate bivalve species, such as
Mytilus edulis, Argopecten purpuratus, and Crassostrea gi-
gas with 0.08±0.07 µmol CaCO3 g DM−1 h−1 (mean±SD),
calcification in T. maxima is about 70 times higher (5.38±
0.42 µmol CaCO3 g DM−1 h−1; mean±SE) (Table 4). When
compared to heterotrophic cold-water coral species, such as
Lophelia pertusa and Madrepora oculata, net calcification
rates of T. maxima are more than 7 times higher (0.80±
0.70 µmol CaCO3 g DM−1 h−1; mean±SD); Table 4). Our
comparative assessment of the net calcification rates of giant
clams with temperate/azooanthellate species show that rates
in the Red Sea T. maxima tested here are comparable to other
photosymbiotic organisms (such as corals) and calcifying al-
gae.

5 Conclusion

The present study shows that net calcification and photo-
synthetic rates of Red Sea T. maxima are light dependent
but show a maximum at intermediate irradiance, suggesting
strong inhibition at the highest incident light levels received
in very shallow (0–1.5 m) waters. This is consistent with the
depth-related distribution of this species in the Red Sea, and
elsewhere, which showed maximum abundances in shallow
(3 m), sunlit coral reefs but a decrease in abundance from 3 m
towards the surface and below. Although enhanced calcifica-
tion is consequently beneficial for T. maxima, the light de-
pendency of both calcification and production restricts them
to shallow waters, which also makes them more vulnerable
to potentially harmful environmental changes, such as pre-
dicted increasing water temperatures associated with global
warming (Hughes et al., 2003) as well as high levels of inci-
dent light, including high levels of UV radiation (Shick et al.,
1995). The present study provides an important baseline for
future studies examining the impact of wavelength-specific
responses of calcification and metabolic rates on giant clams
as well as for a better overall understanding of light-enhanced
calcification in Red Sea Tridacninae and their relationship
with the symbiotic algae.
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APPENDIX 4 

Appendix 4.1 

 

 

A4.1 Illustration of experimental setup including Labram Aramis setup, PC with LabSpec6 

software and a laser.  
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Appendix 4.2 

 

A4.2 Power dependent photoluminescence of giant clam with different excitation source (A) 

325 nm, (B) 473 nm and (C) 633 nm. Pl intensities at 1, 10 and 50 μW for 325 nm and 633 nm, 

as well as at 1, 10 and 100 μW for 473 nm.  
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Appendix 4.3   

 

A4.3.1 (A) Schematic illustration of absorption and emission mechanism using an energy band 

diagram. (B) Illustration of UV source absorption and broadband emission (red - blue).  

 

 

 

A4.3.2 Back scattered light by (A) a crystal (less ordered), (B)  a highly ordered crystal 

structure, (C) absorption of a single wavelength UV light resulting emission of longer 

wavelengths (red - blue).  
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Appendix 4.4 

 

A4.4 Quantum yield observations in T. maxima, normalized laser and PL spectra.  

   

Appendix 4.5 

A4.5 Dominant peaks observed in PL spectra of T. maxima tissue at room temperature under 

different laser excitation sources (325nm, 473nm and 633nm). 

Laser Sources Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 

325nm 366nm 
399nm 

(shoulder) 
511nm 676 nm 733 nm 

473nm × × 548nm 676 nm 
734 nm 

(shoulder) 

633nm × × × 677 nm 
733 nm 

(shoulder) 

 

 

 

 

 



265 

 

 

Appendix 4.6 

A4.6 Dominant peaks observed in PL spectra of guanine powder at room temperature under 

different laser excitation sources (325nm, 473nm and 633nm). 

Laser Sources Peak 1 Peak 2 Peak 3 Peak 4 

325nm 363 nm 414 nm (shoulder) 524 nm × 

473nm × × 500 nm 528 nm (shoulder) 

633nm × × × × 
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Iridocytes Mediate Photonic
Cooperation Between Giant Clams
(Tridacninae) and Their
Photosynthetic Symbionts
Susann Rossbach1*†, Ram Chandra Subedi2†, Tien Khee Ng2, Boon S. Ooi2 and
Carlos M. Duarte1

1 Red Sea Research Centre and Computational Bioscience Research Center, Biological and Environmental Science
and Engineering Division, King Abdullah University of Science and Technology, Thuwal, Saudi Arabia, 2 Photonics Laboratory,
Computer, Electrical and Mathematical Sciences and Engineering Division, King Abdullah University of Science
and Technology, Thuwal, Saudi Arabia

Iridocytes, containing multiple stacks of proteinaceous platelets and crystalized guanine,
alternating with thin cytoplasm sheets, are specialized cells that act as multilayer nano-
reflectors. Convergence evolution led to their arising across a broad range of organisms,
including giant clams of the Tridacninae subfamily – the only sessile and photosymbiotic
organism, among animals known to possess iridocytes. Through the interference of
light with their nanoscale architecture, iridocytes generate “structural colors,” which are
reported to serve different purposes, from intra-species communication to camouflage.
In giant clams, iridocytes were previously reported to promote a lateral- and forward
scattering of photosynthetically productive radiation (PAR) into the clam tissue, as well
as the back reflection of non-productive wavelengths. Hence, they are assumed to
promote an increased efficiency in the use of available solar energy, while simultaneously
preventing photodamage of the algal symbionts. We report the use of guanine crystals
within Tridacna maxima giant clam iridocytes as a basis for photonic cooperation
between the bivalve host and their photosynthetic symbionts. Our results suggest
that, in addition to the previously described scattering processes, iridocytes absorb
potentially damaging UV radiation (UVR) and, through successive emission, emit light at
longer wavelengths, which is then absorbed by the photosynthetic pigments of the algal
symbionts. Consequently, both, host and algal symbionts are sheltered from (potentially)
damaging UVR, while the available solar energy within the PAR spectrum increases,
thereby potentially enhancing photosynthetic and calcification rates in this large bivalve.
Further, our results suggest that this photonic cooperation could be responsible for
the broad repertoire of colors that characterizes the highly diverse mantle patterns
found in T. maxima.

Keywords: Tridacna, photosynthesis, iridocyte, symbiosis, light, giant clam
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Rossbach et al. Iridocytes in Giant Clams

INTRODUCTION

Iridocytes (also called iridophores, guanophores, or interference
cells) are multilayer nano-reflectors with alternating high and
low refractive indices, generating interference of light waves.
They contain multiple stacks of thin proteinaceous platelets
(Kamishima, 1990; Griffiths et al., 1992; Kim et al., 2017) and
crystalized guanine (Morrison et al., 1996; Teyssier et al., 2015)
(an essential component of DNA and RNA), alternating with thin
sheets of cytoplasm (Ide and Hama, 1972; Rohrlich and Rubin,
1975; Kim et al., 2017). Convergence evolution has led to their
arising across a broad range of organisms, including reptiles,
such as chameleons (Rohrlich and Rubin, 1975), amphibians,
such as tree frogs (Setoguti, 1967), fish (Lythgoe et al., 1984),
and mollusks such as cephalopods (Cloney and Brocco, 1983;
DeMartini et al., 2013a) and giant clams of the Tridacninae
subfamily (Kamishima, 1990; Griffiths et al., 1992; Holt et al.,
2014; Ghoshal et al., 2016a).

Iridocytes display a variety of different functions in organisms,
from the prevention of gas diffusion (Scholander, 1954),
protection against extreme heat (Kobelt and Linsenmair, 1992),
as mirror components of visual systems (Locket, 1970) and the
manipulation of light (Fox, 1976; Holt et al., 2014; Ghoshal et al.,
2016a; Kim et al., 2017). Through the interference of light with a
combination of their nanoscale architectures, iridocytes generate
some of the liveliest colorations across these organisms (Holt
et al., 2014; Teyssier et al., 2015).The resulting “structural colors”
(Fox, 1976) are reported to serve different purposes, from intra-
species communication (Chae and Nishida, 1994) to camouflage
(Théry and Casas, 2002; Ikeda and Kohshima, 2009).

Recent research mainly focused on “how nanostructures,
such as Iridocytes, regulate the optical properties of biological
materials” (Sun et al., 2013). However, photonic structures in
biological systems were recently reported to also potentially affect
physiological processes in plants and phototrophic organisms
in general (Gkikas et al., 2015; Goessling et al., 2018). The
structural nature of iridocytes allows them to reflect any
waveband of the visible light spectrum from near UV to
deep red (400–700 nm) (Mäthger and Hanlon, 2007). Further,
there is evidence that organisms may be able to change the
optical properties of these cells from non-iridescent (Rayleigh-
scattering) to iridescent (structural reflection) by ultrastructural
changes, thereby allowing rapidly shifts in skin colors (Mäthger
and Hanlon, 2007; DeMartini et al., 2013a,b).

Giant clams of the Tridacninae subfamily stand out among
all other organisms containing iridocytes as the sole sessile
organisms thus far reported to contain these specialized cells.
In Tridacninae, iridocytes are located in the outer mantle of
the bivalve (Griffiths et al., 1992; Holt et al., 2014; Ghoshal
et al., 2016a) which confer these animals their distinct and
highly diverse mantle colors (Holt et al., 2014; Ghoshal et al.,
2016a; Figure 1). Giant clams represent an important component
of Indo-Pacific reef communities and are of distinct ecological
significance for a reef (Neo and Todd, 2013; Neo et al., 2015; Van
Wynsberge et al., 2016).They play multiple roles in the framework
of coral reef communities (Neo et al., 2015), as they provide a
food source for a number of predators and scavengers (Alcazar,
1986), shelter for commensal organisms (De Grave, 1999), and

FIGURE 1 | Variations of mantle tissue colorations in Tridacninae, here
exemplarily shown for Tridacna maxima. Specimens in the top row (A–C) are
examples for brown color variants and those in the bottom (D–F) for blue
appearing mantle colorations. Panels (C,F), respectively, are equivalents for
the brown and blue variation used in this study.

substrate for epibionts (Vicentuan-Cabaitan et al., 2014), and
also have been harvested by humans for food and ornamental
purposes (Mies et al., 2017). Further, they are even considered
an ecosystem-engineering species (Neo et al., 2015) as they may
form reef-like structures (Andréfouët et al., 2005).

Giant clams are one of the few molluscan groups that
live in symbiotic relationship with unicellular algae of the
Symbiodiniaceae family (Taylor, 1969; Yonge, 1975; Norton et al.,
1992; Fitt, 1993). Among all the animals that are currently
known to possess iridocytes, this symbiosis makes them the only
organism capable of photosynthesis, through the activity of their
algal symbionts. These symbionts are located intercellularly in a
special tubular system, originating in digestive diverticular ducts
of the stomach and extending into the outer mantle (Norton
et al., 1992). As the algal symbionts can deliver up to 100% of the
respiratory carbon demand of giant clams (Trench et al., 1981;
Klumpp et al., 1992; Klumpp and Griffiths, 1994), some species
are even considered to be net (photo)-autotrophs (Klumpp and
Griffiths, 1994; Jantzen et al., 2008). This successful photo-
symbiotic relationship is considered to be the main reason why
Tridacninae are among the largest (Beckvar, 1981) and fastest-
growing (Bonham, 1965) bivalves on Earth, and why bleaching
(i.e., the loss of their symbiotic algae) (Glynn, 1993; Norton et al.,
1995) is known to significantly decrease their fitness, resulting
in reduced growth, fecundity, and survival (Leggat et al., 2003;
Maboloc et al., 2015). Besides their contribution to the gross
physiological performance of giant clams, the photosymbiotic
relationship of Tridacninae and Symbiodiniaceae is probably also
one of the reasons why the calcification in these bivalves is
strongly light-dependent (Ip et al., 2017, 2018; Chew et al., 2019;
Rossbach et al., 2019).

Unlike the many other mollusks, amphibians, fishes, and
reptiles containing iridocytes, in Tridacninae the role of these
cells would be unrelated to interactions with conspecifics
or potential predators or competitors (e.g., camouflage or
intimidation). Thus, previous studies, examining optical
properties and the functional significance of iridocytes in
giant clams either suggest their function to be acting as some
kind of sunscreen (Yonge, 1975; Ishikura et al., 1997) or to
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enhance photosynthetic rates of the algal symbionts by forward-
scattering of light (Holt et al., 2014; Ghoshal et al., 2016a).
As the requirements of their symbionts for photosynthetically
active radiation (PAR, 400–700 nm) restrict Tridacninae to
sunlit and shallow waters, giant clams expose themselves and
their algal symbionts to potentially high levels of environmental
ultraviolet radiation (UVR, 280–400 nm) (Smith and Baker,
1979). These highly energetic wavelengths are known to cause
photo-inhibition in the associated algae, therefore leading
to detrimental effects on the photosynthetic performance
(Lesser and Shick, 1989; Lesser, 2006). In giant clams, UV-B
(280–320 nm) and UV-A (320–400 nm) have been previously
shown to completely suppress photosynthesis in isolated
Symbiodiniaceae, while having little effect on the symbionts
when embedded within the clam host tissue (Ishikura et al.,
1997). Photo-protective mechanisms in Tridacninae have been
previously mainly attributed to the presence of UV-absorbing
compounds (e.g., mycosporine-like amino acids, MAAs), which
are produced by the algal symbionts and deposited in the giant
clam mantle tissues (Banaszak et al., 2006; DeBoer et al., 2012).
Recent research shows that the iridocyte cells, produced by the
giant clams themselves, may also have an important function in
the protection against (potentially) harmful wavelengths of light
(Holt et al., 2014; Ghoshal et al., 2016a). On the basis of models
and experimental assessment of the spectral light penetration
into tissues, iridocytes in Tridacninae were previously reported to
promote a lateral- and forward scattering of photosynthetically
productive wavelengths of light into the clam host tissue, as
well as the back reflection of non-productive wavelengths
(Holt et al., 2014; Kim et al., 2017). By providing these unique
features, they are assumed to establish optimal conditions for the
photosynthetic performance of the giant clams’ symbionts (Holt
et al., 2014; Ghoshal et al., 2016a).

In the present study, we assess the photoluminescence (PL)
of Tridacna maxima giant clam iridocytes (embedded in the
clams’ outer mantle tissues) as well as of pure guanine, the
material which composes the optically active components of
the iridocytes. Further, we characterize different properties of
T. maxima mantle tissues using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).

MATERIALS AND METHODS

Collection of Clams
In August 2018, two specimens (one brown and one blue color
variant) of the giant clam T. maxima, both with a size of about
17 cm, were collected in a water depth of about 3 m at Abu Shosha
reef in the Central Red Sea (22.303833 N, 39.048278 E).

Tissue Characterization Using Scanning
Electron Microscopy and Transmission
Electron Microscopy
Tissue sample preparation for SEM imaging followed a standard
protocol. In brief, pieces of T. maxima outer mantle tissues of
approximately 25 mm2 area were fixed overnight in a 2–2.5%

glutaraldehyde in 0.1 M cacodylate buffer at a temperature of 4◦C.
After that, tissues were gently washed in the 0.1 M cacodylate
buffer. Post fixation was performed in the dark, using a 1%
osmium tetroxide in the cacodylate buffer for 1 h. The clam
tissues were then washed with deionized water three times,
keeping them in the water for at least 15 min, before they were
dehydrated using ethanol with increasing concentration (30, 50,
70, 90, and 100%). Following this procedure, tissues were dried
using critical point drying (CPD) for approximately 2 h. At last,
they were coated with a 4 nm thin layer of platinum, to avoid
charging effects while performing the SEM imaging. Imaging was
conducted using a Quanta 3D FEG SEM (FEI, Netherlands).

For the blockphase SEM and TEM imaging, biopsy punches
(approximately 1 mm2) of the T. maxima mantle tissue were fixed
and embedded in Durcupan ACM resin (EMS, United States),
following the protocol by Deerinck et al. (2010). Block phase
SEM imaging was performed using a Teneo VSTM SEM (Thermo
Fisher Scientific, United States). For the TEM imaging, the
embedded mantle tissues were cut into 140 nm thin sections
using a Leica Ultramicrotome EM UC7 (Leica, Germany) and
images were taken with a Titan CT TEM (Thermo Fisher
Scientific, United States).

Absorbance Spectra of T. maxima Mantle
Tissues
For the absorbance measurements, outer mantle tissues were
sliced into layers of 0.5 mm thickness and mounted onto
double side polished sapphire substrates. The measurements
were carried out on two sets of samples: (a) at the outermost
surface of the tissue and (b) inside mantle tissues (about 500 µm
deep from the surface), using a UV–Vis–NIR spectrophotometer
(Shimadzu UV-3600).

Setup for Photoluminescence
Measurements
The Labram Aramis set up (Horiba Scientific, Japan) was
used to measure the PL of the giant clam mantle tissues
(Supplementary Figure 1). This compact and automated system
allows to easily choose the excitation source and power from
the LabSpec6 software (Horiba Scientific, Japan). Three different
laser excitation sources were used: Helium Cadmium (325 nm),
Cobalt 06-MLD (473 nm), and Melles Griot (633 nm). Samples
of T. maxima tissues were placed on a sapphire substrate and
then positioned on the probing stage of the measurement setup.
The laser was focused on the tissue sample with a 40-fold
magnification objective, resulting in a spot size of approximately
5 µm. Minimizing the spot size was necessary in order to increase
the power intensity of the laser, as a smaller spot size resulted in a
smaller area and thus higher laser intensity, as:

Power intensity =
Power

Area of laser spot

For every scan, the laser source was automatically cut-off right
after a completed scan to minimize potential damages of the
tissues due to continuous exposure. The planar and vertical
adjustment of the stage, using LabSpec6, allows a fine resolution
as low as 1 µm.
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PL Measurements of Giant Clam Mantle
Tissue
Mantle clippings of approximately 1 mm in thickness and a cross-
section area of about 1 cm2 of T. maxima were used for the
subsequent measurements. When the clam mantle tissues were
optically probed, multi-peak PL emissions were observed. First,
PL measurements were performed on the mantle surface (where
the laser source was focused at the surface i.e., Z = 0 µm).
To understand how the light propagates deep inside the tissue,
subsequent PL emission spectra were taken at different focal
depth inside the mantle tissue as deep as ∼300 µm. Second,
in order to explore how the T. maxima tissues interact with
different light sources and excitation power, they were probed
with different excitation sources of wavelengths at 325, 473,
and 633 nm and various pumping. In order to understand the
interaction of the light with T. maxima tissues and the resulting
dependent PL spectra, several measurements with excitation
sources of wavelengths at 325, 473, and 633 nm were conducted
at room temperature. Further, we performed excitation power-
dependent PL measurements (Supplementary Figure 2). The
type of charge carrier recombination (free to bound and/or
donor-acceptor pair recombination) contributing to the PL can
be further explored by plotting integrated photoluminescence
(IPL) versus the power of the excitation source. Further, the
quantum yield was calculated using the following relation:

Quantum Yield =
Integrated photoluminescence intensity

Integrated excitation source intensity

The quantum yield was averaged (with a 95% confidence interval)
from measurements on five individual tissue samples.

PL Measurements of Pure Guanine
Powder
Commercially available guanine powder (3,4-(Methylenedioxy)
cinnamic acid) with a 99% assay (Sigma Aldrich, United States),
was desiccated at room temperature. An approximately 1 mm
thick layer of crystalline guanine powder was put on the sapphire
substrate and the prepared sample was subjected to the PL test in
the Labram Aramis spectrometer setup (Horiba Scientific, Japan)
following the same procedure as for the giant clam mantle tissue.

RESULTS

Mantle Tissue Characteristics of
T. maxima
Observations of the T. maxima outer mantle tissues, using SEM,
revealed surface structures with hexagonal features (Figure 2A),
consisting of pillar-like microstructures (Figures 2B,C), where
each of these pillars has an average length of about 1 µm
(Figures 2C,D). Below the surface layer, we find the embedded
symbiotic unicellular algae (Figure 3A), stacked in pillars and
located extracellularly in a tubular system.

In close proximity, the iridocyte cells can be found
(Figure 3B). They have of similar dimensions as the neighboring
Symbiodiniaceae (e.g., diameter of 8 µm) and TEM imaging

reveals the plate-like structure of proteinaceous material and
crystalized guanine within the iridocyte cells, alternating with
thin cytoplasm sheets (Figures 3C,D).

Absorbance of T. maxima Mantle Tissues
Absorbance spectra of T. maxima mantle tissues differed with
depth into the tissue (i.e., outermost surface tissue and at
500 µm inside the mantle tissue) (Figure 4). We observed strong
absorbances throughout the UV spectra (200–400 nm) at both
depths. Whereas the absorbance in the outermost mantle tissues
decreases with wavelengths >330 nm, absorbance spectra of
tissue layers deeper inside the mantle, at about 500 µm, shows a
strong imprint of photosynthetic pigments, with a broad shoulder
between 400 and 560 nm, a relative absorbance minima around
600 nm, and another, distinct peak in absorbance around 675 nm,
corresponding to chlorophyll a.

Conversion of UV-A Wavelengths Into
the Blue Part of the Spectrum
When mantle tissues of the giant clam T. maxima (Figure 5A)
were illuminated with UV-A (325 nm) radiation, the PL
emitted by the mantle tissues, located between the surface and
300 µm into the mantle of the animal, shifted toward longer
wavelengths, resulting in a broadened emission peak, ranging
from 550 to 365 nm (Figure 5B, see schematic of the general
absorption/emission mechanism in Supplementary Figures 4,
5). Multiple peaks were observed in the PL spectra when
the tissue was probed at each of the different focal depths.
However, the most intense peak was identified as the main
peak (Figures 5B,C).

Indeed, the dominant emission peaks under UV-A (325 nm)
excitation, shift from 365 nm at 300 µm depth into the tissue, to
550 nm at the surface of the giant clam mantle. Closer inspection
of the spectral emission shifts with depth showed a gradual
increase of peak shift rates from the mantle surface (Z = 0 µm)
to about 100 µm (0.803 nm µm−1 at 100 µm) tissue depth, and a
decrease in peak shift rates deeper into the tissue (Figures 5C–E).
The calculated quantum yield was 39.20 ± 4.16 (mean ± SD)
(Supplementary Figure 6).

Comparison Between Emission Spectra
of Iridocytes and Pure Guanine
Exciting the T. maxima mantle tissues with a laser source within
the red part of the spectrum (633 nm) resulted in a peak
emission at 673 nm with a shoulder at 733 nm (Figure 6A and
Supplementary Table 1). Excitation with wavelengths within the
blue spectra (473 nm) resulted in an intense peak at 673 nm
with a shoulder at 734 nm (Figure 6A). Under UV-A (325 nm)
excitation, three emission maxima are apparent in the spectra,
(1) a strong peak in the violet spectrum at 391 nm, (2) a broad
shoulder in the green around 530 nm, and (3) and a smaller peak
at 676 nm (Figure 6A).

While investigating PL spectra of pure guanine, by exciting
them with identical laser excitation sources (633, 473, and
325 nm, respectively), no emission signal (other than noise) was
detected when exciting pure guanine with red irradiance at a
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FIGURE 2 | Mantle surface structures of T. maxima, observed via and scanning electroscope microscopy (SEM). (A) Overview of mantle surface, with hexagonal
features. (B,C) Magnified top view of mantle surface, revealing pillar-like microstructures. (D) Blockphase SEM of cross-sectioned mantle tissue showing topmost 10
µm, including pillar-like microstructures, highlighted by red arrows.

wavelength of 633 nm (Figure 6B and Supplementary Table 2).
However, emission spectra peaked at 500 nm when excited with
a 473 nm source and at 363 nm with a shoulder at 414 nm when
excited with 325 nm (Figure 6B).

When then compared the PL spectra of the T. maxima mantle
tissues with those of the pure guanine crystals. In guanine, the
peak in the upper UV-A spectrum (around 360–390 nm) was
conserved, although it was broad and somewhat shifted to longer,
less energetic wavelengths than in the T. maxima tissues (391 nm
maxima in giant clam tissues versus 363 nm in pure guanine).
While T. maxima showed a clear emission peak at 676 nm when
excited with a light source of 473nm generated an emission peak
at 676 nm, the emission peak at 530 nm in the pure guanine was
barely visible in the emission spectra.

DISCUSSION

Surface Structures of Outer T. maxima
Mantle
The observed microstructures on the outer layer of the T. maxima
outer mantle tissues could be potentially part of a light-harvesting
system, just as some comparable photonic nanostructures

on butterfly wings (Vértesy et al., 2006; Tam et al., 2013)
and bird feathers (Eliason et al., 2015) have been previously
reported being responsible for controlling how incident light
is reflected and scattered. For the butterflies, differences in
iridescence were also reported to be due to a difference in
those nanostructures, including their optical thickness and the
periodicities of air/cuticle bilayer stacks (Tam et al., 2013).
Should the observed micro-pillar structures on the surface of
the giant clam mantle tissues serve a comparable function it is
therefore possible, that both, their length as well as the density
of these micropillars could influence the amount, and thus the
intensity of light that penetrates the mantle surface, reaching
deeper tissue layers.

Absorbance Spectra and Conversion of
UV Radiation Into Blue Light
The mantle tissues of T. maxima showed strong absorbance in
the UVR band (200–400 nm) for both probed tissue depths (i.e.,
outermost surface and at a deeper layer of about 500 µm tissue
depth) (Figure 4). While absorbance at the photosynthetically
active range (PAR, 400–700 nm) were only minor in the
outermost tissues, the innermost tissues (at about 500 µm
tissue depth) showed the absorbance spectra characteristic of
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FIGURE 3 | (A) Blockphase SEM image of cross-sectioned T. maxima mantle tissues, from the surface to about 400 µm deep into the tissue. Symbiotic algae are
stacked in pillars and highlighted with green arrows, iridocytes can be found in close proximity and are highlighted with yellow arrows. (B) Magnified view of algal
symbionts (green arrow) and iridocytes (yellow arrow). Both have an average diameter of about 8 µm. (C) TEM image of iridocyte cell with stacked layers of
crystalized guanine plates, alternating with cytoplasm sheets. (D) TEM image of magnified view on Iridocyte cell, showing crystalized guanine plates.

photosynthetic pigments in the PAR range. Here, light is
harvested by the photosynthetic antenna system of the algal
symbionts, resulting in the broad shoulder between 400 and
560 nm, an absorbance minima around 600 nm, and a peak
in absorbance around 675 nm. The remarkable difference in
absorbance spectra between outermost layer, with a strong
imprint from iridocytes, and the deeper tissues is probably due
to a lack of symbionts within the surface tissues of the mantle. As
already shown by Holt et al. (2014), iridocytes cells are organized
in the tissue in a diffuse layer within the outermost tissues (first
100–200 µm) and on top of the algae pillars, which can be mainly
found deeper within the tissue.

A number of previous studies have already investigated
giant clam iridocyte cells and their three-dimensional system
of brightly reflective structures on the basis of models and
experimental assessment of the spectral light penetration into
tissues (e.g., Holt et al., 2014; Ghoshal et al., 2016a,b; Kim et al.,
2017). These specialized cells have been proposed to promote a
lateral- and forward scattering of photosynthetically productive
wavelengths of light into the clam host tissue, as well as the
back reflection of non-productive wavelengths (Holt et al., 2014;
Ghoshal et al., 2016a; Kim et al., 2017). This “redistribution” is

assumed to promote an increased efficiency in the use of available
solar energy, while simultaneously preventing photodamage of
the algal symbionts (Holt et al., 2014; Ghoshal et al., 2016a).

FIGURE 4 | Relative absorbance of wavelengths between 200 and 800 nm of
T. maxima outer mantle tissues for two different tissue depths: outermost
surface tissues (blue) and inside the tissues, at a depth of about 500 µm from
the surface (green).
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FIGURE 5 | (A) Photo of T. maxima specimen with blue mantle coloration. (B) Photoluminescence (PL) spectra of T. maxima at room temperature for different focal
depths (exemplarily shown for six focal depths, ranging from mantle surface to 225 µm within the tissue). (C) Peak emission wavelengths (nm) of T. maxima
photoluminescence versus focal depth (µm). Green bars represent the standard error, obtained by a Gaussian fit. (D) Rate of peak shift (nm µm-1) in T. maxima
photoluminescence versus focal depth (µm). (E) Illustration showing the color changes in PL with varying focal depth (Z), where Z = 0 is directly at the giant clam
mantle surface and Z > 0 indicates measurements deeper inside the mantle tissue.

FIGURE 6 | Photoluminescence spectra (at room temperature) under three different laser excitation sources: at 633 nm (red), 473 nm (blue), and 325 nm (violet),
respectively for (A) Tridacna maxima mantle tissues and (B) pure guanine powder.

However, our observations further indicate that, in addition
to the previously described backscattering of non-productive
wavelengths, giant clam iridocytes are also able to absorb
UVR and re-emit it, shifted toward longer wavelengths. This
finding further contributes to mitigate potential impacts of UVR
(Häder et al., 2007; Llabrés et al., 2013; Häder et al., 2015),

while enhancing photosynthetically available radiation to the
symbionts. Highly energetic UVR has been reported to have
significant and often detrimental effects on processes and
different life stages of marine organisms (Llabrés et al., 2013),
such as DNA damage and oxidative stress (Shick et al., 1995;
Shick et al., 1996; Van De Poll et al., 2001), decreased growth
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and calcification (Van De Poll et al., 2001; Gao and Zheng,
2010), reduced photosynthesis (Lesser, 1996; Gao and Zheng,
2010; Regaudie-de-Gioux et al., 2014), and changes in respiration
(Agustí et al., 2014), as well as adverse effects on reproduction,
larval development and settlement (Aranda et al., 2011; Carreja
et al., 2016) and increased mortality rates, especially during
early life stages (Gleason and Wellington, 1995; Béland et al.,
1999; Al-Aidaroos et al., 2014). As a result of the continuous
environmental pressure from UVR, especially on shallow-water
communities of tropical oceans, many organisms developed
effective defense systems. To date, there are two processes
described for marine organisms to protect themselves against
harmful UVR: (1) use of reflective structures, as in the case
of the planktonic algae and coccolithophorid Emiliania huxleyi.
The coccolith structures, calcium carbonate plates on the outside
of these algae, show a backscatter between 25 and 50% of the
incoming UVR (Gordon and Du, 2001; Quintero-Torres et al.,
2006) and (2) use of UV-absorbing compounds, as reported for
a wide range of different organisms, from algae to arthropods,
mollusks, fish, cnidarians, protozoans, and others (Sinha et al.,
2007; Núñez-Pons et al., 2018). As for giant clams, a previous
study on the potential UV-protective properties of T. crocea
reported the presence of MAAs in the giant clams’ mantle tissue
(Ishikura et al., 1997). These compounds are known for their
photo protective functions as they absorb wavelengths in the UV
spectrum (Shick et al., 1992; Banaszak et al., 2006).

Our present results suggest that, in addition to the known
processes of UV-absorption by MAAs and the potential
backscattering of highly energetic wavelengths by the iridocytes,
Tridacna iridocytes also absorb potentially harmful wavelengths
within the UV spectrum and re-emit radiation shifted into
photosynthetically active wavelengths (400–700nm) that can
be used by their photosynthetic symbionts. Together, these
simultaneous effects of photo-protection and efficient use of
available solar energy help explain why Tridacninae are able
to thrive in very shallow waters (1 m water depth or less),
where UVR levels are very high – especially in tropical oceans
(Overmans and Agustí, 2019, 2020).

Cooperation Between Iridocytes and
Algal Symbionts
As the only photosymbiotic organism among iridocyte-
containing animals, Tridacninae contain dinoflagellate
algal symbionts (Symbiodiniaceae), and therefore also their
photosynthetic antenna systems, including photosynthetic
pigments, such as chlorophyll a and c. The contribution of
chlorophyll a is clearly visible in the unique and well-known
emission peak at around 676 nm (Holm-Hansen and Riemann,
1978), where it can absorb the blue light emitted by the guanine.
Thereby harmful UVR is shifted into photosynthetically active
blue radiation, which is in turn absorbed by the chlorophyll,
and ultimately emitted as innocuous, “waste” far-red radiation.
Blue light emitted by guanine that is not absorbed by chlorophyll
may then be again absorbed by the guanine of the iridocytes.
The iridocytes may then re-emit at a longer wavelength,
yielding the broad emission shoulder in the green color (at

about 530 nm) characterized here for pure, crystalized guanine,
as well for the tissue-embedded iridocytes (Figures 5B, 6A).
Light at wavelengths around 530 nm can then be further
absorbed by a unique photosynthetic antenna system (i.e.,
the peridinin–chlorophyll a–protein – PCP), which harvests
light in the green region (530–550 nm) and is characteristic
of dinoflagellates, including Symbiodiniaceae (Larkum, 1996;
Kanazawa et al., 2014).

The photonic cooperation between the iridocytes cells of the
giant clam host, and the photosynthetic chlorophyll pigments
contained within the algal symbiont cells contributes to the
protection of both, giant clam and symbiont, from harmful
UVR while potentially also increasing the supply of PAR (400–
700nm) to the symbionts. As the requirements of their algal
symbionts for PAR (400–700nm) restricts Tridacninae to sunlit,
shallow waters, giant clams have to expose themselves and their
symbionts to potentially high levels of environmental UVR (280–
400nm). This is especially true for the tropical waters (Smith
and Baker, 1979) inhabited by Tridacninae, such as the very
transparent waters of the Red Sea where the animals tested
here grew. Particularly the highly energetic wavelengths within
the UV spectrum are known to lead to photo-inhibition in
the associated algae and to have therefore detrimental effects
on their photosynthetic performance (Lesser and Shick, 1989;
Lesser, 1996; Shick et al., 1996). In giant clams UVR has
been previously shown to completely suppress photosynthesis in
isolated zooxanthellae while having little effect on the symbionts
when embedded within the giant clam host tissue (Ishikura et al.,
1997). Until now, this photo-protective effect has been mainly
attributed to the UV-absorbing properties of MAAs and it was
proposed that the symbiotic algae are thus protected from UVR
damage by their host tissues (Ishikura et al., 1997). Mycosporine-
like amino acids are however, actually produced by the algal
symbionts and then deposited in the giant clam mantle tissues.
In fact, Tridacna spp. have been reported to associate with
dinoflagellates of the genus Symbiodinium, Cladocopium and
Durusdinium (Mies, 2019) (former clade A, C, and D; LaJeunesse
et al., 2018). Red Sea giant clams have been reported to associate
mostly with the Symbiodinium genus (Pappas et al., 2017) (former
clade A), which are known for their ability to produce MAAs
(Banaszak et al., 2000).

However, while MAAs and the associated UV-protection
would be provided by the algal symbionts, iridocyte cells are
actually produced by the bivalve host itself. This interaction
between host-owned cells and the embedded algae would
emphasize how the mutualistic component of the symbiotic
relationship of Tridacninae and Symbiodiniaceae extends to
protection from UVR. Further, this interaction is absent from
photosymbiotic relationship of Symbiodiniaceae and corals,
where the latter have to rely on the production of MAAs and
the consequent photo-protection through their algal symbionts
(Rosic and Dove, 2011). Moreover, this stresses again that,
although the relationship of Symbiodiniaceae with corals and
with giant clams, respectively, are comparable in many ways
(e.g., the provision of shelter, carbon, nitrogen, and other
inorganic nutrients by the host to their algal symbionts,
and simultaneous supply of photosynthetic metabolites by
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the symbiotic dinoflagellates to the host), some components,
specifically the interactions driven by the iridocytes, of these
symbioses are functionally different.

Models and assessments of the spectral light penetration into
giant clam tissues, previously reported iridocytes in Tridacninae
to promote a lateral- and forward scattering of photosynthetically
productive wavelengths of light into the clam host tissue, as well
as the back reflection of non-productive wavelengths (Holt et al.,
2014). Hence, they presumably establish optimal conditions for
the photosynthetic performance of the clams’ symbionts (Holt
et al., 2014; Ghoshal et al., 2016a).

Comparable mechanisms of light harvest through biological
nano- and microstructures and a resulting increase in
photosynthetic efficiency have been recently also reported for
other organisms (Jacobs et al., 2016; Goessling et al., 2018, 2019).
As in the case of the centric diatom Coscinodiscus granii, light
redistribution and thus increased efficiency in photosynthesis in
cell regions outside the directly illuminated area were affected by
the optical properties of the frustule valves (Goessling et al., 2018,
2019). Likewise, in Begonia leaves, the brilliant blue iridescence,
caused by specialized chloroplasts, is assumed to improve
photosynthetic quantum efficiencies, especially under low light
conditions (Jacobs et al., 2016). In giant clams, the process of
converting harmful UVR into photosynthetically active and still
highly energetic blue radiation may also contribute to support
the high rates of carbonate deposition and shell growth that
have been reported for Tridacninae (Bonham, 1965; Ip et al.,
2018; Chew et al., 2019; Rossbach et al., 2019). Both, indirectly,
as elevated photosynthetic rates will lead to high internal pH
and a high saturation state for carbonate minerals, thereby
favoring calcification (McConnaughey and Whelan, 1997) and
directly, as blue light (i.e., highly energetic light) emitted by
the iridocytes exposed to UVR, has been suggested to directly
stimulate calcification rates (Cohen et al., 2016; Ip et al., 2017).

High absorption of UVR by guanine has been known for
decades, however, mostly in the context of mutations in DNA
due to the production of the oxidized form of guanine when

exposed to UVR – the main reason why UVR is mutagenic
(Kawanishi et al., 2001; Ravanat et al., 2001). However, the role of
guanine crystals in iridocytes has received attention only recently.
Holt et al. (2014) modeled, based on spectral shifts of irradiance
with depth into the Tridacna tissue, the photo-protective role
of giant clam role iridocytes. The present experimental data
extends these efforts by providing evidence that, in addition to
reflection, iridocytes in the T. maxima mantle tissues show a
clear absorbance of UVR wavelengths (200–400 nm; Figure 4),
consistent with the UVR absorption of pure guanine. Therefore,
our results identify a dual role of iridocytes, protecting the
animal from high-energetic wavelengths (including UVR), while
enhancing the flux of PAR to the symbiont by shifting the
UVR radiation absorbed into longer wavelengths within the
PAR range, where they can be used by the photosynthetic
symbionts. Further, our results provided evidence that the re-
emitted longer wavelengths are in fact contributed by guanine
(as shown in Figure 6B), the material which composes the
optically active components of the iridocytes in Tridacninae, as
well as similar guanine-containing structures in other animals
(e.g., squid, octopus, and chameleon) (Rohrlich and Rubin, 1975;
Cloney and Brocco, 1983; Teyssier et al., 2015).

Photonic Cooperation Leads to the Rich
Color Palette and Patterns of Giant Clam
Mantles
The photonic cooperation between guanine crystals within the
iridocytes of giant clams and chlorophyll, contributed by the
symbiotic algae, also generates the broad repertoire of colors
that characterizes the distinct and highly diverse mantle colors
found in giant clams, e.g., T. maxima (Figure 1). The variety
of apparent colors may be derived from different intensities of
violet (391 nm), green (530 nm), and red (676 nm) emission
peaks. Indeed, our results suggest that where chlorophyll a levels
are particularly high, relative to iridocyte levels, the mantle
coloration would appear reddish-brown (i.e., dominance of

FIGURE 7 | SEM pictures of first 200 µm of mantle tissue in a brown (A) and blue (C) phenotype of T. maxima. Bar plots represent numbers of Symbiodiniaceae in
tissue at four different tissue layers (50 µm increments), from tissue surface to a depth of 200 µm into the mantle tissue. Algal symbionts (Symbiodiniaceae) are
exemplarily highlighted with green arrows. Numbers of algal symbionts within each tissue section are presented as bars for the brown (B) and blue phenotype (D).
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673 nm emission peak), whereas high iridocyte levels may lead
to blue mantle coloration (i.e., dominance of 391 nm; Figure 1).
Hence, by shifting the relative abundance of chlorophyll a
relative to iridocytes, or their distribution within the mantle,
an individual animal could shift mantle colors, ranging from
blue to green and brown. A difference in relative abundances of
Symbiodiniaceae and their distribution within the first 200µm
of the T. maxima mantle of a brown (Figure 7A) and blue
(Figure 7C) phenotype is exemplarily illustrated in Figure 7.
Brown phenotypes would, therefore, overall harbor more algal
symbionts as blue phenotypes. Further, the pattern of distribution
of the algae within the tissue and between different tissue depths
varies (as exemplarily shown in Figures 7B,D, respectively).

Therefore, our experimental data show that, unlike assumed
in the past (Kamishima, 1990; Holt et al., 2014), giant clams
of different apparent colors are not intrinsically different in
optical properties. In addition, the observed nanostructures,
found on the surface of the giant clam mantle tissues could have
an influence on the light-harvesting and photonic proprieties,
and thus apparent color variants in T. maxima. The range
of coloration characteristic of T. maxima within individuals
may also derive from spectral shifts in incoming light, as
solar radiation penetrates into the ocean and is progressively
depleted of the red wavelengths, being strongly absorbed by
pure water and phytoplankton. Between Tridacninae species,
however, the concentration of iridocyte cells differs (Holt et al.,
2014), and T. maxima has been reported to display some of the
highest variabilities in coloration, hence possibly also highest
concentration of iridocytes. Further research would therefore
be needed to confirm if the differences in colorations in other
Tridacninae species would be likewise influenced by a “Mix-and
Match” of algal symbionts and iridocytes.

CONCLUSION

Our findings confirm that giant clam iridocytes convert
potentially damaging radiation into light emitted in the blue
part of the spectrum, which can be subsequently absorbed by
the photosynthetic pigments of the algal symbionts. This dual
mechanism, where bivalve host and symbionts are sheltered
from damaging UVR, while the flux of PAR increases, provides
a major advantage to Tridacninae due to two reasons: (1) the
exposure to high doses of UVR poses a particularly high risk
for marine organisms inhabiting (sub)-tropical seas, especially
for those being restricted to shallow, sunlit waters due to light
requirements, such as giant clams and (2) it expands the mutual
benefits of the symbiotic relationship between the host and

symbiotic unicellular algae, which can be of crucial importance
in the oligotrophic water of tropical coral reefs. Further, the
photonic cooperation between iridocytes and algal symbionts
helps explain the broad color repertoire found for giant clam
mantle tissues, ranging from bright blue (corresponding to
high iridocyte and low symbiont loads) to dark brown (when
the iridocyte load is relatively lower than the number of algal
symbionts). Additionally, while giant clams have thus far been
used by humans for food and ornamental purposes only, the
unique optical properties of their iridocytes, as well as the
photonic interaction with the photosynthetic symbionts, may
offer a source of bio-inspiration for applications in photonics and
other relevant fields.
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APPENDIX 5 

Appendix 5.1 

 

A5.1 Schematic illustration of experimental setup and treatment groups. A) Control group, 

exposed to radiation within the PAR spectrum (400 – 700 nm) only with six clams in closed 

incubations (incubation chambers symbolized as grey boxes) and six additional T. maxima 

specimens for assessing oxidative stress, symbiont density, and chlorophyll content. B) UV 

group, exposed to PAR and UV-B (280 – 320 nm) radiation with 6 clams in incubations and 6 

for additional measurements. C) Three additional specimens of UV group, used for valvometry 

assessment.  
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Appendix 5.2 

A5.2 Salinity and Temperature during the experiment 

Sampling date Salinity Temperature [°C] 

1-Jul-19 40.4 28.258 

2-Jul-19 40.5 28.258 

3-Jul-19 40.5 28.258 

4-Jul-19 40.5 28.258 

5-Jul-19 40.6 28.258 

6-Jul-19 40.4 28.06 

7-Jul-19 40.4 28.06 

8-Jul-19 40.5 28.06 

9-Jul-19 40.3 28.06 

10-Jul-19 40.4 28.159 

11-Jul-19 40.4 28.159 

12-Jul-19 40.3 27.961 

13-Jul-19 40.4 27.961 

14-Jul-19 40.4 28.06 

15-Jul-19 40.3 28.159 

16-Jul-19 40.5 28.06 

17-Jul-19 40.3 28.06 

18-Jul-19 40.2 28.06 

19-Jul-19 40.4 28.159 

20-Jul-19 40.3 27.961 

21-Jul-19 40.4 28.06 

22-Jul-19 40.3 27.961 

23-Jul-19 40.4 28.06 

24-Jul-19 40.4 28.159 

25-Jul-19 40.5 28.159 

26-Jul-19 40.4 28.159 

27-Jul-19 40.7 28.159 

28-Jul-19 40.6 28.258 

29-Jul-19 40.5 27.961 
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Appendix 5.3 

 

A5.3 Setup for giant clam valvometry measurements. A) Schematic showing T. maxima clam, 

with a magnet (M) and sensor (S), connected to a storage from which data was transferred to a 

laptop. B) Overview photograph of the three specimens used for the valvometry measurements, 

equipped with magnets and sensors. C) Photograph of one specimen with magnet (M) and 

sensor (S) attached with epoxy glue to the valves. 
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Appendix 5.4 

A5.4 Valvometry (shell gaping) categories of T. maxima during different treatments in hours 

per day (total 24h).  

 

Treatment 
Shell valve opening categories  

<10% 10-50% 50-90% >90% 

 [Hours]  

Acclimatization / Low PAR 0.01 0.14 10.49 13.36 

Acclimatization / Low PAR 0.01 0.02 7.71 16.26 

Acclimatization / Low PAR 0.01 0.02 7.75 16.22 

Acclimatization / Low PAR 0.00 0.06 17.54 6.40 

Acclimatization / Low PAR 0.00 0.43 16.89 6.67 

Acclimatization / Low PAR 0.00 0.08 22.33 1.59 

Low PAR+UV-B 0.01 1.05 19.21 3.74 

Low PAR+UV-B 0.01 0.48 22.99 0.53 

Low PAR+UV-B 0.01 0.19 13.50 10.30 

Low PAR+UV-B 0.00 1.87 18.69 3.44 

Low PAR+UV-B 0.00 7.83 13.60 2.56 

Low PAR+UV-B 0.00 4.06 17.82 2.12 

High PAR+UV-B 0.00 0.50 21.74 1.75 

High PAR+UV-B 0.00 0.66 23.34 0.00 

High PAR+UV-B 0.00 0.06 22.79 1.15 

High PAR+UV-B 0.00 0.02 23.98 0.00 

High PAR+UV-B 0.00 0.03 23.97 0.00 

High PAR+UV-B 0.00 0.04 23.96 0.00 

Recovery / High PAR 0.00 0.01 11.75 12.23 

Recovery / High PAR 0.00 0.02 20.00 3.98 

Recovery / High PAR 0.00 0.01 15.72 8.27 
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Appendix 5.5 

A5.5 Tukey HSD test of T. maxima shell valve opening between different treatments Tukey 

multiple comparisons of means with 95% family-wise confidence level  

 

ShellValveOpeningCategories$Treatment 

 difference lwr upr P value 

Low PAR_90% - Low PAR+UV-B_90% -26.27 -52.33 -0.20 0.0463 * 

Low PAR_90% - High PAR+UV-B_90% 40.00 13.94 66.07 0.0001 * 

Low PAR_90% - High PAR_90%     8.00 -23.92 39.92 0.9999 

Low PAR+UV-B_90% - High PAR+UV-B_90%  13.74 -12.33 39.80 0.8779 

Low PAR+UV-B_90% - High PAR_90%    -18.26 -50.18 13.66 0.7971 

High PAR+UV-B_90% - High PAR_90% -32.00 -63.92 -0.08 0.0488 * 
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Appendix 5.6 Statistical analyses of net calcification (NC) rates of T. maxima under 

four different light regimes (Low PAR Low PAR + UV-B, High PAR and High PAR 

+ UV-B). 

A5.6.1 Analysis of variance (ANOVA) 

Summary 

 DF Sum Sq Mean Sq F value Pr (>F) 

NC$Treatment 7 0.7743 0.11062    6.629 4.19e-05 *** 

Residuals 37 0.6174 0.01669                        

 
Significant codes  <0.001 ‘***’  0.001 ‘**’  0.01 ‘*’  0.05 ‘.’  0.1 ‘ ‘  1 

 

 

A5.6.2 Tukey Post-hoc test; Tukey multiple comparisons of means with 95% family-wise 

confidence  

level 

  

NetCalcification$Treatment 

 differen

ce 
lwr upr P value 

Control Low PAR (Acclimatization) - UV Low PAR (Acclimatization) 0.0256 -0.2138 0.2651 1.0000 

Control Low PAR (Acclimatization) - Control Low PAR -0.0084 -0.2479 0.2310 1.0000 

Control Low PAR (Acclimatization) - UV Low PAR+UV-B 0.0258 -0.2136 0.2653 1.0000 

Control Low PAR (Acclimatization) - Control High PAR -0.2718 -0.5112 -0.0323 0.0168 * 

Control Low PAR (Acclimatization) - UV High PAR+UV-B -0.2539 -0.5050 -0.0028 0.0459 * 

Control Low PAR (Acclimatization) - Control High PAR (Recovery) 0.2537 0.0143 0.4931 0.0313 * 

Control Low PAR (Acclimatization) - UV High PAR (Recovery) 0.2764 0.0088 0.5441 0.0388 * 

UV Low PAR (Acclimatization) - Control Low PAR 0.0172 -0.2222 0.2566 1.0000 

UV Low PAR (Acclimatization) - UV Low PAR+UV-B 0.0515 -0.1880 0.2909 0.9968 

UV Low PAR (Acclimatization) - Control High PAR -0.2461 -0.4855 -0.0067 0.0402 * 

UV Low PAR (Acclimatization) - UV High PAR+UV-B -0.2283 -0.4794 0.0228 0.0977 

UV Low PAR (Acclimatization) - Control High PAR (Recovery) 0.2280 -0.0114 0.4675 0.0715 

UV Low PAR (Acclimatization) - UV High PAR (Recovery) 0.2508 -0.0169 0.5185 0.0801 

Control Low PAR - UV Low PAR+UV-B -0.0343 -0.2737 0.2051 0.9998 

Control Low PAR - Control High PAR 0.2633 0.0239 0.5027 0.0225 * 

 
Control Low PAR - UV High PAR+UV-B 0.2455 -0.0057 0.4966 0.0593 

Control Low PAR - Control High PAR (Recovery) 0.2452 0.0058 0.4847 0.0414 

Control Low PAR - UV High PAR (Recovery) 0.2680 0.0003 0.5357 0.0496 

UV Low PAR+UV-B - Control Low PAR 0.2976 0.0582 0.5370 0.0066 * 

UV Low PAR+UV-B - UV High PAR+UV-B 0.2797 0.0286 0.5309 0.0200 * 

UV Low PAR+UV-B - Control High PAR (Recovery) 0.2795 0.0401 0.5189 0.0127 * 

UV Low PAR+UV-B - UV High PAR (Recovery) 0.3023 0.0346 0.5700 0.0176 * 

Control High PAR - UV High PAR+UV-B -0.0178 -0.2690 0.2333 1.0000 

Control High PAR - Control High PAR (Recovery) -0.0181 -0.2575 0.2214 1.0000 

Control High PAR - UV High PAR (Recovery) 0.0047 -0.2630 0.2724 1.0000 

Control High PAR (Recovery) - UV High PAR (Recovery) 0.0227 -0.2449 0.2904 1.0000 

UV High PAR+UV-B - Control High PAR (Recovery) -0.0002 -0.2513 0.2509 1.0000 

UV High PAR+UV-B - UV High PAR (Recovery) 0.0225 -0.2557 0.3007 1.0000 
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Appendix 5.7 Statistical analyses of gross primary production (GPP) and respiration 

(R) of T. maxima under four light regimes (Low PAR, Low PAR + UV-B, High PAR 

and High PAR + UV-B). 

A5.7.1 Gross primary production (GPP) - Analysis of variance (ANOVA) 

Summary 

 DF Sum Sq Mean Sq F value Pr (>F) 

GPP$Treatment 7 18.08   2.5831    3.622 0.00528 ** 

Residuals 33 23.54   0.7132                      

 
Significant codes  <0.001 ‘***’  0.001 ‘**’  0.01 ‘*’  0.05 ‘.’  0.1 ‘ ‘  1 
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A5.7.2 Gross primary production (GPP) - Tukey Post-hoc test; Tukey multiple comparisons 

of means with 95% family-wise confidence level 

 

GrossPrimaryProduction$Treatment 

 difference lwr upr P value 

Control Low PAR (Acclimatization) - UV Low PAR 

(Acclimatization) 

-0.4948 -2.4886 1.4989 0.9918 

Control Low PAR (Acclimatization) - Control Low PAR -0.1045 -1.7576 1.5487 1.0000 

Control Low PAR (Acclimatization) - UV Low PAR+UV-B 1.2178 -0.4354 2.8709 0.2833 

Control Low PAR (Acclimatization) - Control High PAR -0.7450 -2.3981 0.9081 0.8238 

Control Low PAR (Acclimatization) - UV High PAR+UV-B 0.7423 -0.9844 2.4689 0.8554 

Control Low PAR (Acclimatization) - Control High PAR 

(Recovery) 

0.5013 -1.1518 2.1545 0.9742 

Control Low PAR (Acclimatization) - UV High PAR 

(Recovery) 

0.4844 -1.3469 2.3158 0.9881 

UV Low PAR (Acclimatization) - Control Low PAR -0.5993 -2.5297 1.3312 0.9706 

UV Low PAR (Acclimatization) - UV Low PAR+UV-B 0.7229 -1.2075 2.6534 0.9230 

UV Low PAR (Acclimatization) - Control High PAR -1.2398 -3.1702 0.6906 0.4500 

UV Low PAR (Acclimatization) - UV High PAR+UV-B 0.2475 -1.7463 2.2412 0.9999 

UV Low PAR (Acclimatization) - Control High PAR 

(Recovery) 

0.9961 -0.9343 2.9266 0.7066 

UV Low PAR (Acclimatization) - UV High PAR (Recovery) 0.9792 -1.1059 3.0644 0.7923 

Control Low PAR - UV Low PAR+UV-B -1.3222 -2.8984 0.2540 0.1547 

Control Low PAR - Control High PAR 0.6405 -0.9357 2.2167 0.8871 

Control Low PAR - UV High PAR+UV-B -0.8467 -2.4999 0.8064 0.7140 

Control Low PAR - Control High PAR (Recovery) 0.3969 -1.1793 1.9731 0.9911 

Control Low PAR - UV High PAR (Recovery) 0.3800 -1.3823 2.1422 0.9965 

UV Low PAR+UV-B - Control Low PAR -1.3222 -2.8984 0.2540 0.1547 

UV Low PAR+UV-B - UV High PAR+UV-B 0.4755 -1.1777 2.1286 0.9807 

UV Low PAR+UV-B - Control High PAR (Recovery) 1.7191 0.1429 3.2953 0.0246* 

UV Low PAR+UV-B - UV High PAR (Recovery) 1.7022 -0.0601 3.4644 0.0645 

Control High PAR - UV High PAR+UV-B -1.4873 -3.1404 0.1659 0.1033 

UV Low PAR+UV-B - Control High PAR 

 

1.9627 

 

0.3865 

 

3.5389 

 

0.0067* 

 Control High PAR - Control High PAR (Recovery) -0.2437 -1.8199 1.3325 0.9996 

Control High PAR - UV High PAR (Recovery) -0.2606 -2.0228 1.5017 0.9997 

Control High PAR (Recovery) - UV High PAR (Recovery) -0.0169 -1.7791 1.7453 1.0000 

UV High PAR+UV-B - Control High PAR (Recovery) 1.2436 -0.4095 2.8967 0.2599 

UV High PAR+UV-B - UV High PAR (Recovery) 1.2267 -0.6047 3.0581 0.3972 
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A5.7.3 Respiration (R) rates - Analysis of variance (ANOVA) 

Summary 

 DF Sum Sq Mean Sq F value Pr (>F) 

R$Treatment 7 0.490 0.06999    1.179   0.339 

Residuals 3 2.197 0.05939      

 
Significant codes  <0.001 ‘***’  0.001 ‘**’  0.01 ‘*’  0.05 ‘.’  0.1 ‘ ‘  1 
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Appendix 5.8 

 

A5.8 Absorbance (O.D.) of MAA extracts from isolated algal symbionts for the  treatments: A) 

High PAR, B) High PAR + UV-B, C) High PAR / Recovery, and D) High PAR (+UV-B) / 

Recovery. Shaded areas in the 320–340 nm wavelength range highlight the absorbance peaks 

of MAAs. 
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Appendix 5.9 Absorbance spectra (O.D.) of MAA extracts from isolated algal symbio

nts at 

290 – 400 nm (Absorbance (O.D.) symbiont-1 × 106) 
 

A5.9.1 Absorbance spectra of isolated symbionts from clams of the High PAR treatment 

 

High PAR  

nm PAR 7 PAR 8 PAR 9 PAR 10 PAR 11 PAR 12 

400 3.16 3.49 2.83 3.98 3.70 3.05 

399 3.09 3.40 2.78 3.89 3.61 2.99 

398 3.02 3.33 2.72 3.80 3.53 2.92 

397 2.96 3.25 2.67 3.71 3.46 2.86 

396 2.89 3.18 2.62 3.63 3.38 2.80 

395 2.83 3.11 2.57 3.55 3.31 2.74 

394 2.78 3.05 2.52 3.47 3.24 2.69 

393 2.71 2.97 2.47 3.38 3.17 2.62 

392 2.65 2.91 2.42 3.30 3.09 2.57 

391 2.59 2.83 2.37 3.21 3.02 2.51 

390 2.52 2.76 2.31 3.12 2.93 2.44 

389 2.45 2.68 2.26 3.02 2.85 2.38 

388 2.39 2.60 2.20 2.93 2.76 2.31 

387 2.31 2.52 2.13 2.83 2.67 2.24 

386 2.25 2.43 2.07 2.73 2.58 2.18 

385 2.17 2.35 2.01 2.63 2.49 2.11 

384 2.11 2.28 1.95 2.54 2.40 2.05 

383 2.04 2.20 1.89 2.45 2.32 1.98 

382 1.98 2.13 1.83 2.36 2.25 1.92 

381 1.91 2.06 1.78 2.28 2.16 1.87 

380 1.86 1.99 1.73 2.21 2.09 1.82 

379 1.80 1.93 1.68 2.13 2.03 1.76 

378 1.75 1.88 1.64 2.06 1.96 1.72 

377 1.71 1.82 1.60 1.99 1.90 1.67 

376 1.63 1.72 1.52 1.89 1.81 1.59 

375 1.59 1.69 1.49 1.84 1.77 1.56 

374 1.54 1.64 1.46 1.78 1.72 1.52 

373 1.52 1.60 1.43 1.74 1.68 1.49 

372 1.49 1.57 1.41 1.70 1.64 1.46 

371 1.45 1.53 1.38 1.64 1.59 1.43 

370 1.41 1.49 1.35 1.60 1.55 1.40 

369 1.38 1.45 1.32 1.54 1.50 1.36 

368 1.35 1.41 1.29 1.49 1.46 1.33 

367 1.31 1.37 1.27 1.45 1.42 1.30 

366 1.28 1.34 1.24 1.42 1.38 1.27 

365 1.25 1.30 1.21 1.36 1.34 1.24 

364 1.22 1.26 1.19 1.32 1.30 1.21 

363 1.19 1.24 1.16 1.28 1.26 1.19 

362 1.16 1.20 1.13 1.24 1.22 1.16 

361 1.14 1.16 1.12 1.21 1.19 1.14 

360 1.12 1.14 1.10 1.18 1.17 1.12 

359 1.10 1.12 1.08 1.15 1.15 1.10 

358 1.07 1.09 1.06 1.12 1.12 1.08 

357 

 

356 

355 

354 

353 

352 

351 

350 

349 

1.05 1.07 1.04 1.09 1.08 1.06 

356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

347 

1.04 1.05 1.03 1.07 1.06 1.04 

355 1.03 1.04 1.02 1.05 1.05 1.03 

354 1.01 1.03 1.02 1.03 1.03 1.02 

353 1.01 1.02 1.01 1.02 1.02 1.01 

352 1.00 1.01 1.00 1.00 1.00 1.01 

351 0.99 0.99 1.00 0.99 1.00 1.00 

350 1.00 1.00 1.00 1.00 1.00 1.00 

349 1.00 1.00 1.00 0.99 1.00 1.00 

348 1.00 1.00 1.00 1.00 1.00 1.00 
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347 1.01 1.00 1.01 1.00 1.01 1.00 

346 1.02 1.02 1.01 1.01 1.02 1.01 

345 1.03 1.03 1.02 1.03 1.04 1.03 

344 1.04 1.05 1.04 1.06 1.05 1.04 

343 1.06 1.07 1.05 1.07 1.08 1.05 

342 1.08 1.09 1.07 1.11 1.11 1.08 

341 1.11 1.11 1.08 1.14 1.13 1.10 

340 1.12 1.13 1.09 1.16 1.16 1.12 

339 1.14 1.15 1.10 1.19 1.17 1.13 

338 1.14 1.16 1.11 1.20 1.18 1.14 

337 1.15 1.16 1.11 1.21 1.18 1.14 

336 1.15 1.16 1.10 1.20 1.19 1.14 

335 1.15 1.15 1.10 1.19 1.18 1.13 

334 1.14 1.15 1.10 1.19 1.17 1.12 

333 1.13 1.15 1.09 1.18 1.16 1.11 

332 1.13 1.13 1.08 1.17 1.16 1.11 

331 1.14 1.14 1.08 1.17 1.17 1.11 

330 1.14 1.14 1.08 1.17 1.16 1.11 

329 1.14 1.14 1.08 1.17 1.17 1.11 

328 1.14 1.15 1.08 1.18 1.17 1.11 

327 1.14 1.15 1.08 1.19 1.16 1.11 

326 1.15 1.15 1.08 1.20 1.17 1.11 

325 1.15 1.15 1.07 1.19 1.17 1.11 

324 1.14 1.14 1.07 1.17 1.15 1.10 

323 1.13 1.14 1.06 1.16 1.14 1.10 

322 1.12 1.11 1.05 1.15 1.12 1.08 

321 1.10 1.09 1.03 1.13 1.10 1.07 

320 1.08 1.08 1.02 1.09 1.07 1.05 

319 1.07 1.08 1.01 1.08 1.05 1.04 

318 1.05 1.07 1.00 1.06 1.03 1.02 

317 1.05 1.05 0.99 1.04 1.03 1.00 

316 1.06 1.06 1.00 1.04 1.02 1.01 

315 1.05 1.05 0.99 1.04 1.03 1.00 

314 1.05 1.05 0.98 1.04 1.02 1.00 

313 1.05 1.05 0.98 1.03 1.01 1.00 

312 1.05 1.04 0.97 1.02 1.00 0.99 

311 1.05 1.04 0.97 1.01 1.00 0.99 

310 1.05 1.04 0.96 1.01 0.98 0.98 

309 1.05 1.04 0.96 1.01 0.97 0.98 

308 1.05 1.03 0.95 1.00 0.97 0.97 

307 1.04 1.03 0.95 0.99 0.96 0.97 

306 1.04 1.02 0.94 0.98 0.95 0.96 

305 1.04 1.02 0.94 0.98 0.94 0.96 

304 1.04 1.02 0.94 0.97 0.93 0.95 

303 1.04 1.02 0.93 0.96 0.92 0.95 

302 1.05 1.02 0.93 0.96 0.92 0.94 

301 1.04 1.02 0.92 0.96 0.91 0.94 

300 1.04 1.02 0.92 0.96 0.91 0.94 

299 1.05 1.02 0.93 0.97 0.91 0.94 

298 1.06 1.03 0.93 0.97 0.92 0.94 

297 

296 

295 

294 

29 

3 

293 

1.07 1.03 0.93 0.98 0.92 0.94 

296 

295 

294 

 

1.08 1.04 0.94 0.99 0.93 0.95 

295 1.09 1.05 0.94 1.00 0.94 0.95 

294 1.10 1.06 0.95 1.01 0.94 0.96 

293 1.11 1.07 0.95 1.01 0.96 0.97 

292 1.12 1.07 0.96 1.02 0.96 0.97 

291 1.13 1.08 0.96 1.03 0.98 0.98 

290 1.14 1.10 0.97 1.04 0.99 0.99 
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A5.9.2 Absorbance spectra of isolated symbionts from clams of the High PAR / Recovery tre

atment 

 

 

High PAR / Recovery 

nm PAR 1 PAR 2 PAR 3 PAR 4 PAR 5 PAR 6 

400 4.10 4.12 3.62 3.77 3.30 3.53 
399 4.00 4.02 3.53 3.67 3.23 3.44 
398 3.88 3.92 3.45 3.58 3.15 3.37 
397 3.79 3.82 3.37 3.50 3.08 3.30 
396 3.71 3.73 3.29 3.42 3.01 3.22 
395 3.63 3.65 3.23 3.35 2.95 3.16 
394 3.55 3.57 3.16 3.27 2.89 3.08 
393 3.46 3.48 3.08 3.20 2.82 3.01 
392 3.36 3.39 3.01 3.11 2.76 2.94 
391 3.28 3.30 2.93 3.04 2.69 2.87 
390 3.17 3.21 2.85 2.95 2.62 2.79 
389 3.08 3.11 2.77 2.86 2.54 2.71 
388 2.98 3.01 2.69 2.77 2.47 2.62 
387 2.88 2.90 2.60 2.67 2.39 2.54 
386 2.77 2.80 2.51 2.59 2.32 2.46 
385 2.68 2.70 2.43 2.49 2.24 2.38 
384 2.57 2.60 2.34 2.41 2.17 2.30 
383 2.48 2.50 2.26 2.32 2.09 2.23 
382 2.38 2.41 2.18 2.24 2.02 2.16 
381 2.29 2.33 2.11 2.17 1.96 2.09 
380 2.21 2.24 2.04 2.09 1.90 2.02 
379 2.13 2.16 1.97 2.02 1.84 1.96 
378 2.05 2.08 1.91 1.96 1.79 1.90 
377 1.98 2.02 1.86 1.90 1.74 1.85 
376 1.93 1.92 1.77 1.81 1.68 1.75 
375 1.85 1.87 1.73 1.75 1.63 1.71 
374 1.79 1.80 1.68 1.71 1.59 1.66 
373 1.74 1.75 1.64 1.67 1.56 1.62 
372 1.70 1.72 1.60 1.63 1.53 1.59 
371 1.68 1.66 1.56 1.59 1.49 1.54 
370 1.65 1.62 1.52 1.55 1.46 1.50 
369 1.57 1.56 1.47 1.49 1.42 1.46 
368 1.48 1.51 1.43 1.45 1.38 1.42 
367 1.43 1.47 1.39 1.42 1.35 1.38 
366 1.41 1.42 1.36 1.37 1.32 1.35 
365 1.39 1.38 1.31 1.33 1.28 1.30 
364 1.34 1.34 1.28 1.29 1.25 1.27 
363 1.29 1.29 1.24 1.26 1.22 1.23 
362 1.25 1.24 1.21 1.22 1.19 1.21 
361 1.21 1.21 1.18 1.18 1.15 1.18 
360 1.19 1.18 1.15 1.15 1.13 1.15 
359 1.16 1.14 1.12 1.14 1.11 1.13 
358 1.13 1.12 1.10 1.11 1.09 1.11 
357 

 

356 

355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

1.09 1.08 1.07 1.08 1.07 1.08 
356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

344 

343 

342 

341 

1.08 1.07 1.05 1.06 1.06 1.06 
355 1.05 1.05 1.04 1.04 1.03 1.04 
354 1.04 1.03 1.03 1.03 1.02 1.03 
353 1.03 1.02 1.02 1.02 1.03 1.03 
352 1.00 1.02 1.01 1.00 1.01 1.01 
351 1.00 1.01 1.00 1.00 1.00 1.00 
350 1.00 1.00 1.00 1.00 1.00 1.00 
349 1.01 1.00 1.00 1.00 1.00 1.00 
348 1.00 1.01 1.01 1.00 1.01 1.00 
347 0.99 1.01 1.01 1.01 1.02 1.01 
346 1.02 1.04 1.03 1.02 1.02 1.02 
345 1.04 1.06 1.04 1.04 1.04 1.03 
344 1.07 1.08 1.06 1.07 1.05 1.05 
343 1.08 1.10 1.07 1.09 1.08 1.06 
342 1.12 1.13 1.11 1.13 1.10 1.08 
341 1.15 1.16 1.14 1.16 1.12 1.11 
340 1.17 1.19 1.16 1.17 1.14 1.13 



293 
 

 

339 1.20 1.22 1.17 1.18 1.16 1.14 
338 1.21 1.23 1.18 1.18 1.16 1.15 
337 1.21 1.23 1.19 1.19 1.17 1.15 
336 1.20 1.23 1.18 1.19 1.16 1.15 
335 1.19 1.22 1.18 1.18 1.15 1.15 
334 1.19 1.21 1.17 1.17 1.15 1.14 
333 1.17 1.19 1.16 1.16 1.14 1.13 
332 1.15 1.19 1.15 1.15 1.14 1.13 
331 1.17 1.20 1.16 1.15 1.14 1.13 
330 1.16 1.19 1.17 1.16 1.14 1.13 
329 1.17 1.20 1.17 1.16 1.15 1.14 
328 1.18 1.20 1.18 1.17 1.15 1.15 
327 1.17 1.21 1.18 1.17 1.15 1.14 
326 1.18 1.22 1.18 1.18 1.17 1.15 
325 1.19 1.21 1.17 1.17 1.15 1.15 
324 1.18 1.20 1.16 1.15 1.15 1.14 
323 1.17 1.18 1.15 1.14 1.14 1.13 
322 1.13 1.17 1.13 1.13 1.12 1.12 
321 1.10 1.14 1.12 1.11 1.11 1.10 
320 1.09 1.12 1.09 1.09 1.10 1.07 
319 1.06 1.10 1.07 1.07 1.08 1.06 
318 1.06 1.08 1.06 1.05 1.06 1.04 
317 1.04 1.06 1.05 1.04 1.06 1.03 
316 1.03 1.07 1.05 1.05 1.06 1.04 
315 1.04 1.06 1.05 1.04 1.06 1.03 
314 1.03 1.06 1.05 1.04 1.06 1.02 
313 1.02 1.06 1.04 1.03 1.06 1.02 
312 1.02 1.06 1.04 1.03 1.06 1.01 
311 1.02 1.05 1.03 1.03 1.06 1.01 
310 1.00 1.05 1.02 1.02 1.06 1.00 
309 0.99 1.04 1.02 1.01 1.05 1.00 
308 0.98 1.04 1.01 1.01 1.05 0.99 
307 0.98 1.03 1.01 1.00 1.05 0.98 
306 0.98 1.03 1.01 1.00 1.04 0.98 
305 0.97 1.02 1.00 0.99 1.04 0.97 
304 0.96 1.02 0.99 0.99 1.04 0.96 
303 0.96 1.02 0.99 0.99 1.04 0.96 
302 0.96 1.02 0.99 0.98 1.04 0.96 
301 0.95 1.02 0.98 0.98 1.04 0.95 
300 0.96 1.02 0.98 0.98 1.04 0.95 
299 0.98 1.03 0.99 0.98 1.05 0.95 
298 0.99 1.04 0.99 0.98 1.06 0.95 
297 

296 

295 

294 

29 

3 

293 

1.01 1.05 1.00 0.99 1.06 0.96 
296 

295 

294 

 

1.04 1.06 1.00 1.00 1.07 0.96 
295 1.06 1.08 1.01 1.00 1.08 0.97 
294 1.07 1.09 1.02 1.01 1.09 0.97 
293 1.09 1.10 1.02 1.02 1.10 0.98 
292 1.11 1.11 1.03 1.03 1.12 0.99 
291 1.13 1.12 1.04 1.05 1.13 0.99 
290 1.15 1.13 1.05 1.06 1.14 1.00 
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A5.9.3 Absorbance spectra of isolated symbionts from clams of the High PAR + UV-B treatm

ent 

 

High PAR + UV-B 

nm UV 7 UV 8 UV 9 UV 10 UV 11 UV 12 

400 3.60 4.22 4.45 3.26 3.29 3.42 
399 3.52 4.12 4.36 3.19 3.21 3.34 
398 3.43 4.03 4.25 3.12 3.14 3.26 
397 3.34 3.93 4.13 3.05 3.07 3.18 
396 3.27 3.85 4.04 2.98 3.00 3.12 
395 3.20 3.75 3.92 2.91 2.93 3.04 
394 3.13 3.67 3.85 2.85 2.87 2.98 
393 3.05 3.58 3.75 2.78 2.80 2.91 
392 2.97 3.49 3.65 2.72 2.73 2.84 
391 2.89 3.40 3.55 2.65 2.66 2.76 
390 2.82 3.29 3.43 2.57 2.59 2.69 
389 2.74 3.19 3.33 2.50 2.52 2.61 
388 2.64 3.09 3.21 2.43 2.44 2.53 
387 2.56 2.99 3.11 2.36 2.37 2.46 
386 2.48 2.88 2.99 2.28 2.29 2.38 
385 2.39 2.78 2.89 2.21 2.22 2.30 
384 2.31 2.67 2.75 2.13 2.14 2.22 
383 2.23 2.58 2.66 2.06 2.07 2.15 
382 2.15 2.48 2.57 2.00 2.00 2.08 
381 2.08 2.39 2.47 1.94 1.94 2.01 
380 2.02 2.30 2.38 1.88 1.88 1.95 
379 1.95 2.22 2.28 1.82 1.82 1.89 
378 1.89 2.15 2.21 1.77 1.77 1.84 
377 1.83 2.07 2.14 1.73 1.72 1.78 
376 1.77 1.95 2.01 1.64 1.64 1.71 
375 1.72 1.93 1.97 1.61 1.61 1.67 
374 1.67 1.87 1.85 1.57 1.56 1.62 
373 1.62 1.81 1.83 1.53 1.54 1.57 
372 1.58 1.76 1.78 1.50 1.50 1.53 
371 1.55 1.70 1.73 1.47 1.46 1.51 
370 1.51 1.64 1.68 1.44 1.43 1.47 
369 1.46 1.60 1.62 1.39 1.40 1.44 
368 1.41 1.54 1.54 1.37 1.36 1.40 
367 1.39 1.50 1.51 1.34 1.33 1.36 
366 1.35 1.45 1.48 1.30 1.30 1.33 
365 1.31 1.42 1.42 1.28 1.27 1.30 
364 1.27 1.35 1.35 1.24 1.23 1.26 
363 1.25 1.32 1.33 1.21 1.21 1.23 
362 1.21 1.27 1.25 1.18 1.18 1.20 
361 1.18 1.22 1.23 1.15 1.15 1.17 
360 1.15 1.19 1.19 1.13 1.12 1.15 
359 1.11 1.14 1.14 1.11 1.10 1.12 

358 1.11 1.13 1.14 1.10 1.09 1.10 
357 

 

356 

355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

1.06 1.09 1.08 1.06 1.06 1.07 
356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

344 

343 

342 

341 

1.05 1.07 1.11 1.05 1.05 1.06 
355 1.04 1.05 1.07 1.04 1.04 1.05 
354 1.03 1.03 1.06 1.04 1.03 1.03 
353 1.02 1.03 1.03 1.02 1.02 1.02 
352 1.00 1.02 0.99 1.00 1.00 1.00 
351 1.00 1.00 1.03 1.00 1.00 1.00 
350 1.00 1.00 1.00 1.00 1.00 1.00 
349 1.00 1.00 1.02 1.00 1.00 1.00 
348 1.00 1.02 1.05 1.01 1.00 1.01 
347 1.01 1.01 1.05 1.01 1.01 1.00 
346 1.03 1.03 1.05 1.02 1.02 1.01 
345 1.03 1.05 1.05 1.03 1.03 1.03 
344 1.06 1.08 1.09 1.03 1.04 1.04 
343 1.07 1.10 1.13 1.06 1.05 1.06 
342 1.10 1.15 1.16 1.08 1.08 1.09 
341 1.13 1.19 1.19 1.10 1.10 1.10 
340 1.15 1.21 1.23 1.11 1.11 1.12 
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339 1.17 1.22 1.28 1.12 1.12 1.14 
338 1.19 1.23 1.28 1.12 1.14 1.14 
337 1.18 1.23 1.28 1.13 1.13 1.14 
336 1.18 1.24 1.25 1.13 1.13 1.14 
335 1.18 1.23 1.24 1.12 1.13 1.13 
334 1.18 1.24 1.25 1.12 1.12 1.13 
333 1.17 1.22 1.25 1.10 1.11 1.13 
332 1.15 1.21 1.20 1.09 1.10 1.13 
331 1.16 1.22 1.23 1.10 1.11 1.13 
330 1.15 1.22 1.24 1.10 1.10 1.13 
329 1.15 1.22 1.25 1.11 1.11 1.13 
328 1.18 1.23 1.26 1.11 1.12 1.14 
327 1.19 1.24 1.24 1.11 1.11 1.14 
326 1.17 1.24 1.25 1.11 1.11 1.15 
325 1.16 1.22 1.22 1.11 1.11 1.14 
324 1.16 1.21 1.20 1.10 1.10 1.14 
323 1.15 1.21 1.24 1.09 1.09 1.12 
322 1.13 1.18 1.21 1.10 1.08 1.11 
321 1.11 1.17 1.18 1.08 1.07 1.09 
320 1.10 1.15 1.16 1.06 1.06 1.07 
319 1.08 1.13 1.15 1.06 1.04 1.07 
318 1.06 1.11 1.15 1.06 1.02 1.06 
317 1.06 1.09 1.12 1.07 1.01 1.04 
316 1.05 1.08 1.12 1.06 1.02 1.05 
315 1.06 1.09 1.12 1.07 1.01 1.04 
314 1.05 1.08 1.13 1.07 1.01 1.04 
313 1.05 1.07 1.12 1.06 1.00 1.04 
312 1.05 1.05 1.11 1.06 1.00 1.04 
311 1.04 1.05 1.10 1.06 1.00 1.04 
310 1.04 1.04 1.10 1.06 1.00 1.04 
309 1.03 1.03 1.08 1.06 0.99 1.04 
308 1.03 1.02 1.08 1.06 0.99 1.04 
307 1.03 1.01 1.08 1.06 0.99 1.04 
306 1.03 1.01 1.09 1.06 0.99 1.03 
305 1.03 1.01 1.10 1.07 0.99 1.03 
304 1.02 1.00 1.09 1.06 0.98 1.03 
303 1.02 1.00 1.11 1.07 0.98 1.03 
302 1.03 0.99 1.10 1.06 0.98 1.03 
301 1.03 0.99 1.11 1.07 0.98 1.03 
300 1.02 0.99 1.11 1.08 0.98 1.03 
299 1.03 1.00 1.14 1.10 0.98 1.04 
298 1.04 1.01 1.17 1.11 0.99 1.05 
297 

296 

295 

294 

29 

3 

293 

1.06 1.03 1.20 1.13 0.99 1.05 
296 

295 

294 

 

1.07 1.05 1.23 1.16 1.01 1.06 
295 1.08 1.07 1.27 1.18 1.01 1.07 
294 1.09 1.08 1.30 1.20 1.02 1.08 
293 1.11 1.10 1.34 1.21 1.04 1.09 
292 1.12 1.12 1.36 1.23 1.05 1.09 
291 1.13 1.14 1.38 1.24 1.07 1.11 
290 1.15 1.16 1.41 1.26 1.08 1.12 
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A5.9.4 Absorbance spectra of isolated symbionts from clams of the High PAR (+ UV-B) / Re

covery treatment 

  

High PAR + UV-B 

nm UV 1 UV 2 UV 3 UV 4 UV 5 UV 6 

400 4.23 3.49 4.15 3.92 2.85 3.45 

399 4.14 3.41 4.08 3.84 2.78 3.37 

398 4.03 3.34 3.99 3.75 2.72 3.29 

397 3.93 3.27 3.88 3.66 2.66 3.21 

396 3.84 3.21 3.80 3.58 2.61 3.14 

395 3.74 3.14 3.71 3.51 2.56 3.07 

394 3.68 3.07 3.62 3.42 2.50 2.99 

393 3.57 3.01 3.53 3.33 2.45 2.93 

392 3.48 2.94 3.44 3.26 2.39 2.85 

391 3.39 2.86 3.34 3.16 2.34 2.78 

390 3.29 2.79 3.22 3.07 2.28 2.70 

389 3.19 2.71 3.13 2.99 2.22 2.63 

388 3.09 2.63 3.04 2.89 2.16 2.54 

387 2.97 2.55 2.93 2.80 2.09 2.47 

386 2.87 2.46 2.84 2.70 2.03 2.38 

385 2.77 2.38 2.73 2.61 1.97 2.31 

384 2.66 2.30 2.63 2.51 1.91 2.23 

383 2.57 2.22 2.54 2.43 1.85 2.15 

382 2.47 2.15 2.44 2.35 1.79 2.08 

381 2.38 2.08 2.35 2.26 1.74 2.01 

380 2.31 2.02 2.28 2.19 1.69 1.95 

379 2.22 1.95 2.20 2.11 1.64 1.89 

378 2.14 1.89 2.12 2.05 1.60 1.84 

377 2.07 1.84 2.04 1.98 1.56 1.78 

376 1.94 1.75 1.96 1.89 1.50 1.71 

375 1.91 1.71 1.91 1.86 1.47 1.67 

374 1.83 1.66 1.80 1.79 1.44 1.62 

373 1.78 1.62 1.78 1.74 1.41 1.57 

372 1.73 1.57 1.73 1.70 1.38 1.54 

371 1.68 1.54 1.66 1.65 1.36 1.50 

370 1.62 1.51 1.63 1.61 1.34 1.47 

369 1.59 1.47 1.56 1.55 1.31 1.44 

368 1.52 1.43 1.52 1.51 1.28 1.40 

367 1.48 1.39 1.47 1.47 1.26 1.36 

366 1.45 1.35 1.43 1.42 1.23 1.34 

365 1.38 1.30 1.39 1.39 1.21 1.30 

364 1.35 1.27 1.35 1.35 1.18 1.26 

363 1.32 1.23 1.31 1.30 1.16 1.23 

362 1.26 1.20 1.27 1.26 1.13 1.20 

361 1.22 1.17 1.21 1.23 1.11 1.17 

360 1.19 1.14 1.19 1.20 1.09 1.15 

359 1.16 1.11 1.16 1.17 1.08 1.12 

358 1.14 1.09 1.13 1.13 1.06 1.11 

357 

 

356 

355 

354 

353 

352 

351 

350 

349 

348 

347 

1.08 1.07 1.06 1.11 1.05 1.08 

356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

1.06 1.06 1.08 1.08 1.04 1.07 

355 1.06 1.04 1.06 1.07 1.03 1.04 

354 1.04 1.02 1.04 1.05 1.02 1.04 

353 1.02 1.01 1.01 1.04 1.01 1.02 

352 1.01 1.01 0.98 1.02 1.01 1.01 

351 0.99 1.00 1.00 1.01 1.00 1.00 

350 1.00 1.00 1.00 1.00 1.00 1.00 

349 1.01 0.99 0.98 1.01 1.00 1.00 

348 1.01 1.00 1.01 1.01 1.00 1.00 

347 1.02 1.00 1.02 1.01 1.01 1.00 

346 1.03 1.02 1.05 1.02 1.01 1.01 

345 1.04 1.03 1.06 1.03 1.02 1.03 
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344 1.08 1.05 1.07 1.07 1.03 1.05 

343 1.09 1.07 1.04 1.08 1.04 1.05 

342 1.13 1.09 1.09 1.10 1.05 1.07 

341 1.17 1.12 1.14 1.13 1.06 1.10 

340 1.20 1.14 1.14 1.16 1.07 1.12 

339 1.21 1.16 1.15 1.16 1.08 1.14 

338 1.23 1.17 1.17 1.16 1.09 1.15 

337 1.23 1.16 1.18 1.18 1.09 1.14 

336 1.23 1.16 1.18 1.18 1.08 1.14 

335 1.22 1.15 1.18 1.18 1.08 1.14 

334 1.22 1.15 1.16 1.17 1.07 1.14 

333 1.20 1.14 1.16 1.17 1.07 1.13 

332 1.19 1.13 1.13 1.14 1.06 1.13 

331 1.20 1.14 1.17 1.15 1.07 1.12 

330 1.21 1.14 1.16 1.15 1.07 1.12 

329 1.24 1.15 1.16 1.16 1.07 1.12 

328 1.23 1.15 1.16 1.18 1.07 1.14 

327 1.21 1.15 1.16 1.17 1.06 1.15 

326 1.23 1.15 1.14 1.16 1.07 1.14 

325 1.22 1.15 1.13 1.17 1.06 1.14 

324 1.21 1.14 1.13 1.16 1.06 1.13 

323 1.18 1.12 1.12 1.14 1.05 1.12 

322 1.18 1.10 1.12 1.13 1.04 1.11 

321 1.16 1.09 1.08 1.10 1.03 1.09 

320 1.14 1.07 1.07 1.08 1.02 1.09 

319 1.13 1.06 1.08 1.09 1.02 1.07 

318 1.10 1.04 1.05 1.07 1.01 1.05 

317 1.10 1.03 1.02 1.05 1.01 1.05 

316 1.12 1.03 1.02 1.04 1.02 1.06 

315 1.10 1.03 1.02 1.05 1.01 1.05 

314 1.08 1.02 1.02 1.04 1.01 1.05 

313 1.08 1.02 1.01 1.03 1.01 1.05 

312 1.08 1.01 1.01 1.03 1.02 1.06 

311 1.08 1.01 1.01 1.03 1.02 1.05 

310 1.07 1.00 1.01 1.03 1.03 1.05 

309 1.07 1.00 0.99 1.01 1.02 1.05 

308 1.07 0.99 0.99 1.00 1.03 1.05 

307 1.05 0.98 0.99 1.01 1.03 1.05 

306 1.06 0.97 0.98 1.01 1.04 1.05 

305 1.06 0.96 0.98 1.00 1.04 1.05 

304 1.05 0.96 0.97 0.98 1.05 1.05 

303 1.05 0.95 1.00 0.99 1.05 1.06 

302 1.05 0.95 1.00 0.99 1.06 1.06 

301 1.04 0.95 1.01 0.99 1.07 1.06 

300 1.04 0.94 1.01 0.99 1.07 1.06 

299 1.04 0.95 1.02 1.01 1.08 1.07 

298 1.05 0.95 1.04 1.01 1.09 1.09 

297 

296 

295 

294 

29 

3 

293 

1.07 0.96 1.07 1.02 1.10 1.10 

296 

295 

294 

 

1.09 0.96 1.10 1.03 1.11 1.12 

295 1.11 0.97 1.12 1.05 1.12 1.13 

294 1.13 0.97 1.16 1.06 1.13 1.15 

293 1.14 0.98 1.19 1.08 1.15 1.17 

292 1.15 0.99 1.20 1.09 1.16 1.18 

291 1.17 1.00 1.20 1.10 1.17 1.20 

290 1.20 1.01 1.25 1.13 1.18 1.22 
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Appendix 5.10 

A5.10 Analysis of similarities (ANOSIM) of absorbance spectra (290 - 350nm) of MAA 

extracts from isolated algal symbionts  

 

Summary 

ANOSIM (permutations = 9999, distance = "bray") 

Dissimilarity: bray  

 
  
ANOSIM statistic R: -0.03367 

 Significance: 0.7235 

  
Permutation:  free 

 
Number of  permutations:            9999  
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Appendix 5.11 

 

 

A5.11 Absorbance (O.D.) of MAA extracts from T. maxima mantle tissue from each treatment: 

A) High PAR, B) High PAR + UV-B, C) High PAR / Recovery, and D) High PAR (+UV-B) / 

Recovery. Shaded boxes in the wavelength spectrum 320– 334 nm highlight the absorbance 

peaks of MAAs. 
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Appendix 5.12 Absorption spectra of MAA extracts from T. maxima mantle tissues at 

290 – 400 nm (Absorbance (O.D.) mg T. maxima protein-1) 

 

A5.12.1 Absorbance spectra of T. maxima mantle tissue from clams of the High PAR treatme

nt 

 

High PAR 

nm PAR 7 PAR 8 PAR 9 PAR 10 PAR 11 PAR 12 

400 1.3792 1.1331 1.3734 1.3496 1.2253 1.4077 

399 1.3440 1.1184 1.3453 1.3218 1.2055 1.3936 

398 1.3112 1.1033 1.3243 1.2935 1.1765 1.3568 

397 1.2989 1.0886 1.3006 1.2669 1.1594 1.3369 

396 1.2621 1.0832 1.2780 1.2448 1.1344 1.3160 

395 1.2424 1.0672 1.2659 1.2244 1.1186 1.2986 

394 1.2105 1.0525 1.2466 1.2000 1.0962 1.2758 

393 1.1916 1.0395 1.2272 1.1768 1.1028 1.2559 

392 1.1712 1.0273 1.2035 1.1626 1.0593 1.2361 

391 1.1564 1.0197 1.1925 1.1445 1.0487 1.2167 

390 1.1400 1.0130 1.1804 1.1309 1.0408 1.2109 

389 1.1196 1.0025 1.1611 1.1144 1.0264 1.1890 

388 1.1048 0.9975 1.1478 1.1020 1.0158 1.1764 

387 1.0885 0.9924 1.1379 1.0918 1.0132 1.1687 

386 1.0729 0.9811 1.1241 1.0720 0.9908 1.1508 

385 1.0663 0.9811 1.1120 1.0663 0.9960 1.1411 

384 1.0491 0.9740 1.0993 1.0601 0.9947 1.1280 

383 1.0442 0.9723 1.0905 1.0465 0.9895 1.1192 

382 1.0344 0.9698 1.0794 1.0431 0.9921 1.1163 

381 1.0262 0.9647 1.0761 1.0385 1.0053 1.0999 

380 1.0278 0.9647 1.0640 1.0261 1.0000 1.0960 

379 1.0254 0.9651 1.0623 1.0300 0.9987 1.0897 

378 1.0262 0.9630 1.0507 1.0283 1.0132 1.0843 

377 1.0164 0.9681 1.0419 1.0181 0.9947 1.0727 

376 0.9869 0.9840 1.0320 0.9989 0.9447 1.0378 

375 0.9894 0.9861 1.0248 0.9870 0.9354 1.0189 

374 0.9828 0.9887 1.0237 0.9983 0.9460 1.0160 

373 0.9853 0.9933 1.0254 0.9977 0.9710 1.0087 

372 0.9861 0.9962 1.0017 0.9870 0.9829 1.0073 

371 0.9943 0.9971 0.9972 0.9949 0.9908 1.0044 

370 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

369 1.0131 1.0050 1.0000 0.9977 1.0053 1.0010 

368 1.0000 1.0025 0.9890 0.9966 0.9842 0.9932 

367 1.0254 1.0181 0.9895 1.0108 1.0119 1.0102 

366 1.0483 1.0298 0.9840 1.0210 1.0224 1.0150 

365 1.0713 1.0449 0.9983 1.0380 1.0672 1.0208 

364 1.0942 1.0668 0.9774 1.0436 1.0751 1.0208 

363 1.1400 1.0853 0.9862 1.0708 1.1120 1.0441 

362 1.1654 1.1184 0.9945 1.0941 1.1344 1.0582 

361 1.2473 1.1571 1.0232 1.1394 1.1792 1.0931 

360 1.3260 1.1907 1.0331 1.1586 1.2029 1.1212 

359 1.3980 1.2293 1.0419 1.1949 1.2003 1.1386 

358 1.4824 1.2919 1.0612 1.2567 1.2780 1.1895 

357 

 

356 

355 

354 

353 

352 

351 

350 

349 

1.6298 1.3725 1.0932 1.3280 1.3465 1.2496 

356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

1.7838 1.4582 1.1351 1.4028 1.3834 1.3243 

355 1.9828 1.5720 1.1754 1.5144 1.4664 1.4101 

354 2.2277 1.7043 1.2388 1.6374 1.5837 1.5162 

353 2.5192 1.8606 1.3105 1.7994 1.6838 1.6461 

352 2.8387 2.0428 1.3844 1.9762 1.8050 1.7828 

351 3.2072 2.2486 1.4804 2.1722 1.9631 1.9564 

350 3.6380 2.4872 1.5962 2.4079 2.1449 2.1551 

349 4.1007 2.7438 1.7038 2.6589 2.3307 2.3786 
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348 4.6011 3.0223 1.8445 2.9496 2.5534 2.6088 

347 5.1523 3.3234 1.9928 3.2686 2.8024 2.8914 

346 5.7215 3.6363 2.1544 3.5853 3.0487 3.1847 

345 6.2752 3.9462 2.3398 3.9445 3.3491 3.4833 

344 6.8419 4.2486 2.5041 4.2867 3.6495 3.8071 

343 7.3735 4.5372 2.6757 4.6091 3.9644 4.1333 

342 7.8952 4.8148 2.8649 4.9632 4.3241 4.4789 

341 8.3767 5.0760 3.0601 5.3156 4.7036 4.8337 

340 8.8124 5.3163 3.2278 5.6363 5.0672 5.1798 

339 9.1916 5.5199 3.4181 5.9360 5.4954 5.5429 

338 9.5586 5.7115 3.6001 6.2533 5.9354 5.9045 

337 9.9189 5.9072 3.7799 6.5660 6.4203 6.2874 

336 10.2031 6.0605 3.9570 6.8487 6.8564 6.6495 

335 10.5168 6.2171 4.1429 7.1416 7.3505 7.0368 

334 10.7903 6.3952 4.3315 7.4612 7.8880 7.4295 

333 11.0803 6.5481 4.5179 7.7581 8.4150 7.7979 

332 11.3726 6.7064 4.7170 8.0340 8.8906 8.1774 

331 11.6331 6.8551 4.9134 8.3343 9.3808 8.5196 

330 11.9091 7.0193 5.1059 8.5909 9.9144 8.8177 

329 12.1613 7.1554 5.2923 8.8606 10.3808 9.1095 

328 12.4079 7.3104 5.4915 9.1207 10.8327 9.4135 

327 12.6437 7.4456 5.6713 9.3337 11.2227 9.6335 

326 12.8190 7.5808 5.8257 9.5263 11.5810 9.8420 

325 13.0188 7.7169 5.9812 9.7133 11.8920 10.0368 

324 13.2391 7.8299 6.1241 9.8839 12.2174 10.1905 

323 13.4251 7.9395 6.2945 10.0442 12.5033 10.3151 

322 13.4988 8.0101 6.4280 10.1643 12.7615 10.4227 

321 13.6323 8.1096 6.5014 10.3008 12.9895 10.5473 

320 13.7617 8.2113 6.6062 10.3960 13.1897 10.6006 

319 13.8632 8.2667 6.6889 10.5014 13.3136 10.6743 

318 13.9369 8.3263 6.7650 10.6079 13.4638 10.7654 

317 14.0229 8.4133 6.7987 10.6595 13.5810 10.7930 

316 14.0229 8.4133 6.7987 10.6595 13.5810 10.8124 

315 14.0229 8.4133 6.7987 10.6595 13.5810 10.8328 

314 14.1884 8.5132 6.8362 10.7694 13.6680 10.8425 

313 14.3735 8.6191 6.8516 10.8793 13.7628 10.8948 

312 14.5971 8.7203 6.8610 10.9864 13.8406 10.9283 

311 14.8002 8.8261 6.8555 11.0895 13.8933 10.9515 

310 15.0483 8.9408 6.8472 11.1966 13.9209 10.9859 

309 15.3137 9.0626 6.8373 11.3212 13.9578 11.0189 

308 15.5602 9.1949 6.8136 11.4306 13.9750 11.0330 

307 15.8116 9.2995 6.7777 11.5252 13.9921 11.0509 

306 16.0516 9.3990 6.7330 11.6153 13.9934 11.0349 

305 16.2555 9.4935 6.6839 11.6997 13.9631 11.0247 

304 16.4545 9.5561 6.6238 11.7513 13.9433 11.0000 

303 16.6224 9.6010 6.5527 11.7904 13.9025 10.9733 

302 16.7510 9.6401 6.4837 11.7875 13.8511 10.9341 

301 16.8559 9.6686 6.4032 11.7875 13.7931 10.8817 

300 16.9214 9.6661 6.3271 11.7717 13.7773 10.8187 

299 16.9656 9.6510 6.2488 11.6946 13.7563 10.7237 

298 16.9517 9.6186 6.1820 11.6159 13.7181 10.6680 

297 

296 

295 

294 

29 

3 

293 

16.9238 9.5632 6.1280 11.5195 13.7154 10.5710 

296 

295 

294 

 

16.8575 9.5048 6.0756 11.4079 13.7352 10.4455 

295 16.7748 9.4204 6.0309 11.2873 13.7813 10.3199 

294 16.7150 9.3326 6.0050 11.1462 13.8854 10.1827 

293 16.6233 9.2461 5.9939 10.9932 14.0066 10.0577 

292 16.5389 9.1474 6.0066 10.8465 14.2134 9.9127 

291 16.4693 9.0605 6.0425 10.7020 14.4651 9.7736 

290 16.3743 8.9748 6.1175 10.5388 14.7760 9.6369 
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A5.12.2 Absorbance spectra of T. maxima mantle tissues from clams of the High PAR / Reco

very treatment 

  

High PAR / Recovery 

nm PAR 1 PAR 2 PAR 3 PAR 4 PAR 5 PAR 6 

400 1.1134 1.1464 1.1801 1.3465 1.1520 1.0765 

399 1.0978 1.1299 1.1632 1.3321 1.1423 1.0625 

398 1.0827 1.1129 1.1498 1.3107 1.1274 1.0576 

397 1.0716 1.0999 1.1328 1.2898 1.1167 1.0374 

396 1.0587 1.0878 1.1135 1.2742 1.1023 1.0331 

395 1.0489 1.0734 1.1033 1.2560 1.0911 1.0245 

394 1.0378 1.0578 1.0887 1.2330 1.0776 1.0141 

393 1.0240 1.0475 1.0765 1.2175 1.0623 1.0024 

392 1.0173 1.0381 1.0619 1.2019 1.0460 0.9920 

391 1.0058 1.0291 1.0524 1.1859 1.0414 0.9884 

390 0.9987 1.0184 1.0438 1.1709 1.0330 0.9773 

389 0.9920 1.0134 1.0363 1.1575 1.0251 0.9743 

388 0.9858 1.0054 1.0284 1.1425 1.0158 0.9718 

387 0.9831 0.9991 1.0181 1.1307 1.0121 0.9682 

386 0.9711 0.9861 1.0122 1.1141 1.0023 0.9614 

385 0.9684 0.9888 1.0059 1.1130 0.9958 0.9663 

384 0.9582 0.9830 0.9976 1.0900 0.9926 0.9535 

383 0.9609 0.9830 0.9961 1.0793 0.9944 0.9559 

382 0.9564 0.9740 0.9929 1.0750 0.9851 0.9559 

381 0.9582 0.9767 0.9890 1.0632 0.9833 0.9633 

380 0.9546 0.9731 0.9834 1.0557 0.9823 0.9559 

379 0.9604 0.9727 0.9831 1.0498 0.9800 0.9577 

378 0.9635 0.9678 0.9874 1.0396 0.9814 0.9620 

377 0.9635 0.9740 0.9834 1.0246 0.9786 0.9584 

376 0.9849 0.9776 0.9913 1.0354 0.9888 0.9706 

375 0.9791 0.9754 0.9909 1.0337 0.9902 0.9749 

374 0.9800 0.9888 0.9894 1.0123 0.9893 0.9786 

373 0.9902 0.9866 0.9968 1.0171 0.9823 0.9755 

372 0.9827 0.9843 0.9878 1.0048 0.9781 0.9982 

371 1.0058 0.9951 0.9972 1.0037 0.9865 0.9945 

370 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

369 1.0053 1.0072 1.0118 0.9914 1.0102 0.9988 

368 0.9982 1.0161 1.0047 0.9732 1.0074 0.9963 

367 1.0209 1.0202 1.0130 0.9855 1.0163 1.0031 

366 1.0289 1.0399 1.0319 0.9930 1.0349 1.0263 

365 1.0440 1.0587 1.0359 0.9909 1.0553 1.0312 

364 1.0476 1.0685 1.0516 0.9855 1.0525 1.0300 

363 1.0796 1.0999 1.0753 0.9952 1.0851 1.0618 

362 1.0871 1.1173 1.0946 1.0011 1.1116 1.0747 

361 1.1201 1.1576 1.1198 1.0171 1.1525 1.0992 

360 1.1485 1.1979 1.1608 1.0354 1.1953 1.1164 

359 1.1716 1.2400 1.1916 1.0289 1.2455 1.1408 

358 1.2094 1.3050 1.2471 1.0573 1.3147 1.1831 

357 

 

356 

355 

354 

353 

352 

351 

350 

349 

348 

347 

1.2548 1.3820 1.3157 1.0980 1.4012 1.2198 

356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

1.2992 1.4572 1.3867 1.1280 1.4784 1.2688 

355 1.3735 1.5732 1.4769 1.1864 1.6025 1.3282 

354 1.4451 1.7125 1.6027 1.2469 1.7499 1.4036 

353 1.5420 1.8558 1.7241 1.3166 1.9219 1.4819 

352 1.6416 2.0287 1.8896 1.3969 2.1209 1.5738 

351 1.7510 2.2302 2.0678 1.4965 2.3459 1.6901 

350 1.8808 2.4720 2.2940 1.6122 2.6109 1.8322 

349 2.0351 2.7259 2.5309 1.7263 2.8977 1.9737 

348 2.1912 3.0219 2.8049 1.8768 3.2366 2.1261 

347 2.3731 3.3332 3.1041 2.0209 3.6034 2.2958 

346 2.5683 3.6686 3.4174 2.1832 3.9656 2.4715 

345 2.7728 4.0134 3.7572 2.3482 4.3570 2.6540 
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344 2.9880 4.3699 4.1143 2.5249 4.7634 2.8353 

343 3.2179 4.7241 4.4671 2.6861 5.1757 3.0184 

342 3.4611 5.0775 4.8443 2.8538 5.6030 3.2051 

341 3.7199 5.4375 5.2369 3.0080 6.0158 3.3840 

340 3.9840 5.7949 5.6263 3.1580 6.4184 3.5762 

339 4.2672 6.1446 6.0438 3.3064 6.8271 3.7471 

338 4.5527 6.4796 6.4426 3.4542 7.2613 3.9186 

337 4.8719 6.8621 6.8565 3.6020 7.6974 4.1047 

336 5.2050 7.2100 7.2826 3.7472 8.1125 4.2670 

335 5.5407 7.5813 7.7316 3.8752 8.5453 4.4550 

334 5.8866 7.9422 8.1730 4.0123 9.0177 4.6461 

333 6.2512 8.2906 8.6508 4.1484 9.4686 4.8334 

332 6.5967 8.6520 9.0635 4.2667 9.9275 5.0092 

331 6.9311 8.9933 9.4553 4.3921 10.4045 5.1917 

330 7.2321 9.3395 9.8750 4.5008 10.8410 5.3833 

329 7.5398 9.6449 10.2266 4.6058 11.2808 5.5695 

328 7.8435 9.9695 10.5944 4.6963 11.7304 5.7306 

327 8.0996 10.2785 10.9326 4.7809 12.1636 5.8983 

326 8.3353 10.5177 11.1983 4.8516 12.5644 6.0563 

325 8.5602 10.7461 11.4048 4.9148 12.9224 6.2339 

324 8.7723 10.9588 11.5936 4.9689 13.2576 6.4060 

323 8.9302 11.1563 11.7667 5.0273 13.5119 6.5769 

322 9.0253 11.3148 11.9874 5.0402 13.7387 6.7593 

321 9.1361 11.4568 12.1384 5.0750 14.0256 6.9559 

320 9.2339 11.5849 12.2708 5.0857 14.2497 7.1445 

319 9.3237 11.6646 12.3315 5.0975 14.3640 7.3564 

318 9.3619 11.7631 12.4458 5.1007 14.5332 7.5720 

317 9.3526 11.8316 12.5534 5.0927 14.6704 7.8494 

316 9.3419 11.8495 12.5771 5.0884 14.6890 7.9963 

315 9.3366 11.8854 12.5928 5.0862 14.7373 8.1580 

314 9.2059 11.9086 12.7339 5.0809 14.8117 8.2131 

313 9.1365 11.9731 12.9026 5.0777 14.8842 8.6405 

312 9.0507 12.0363 13.0512 5.0675 15.0028 9.0968 

311 8.9360 12.0676 13.1577 5.0418 15.0995 9.5671 

310 8.8110 12.1164 13.2716 5.0220 15.1502 10.0821 

309 8.6714 12.1532 13.4505 5.0059 15.2171 10.6075 

308 8.5073 12.1823 13.5660 4.9786 15.2111 11.1543 

307 8.3415 12.1935 13.7138 4.9448 15.1641 11.7012 

306 8.1605 12.2163 13.8112 4.9111 15.1664 12.2309 

305 7.9742 12.1953 13.9188 4.8666 15.1316 12.7263 

304 7.7639 12.1652 13.9972 4.8222 15.0130 13.2364 

303 7.5554 12.0940 13.9527 4.7574 14.8749 13.7036 

302 7.3566 12.0031 13.9216 4.6990 14.7648 14.1059 

301 7.1547 11.9127 13.9673 4.6465 14.5704 14.4758 

300 6.9591 11.7989 13.8900 4.5886 14.3464 14.7759 

299 6.7661 11.6467 13.8065 4.5319 14.1093 15.0404 

298 6.5905 11.5074 13.7194 4.4660 13.8559 15.2664 

297 

296 

295 

294 

29 

3 

293 

6.4295 11.3435 13.5995 4.4039 13.5890 15.4317 

296 

295 

294 

 

6.2850 11.1738 13.4336 4.3487 13.3161 15.5658 

295 6.1485 11.0103 13.2613 4.2903 13.0683 15.6412 

294 6.0449 10.8388 13.0678 4.2373 12.8168 15.6920 

293 5.9551 10.6444 12.8565 4.1826 12.5667 15.7116 

292 5.8924 10.4872 12.7261 4.1382 12.3496 15.6877 

291 5.8742 10.3247 12.5325 4.1012 12.1409 15.6405 

290 5.8742 10.1903 12.3378 4.0702 11.9317 15.5915 
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A5.12.3 Absorbance spectra of T. maxima mantle tissues from clams of the High PAR +UV-

B treatment 

  

High PAR + UV-B 

nm UV 7 UV 8 UV 9 UV 10 UV 11 UV 12 

400 1.2507 0.9335 0.8351 1.0729 1.2948 1.2843 
399 1.2230 0.9206 0.8351 1.0555 1.2716 1.2574 
398 1.2007 0.9077 0.8233 1.0364 1.2471 1.2367 
397 1.1853 0.8994 0.8218 1.0234 1.2391 1.2117 
396 1.1673 0.8809 0.8247 1.0078 1.2098 1.1978 
395 1.1487 0.8873 0.8174 1.0139 1.1933 1.1767 
394 1.1264 0.8744 0.8203 0.9879 1.1749 1.1614 
393 1.1190 0.8707 0.7997 0.9775 1.1602 1.1444 
392 1.0993 0.8643 0.8012 0.9679 1.1425 1.1279 
391 1.0892 0.8689 0.8174 0.9618 1.1333 1.1153 
390 1.0712 0.8560 0.8027 0.9497 1.1199 1.1007 
389 1.0600 0.8550 0.8159 0.9506 1.1070 1.0887 
388 1.0489 0.8467 0.8027 0.9393 1.1015 1.0784 
387 1.0435 0.8596 0.8203 0.9480 1.0917 1.0699 
386 1.0335 0.8624 0.8277 0.9419 1.0862 1.0657 
385 1.0276 0.8560 0.8144 0.9410 1.0722 1.0561 
384 1.0159 0.8615 0.8203 0.9393 1.0648 1.0461 
383 1.0138 0.8670 0.8498 0.9393 1.0550 1.0407 
382 1.0058 0.8735 0.8483 0.9436 1.0520 1.0365 
381 1.0016 0.8790 0.8542 0.9419 1.0459 1.0265 
380 0.9968 0.8781 0.8616 0.9410 1.0477 1.0300 
379 0.9989 0.8929 0.8675 0.9532 1.0416 1.0277 
378 0.9936 0.9021 0.8940 0.9584 1.0330 1.0238 
377 0.9910 0.9049 0.9013 0.9592 1.0251 1.0188 
376 0.9995 0.8938 0.8954 0.9818 1.0116 1.0027 
375 0.9862 0.9280 0.9381 0.9861 1.0073 1.0092 
374 0.9952 0.9289 0.9161 0.9748 0.9994 0.9988 
373 1.0027 0.9511 0.9485 0.9783 1.0116 1.0088 
372 0.9915 0.9575 0.9705 1.0052 0.9976 1.0008 
371 0.9963 0.9640 0.9720 0.9939 0.9994 1.0065 
370 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
369 1.0143 1.0083 1.0044 1.0234 0.9957 1.0111 
368 1.0218 1.0212 1.0427 1.0425 1.0055 1.0181 
367 1.0335 1.0286 1.0398 1.0598 1.0092 1.0188 
366 1.0467 1.0554 1.0442 1.0624 1.0037 1.0277 
365 1.0680 1.0849 1.0707 1.1041 1.0159 1.0400 
364 1.0876 1.0896 1.0928 1.0945 1.0239 1.0465 
363 1.1168 1.1016 1.1001 1.1232 1.0245 1.0630 
362 1.1476 1.1385 1.1208 1.1422 1.0416 1.0799 
361 1.2066 1.2078 1.1811 1.1813 1.0618 1.1072 
360 1.2523 1.2207 1.1929 1.2264 1.0752 1.1341 
359 1.3133 1.2438 1.1973 1.2550 1.0856 1.1590 

358 1.3999 1.3167 1.2312 1.3044 1.1168 1.2094 
357 

 

356 

355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

1.4981 1.3583 1.2504 1.3608 1.1566 1.2597 
356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

344 

343 

342 

341 

1.6022 1.4007 1.2680 1.4163 1.1847 1.3135 
355 1.7626 1.4931 1.3299 1.5100 1.2373 1.3911 
354 1.9357 1.5983 1.3711 1.6175 1.3070 1.4864 
353 2.1413 1.6990 1.4433 1.7311 1.3859 1.5920 
352 2.3887 1.8412 1.4816 1.8699 1.4765 1.7126 
351 2.6596 1.9834 1.5169 2.0069 1.5621 1.8540 
350 2.9660 2.1357 1.5744 2.2142 1.6911 2.0311 
349 3.3287 2.2825 1.6230 2.3972 1.8141 2.2174 
348 3.7297 2.4681 1.7040 2.6201 1.9554 2.4199 
347 4.1583 2.6777 1.7820 2.8777 2.1419 2.6500 
346 4.6213 2.8920 1.8733 3.1518 2.3193 2.8897 
345 5.1078 3.0859 1.9264 3.4241 2.5003 3.1256 
344 5.6118 3.3176 1.9956 3.6990 2.7211 3.3765 
343 6.1296 3.5272 2.1119 4.0208 2.9382 3.6343 
342 6.6553 3.7230 2.1767 4.3261 3.1829 3.9032 
341 7.1816 3.9289 2.2577 4.6600 3.4367 4.1748 
340 7.7106 4.0951 2.3490 4.9965 3.6960 4.4330 
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339 8.2655 4.2678 2.4389 5.3617 3.9890 4.7023 
338 8.8189 4.4377 2.5184 5.7155 4.2948 4.9750 
337 9.3919 4.5679 2.6230 6.0980 4.6073 5.2720 
336 9.9649 4.6851 2.6951 6.4892 4.9321 5.5590 
335 10.5438 4.8421 2.7806 6.8673 5.2795 5.8556 
334 11.1418 4.9769 2.8778 7.3166 5.6428 6.1821 
333 11.7440 5.1542 3.0339 7.7624 6.0098 6.5455 
332 12.3139 5.3047 3.1502 8.1743 6.3468 6.8894 
331 12.8741 5.4571 3.2224 8.5915 6.6924 7.2478 
330 13.4233 5.5993 3.3049 8.9818 7.0300 7.6412 
329 13.9156 5.7461 3.4300 9.3886 7.3388 7.9965 
328 14.3707 5.8892 3.5729 9.7988 7.6281 8.3796 
327 14.8120 6.0489 3.7187 10.2038 7.9162 8.7557 
326 15.2055 6.1681 3.8115 10.5585 8.1602 9.1356 
325 15.5369 6.3029 3.9146 10.8881 8.3657 9.4745 
324 15.8088 6.4266 4.0648 11.2038 8.5737 9.8256 
323 16.0951 6.5365 4.1959 11.5048 8.7358 10.1072 
322 16.3181 6.6657 4.2960 11.7546 8.8752 10.4560 
321 16.4663 6.7701 4.4212 11.9983 9.0153 10.7176 
320 16.6463 6.8486 4.5258 12.2073 9.1223 10.9339 
319 16.6792 6.8910 4.5994 12.3912 9.1920 11.1368 
318 16.8173 6.9464 4.7614 12.5559 9.2924 11.3135 
317 16.8763 6.9825 4.8895 12.7060 9.3676 11.4898 
316 16.8763 6.9825 4.9426 12.7060 9.3676 11.4898 
315 16.8763 6.9825 4.8895 12.7060 9.3676 11.4898 
314 16.7647 6.9843 4.9750 12.7997 9.3847 11.7657 
313 16.6330 6.9843 5.0781 12.8777 9.4018 12.0615 
312 16.5449 7.0009 5.1959 12.9488 9.3982 12.3196 
311 16.3760 6.9843 5.2666 12.9818 9.3761 12.5793 
310 16.1753 6.9695 5.3402 13.0252 9.3566 12.8329 
309 15.9209 6.9557 5.4271 13.0330 9.3254 13.0661 
308 15.6909 6.9252 5.5022 13.0564 9.2905 13.3200 
307 15.4158 6.8957 5.5641 13.0581 9.2465 13.5467 
306 15.1354 6.8753 5.6259 13.0494 9.1719 13.7003 
305 14.7849 6.8403 5.6642 13.0286 9.1009 13.8356 
304 14.4148 6.8116 5.7246 12.9757 9.0367 13.8974 
303 14.0483 6.7802 5.7953 12.9115 8.9596 14.0127 
302 13.6437 6.7452 5.8336 12.8508 8.8606 14.0741 
301 13.2485 6.7101 5.9043 12.8075 8.7700 14.0688 
300 12.8247 6.7064 5.9573 12.7329 8.6881 14.0296 
299 12.4211 6.7156 6.0191 12.6496 8.5988 13.9973 
298 12.0112 6.7211 6.1016 12.5941 8.5119 13.9781 
297 

296 

295 

294 

29 

3 

293 

11.6059 6.7590 6.2121 12.5672 8.4367 13.8909 
296 

295 

294 

 

11.2262 6.8190 6.3314 12.5299 8.3700 13.7399 
295 10.8444 6.9067 6.4713 12.5395 8.3180 13.6335 
294 10.5119 7.0416 6.6686 12.6158 8.3058 13.5444 
293 10.2039 7.2041 6.8954 12.7181 8.3083 13.4214 
292 9.9156 7.4118 7.1649 12.8768 8.3407 13.3020 
291 9.6591 7.6620 7.4875 13.0841 8.4208 13.1441 
290 9.4440 7.9584 7.8601 13.3608 8.5364 13.0261 
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A5.12.4 Absorbance spectra of T. maxima mantle tissues from clams of the High PAR (+UV) 

/ Recovery treatment 

  

High PAR (+ UV-B) / Recovery 

nm UV 1 UV 2 UV 3 UV 4 UV 5 UV 6 

400 1.2544 1.1888 1.1682 1.4083 1.1380 1.1410 

399 1.2312 1.1657 1.1529 1.3816 1.1224 1.1139 

398 1.2104 1.1447 1.1291 1.3536 1.0979 1.0981 

397 1.1927 1.1276 1.1249 1.3316 1.0866 1.0773 

396 1.1792 1.1088 1.1028 1.3009 1.0700 1.0649 

395 1.1590 1.0895 1.0884 1.2842 1.0568 1.0474 

394 1.1456 1.0762 1.0765 1.2668 1.0450 1.0350 

393 1.1272 1.0618 1.0612 1.2402 1.0333 1.0192 

392 1.1119 1.0547 1.0569 1.2248 1.0171 1.0096 

391 1.0991 1.0409 1.0476 1.2108 1.0078 0.9977 

390 1.0954 1.0320 1.0374 1.1921 0.9990 0.9898 

389 1.0765 1.0260 1.0297 1.1688 0.9966 0.9791 

388 1.0648 1.0133 1.0187 1.1534 0.9834 0.9684 

387 1.0587 1.0077 1.0187 1.1414 0.9824 0.9650 

386 1.0593 1.0006 1.0195 1.1368 0.9809 0.9622 

385 1.0440 1.0011 1.0170 1.1201 0.9745 0.9526 

384 1.0306 0.9879 1.0051 1.1027 0.9726 0.9436 

383 1.0318 0.9812 1.0034 1.1027 0.9648 0.9504 

382 1.0251 0.9796 0.9958 1.0874 0.9613 0.9464 

381 1.0226 0.9818 1.0025 1.0754 0.9701 0.9487 

380 1.0159 0.9790 1.0000 1.0774 0.9687 0.9526 

379 1.0171 0.9834 1.0017 1.0667 0.9736 0.9515 

378 1.0171 0.9856 1.0051 1.0600 0.9736 0.9571 

377 1.0092 0.9829 0.9958 1.0474 0.9741 0.9554 

376 0.9920 0.9674 0.9890 1.0167 0.9750 0.9577 

375 0.9878 0.9713 0.9881 1.0294 0.9785 0.9549 

374 0.9847 0.9619 0.9958 1.0140 0.9790 0.9600 

373 1.0055 0.9685 1.0144 1.0007 0.9790 0.9757 

372 1.0061 0.9691 1.0034 1.0080 0.9853 0.9876 

371 1.0153 0.9950 1.0110 1.0033 0.9858 0.9927 

370 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

369 1.0104 0.9994 1.0331 1.0180 1.0162 1.0186 

368 1.0202 1.0094 1.0416 1.0113 1.0230 1.0412 

367 1.0324 1.0271 1.0382 1.0153 1.0396 1.0536 

366 1.0465 1.0574 1.0408 1.0160 1.0509 1.0756 

365 1.0636 1.0817 1.0612 1.0240 1.0675 1.1173 

364 1.0691 1.1044 1.0467 1.0193 1.0817 1.1472 

363 1.1015 1.1380 1.0680 1.0227 1.0959 1.1816 

362 1.1187 1.1933 1.0799 1.0587 1.1273 1.2346 

361 1.1657 1.2612 1.1096 1.0941 1.1689 1.3051 

360 1.1841 1.3087 1.1266 1.1061 1.2012 1.3694 

359 1.2165 1.3799 1.1410 1.1294 1.2408 1.4535 

358 1.2893 1.4821 1.1861 1.1848 1.2883 1.5635 

357 

 

356 

355 

354 

353 

352 

351 

350 

349 

348 

347 

1.3572 1.5919 1.2005 1.2348 1.3475 1.7016 

356 

 

356 

354355 

354 

353 

352 

351 

350 

349 

348 

347 

346 

345 

1.4135 1.7211 1.2260 1.2989 1.4219 1.8449 

355 1.5150 1.9089 1.2787 1.3722 1.5296 2.0412 

354 1.6300 2.1121 1.3246 1.4590 1.6471 2.2634 

353 1.7651 2.3523 1.3662 1.5610 1.7739 2.5313 

352 1.9205 2.6361 1.4257 1.6891 1.9334 2.8370 

351 2.0881 2.9608 1.4902 1.8212 2.1165 3.2047 

350 2.2881 3.3324 1.5692 1.9980 2.3490 3.5967 

349 2.5150 3.7250 1.6449 2.1641 2.5903 4.0632 

348 2.7566 4.1717 1.7188 2.3689 2.8708 4.5691 

347 3.0275 4.6527 1.8284 2.6057 3.1836 5.1371 

346 3.3076 5.1430 1.9524 2.8499 3.5360 5.7304 

345 3.5902 5.6234 2.0425 3.0740 3.9168 6.3508 
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344 3.8869 6.1242 2.1793 3.3322 4.3333 7.0226 

343 4.1761 6.5941 2.2821 3.5811 4.7802 7.6977 

342 4.4624 7.0525 2.4010 3.8239 5.2531 8.3835 

341 4.7480 7.4848 2.5395 4.0901 5.7548 9.0677 

340 5.0294 7.8835 2.6534 4.3316 6.2873 9.7659 

339 5.2954 8.2562 2.7799 4.5871 6.8713 10.4636 

338 5.5560 8.6118 2.9159 4.8392 7.4812 11.1946 

337 5.7927 8.9348 3.0578 5.0801 8.1297 11.9408 

336 6.0294 9.2446 3.1912 5.3316 8.7959 12.7005 

335 6.2728 9.5395 3.3186 5.5744 9.4753 13.4631 

334 6.5076 9.8189 3.4664 5.8306 10.1762 14.1951 

333 6.7547 10.1160 3.6058 6.0841 10.8664 14.9227 

332 6.9706 10.3926 3.7833 6.3382 11.5717 15.5708 

331 7.1804 10.6173 3.9303 6.5764 12.2085 16.1929 

330 7.3798 10.8482 4.0765 6.7992 12.8145 16.7456 

329 7.5541 11.0364 4.2268 7.0027 13.3603 17.2944 

328 7.7321 11.2082 4.4061 7.2181 13.8923 17.7372 

327 7.8954 11.3987 4.5446 7.4216 14.3382 18.0558 

326 8.0281 11.5737 4.6712 7.5891 14.7401 18.4332 

325 8.1321 11.6731 4.7969 7.7345 15.0886 18.6870 

324 8.2446 11.7758 4.9431 7.8759 15.3637 18.9036 

323 8.3272 11.8415 5.0816 8.0060 15.6706 19.1410 

322 8.3664 11.9166 5.2175 8.1114 15.9134 19.2989 

321 8.3951 11.9702 5.3594 8.1855 16.0656 19.3852 

320 8.4128 12.0182 5.4928 8.2795 16.2217 19.4659 

319 8.4141 12.0028 5.6151 8.3142 16.3089 19.4614 

318 8.3969 12.0646 5.7596 8.3796 16.3558 19.5618 

317 8.3817 12.1369 5.8675 8.4376 16.3740 19.4980 

316 8.3817 12.1369 5.8675 8.4376 16.3740 19.4980 

315 8.3817 12.1369 5.8675 8.4376 16.3740 19.4980 

314 8.3156 12.2529 5.9881 8.4643 16.4758 19.4405 

313 8.2495 12.4042 6.1020 8.5057 16.5267 19.2984 

312 8.1761 12.6041 6.2107 8.5350 16.5864 19.2510 

311 8.0991 12.7973 6.3008 8.5764 16.5932 18.9701 

310 8.0147 12.9862 6.3772 8.6017 16.5835 18.6712 

309 7.9150 13.2385 6.4613 8.6184 16.4958 18.4315 

308 7.8165 13.4953 6.5183 8.6271 16.4748 18.1275 

307 7.7211 13.7394 6.5709 8.6458 16.4376 17.8116 

306 7.6049 13.9647 6.6151 8.6431 16.2810 17.4100 

305 7.4887 14.1966 6.6525 8.6204 16.0685 17.0051 

304 7.3706 14.4114 6.6669 8.6051 15.8546 16.6041 

303 7.2471 14.6046 6.6771 8.5730 15.6393 16.1596 

302 7.1235 14.7416 6.6805 8.5264 15.4014 15.6678 

301 6.9988 14.8653 6.6856 8.4783 15.1478 15.1591 

300 6.8813 14.9923 6.6941 8.4330 14.8306 14.6548 

299 6.7615 15.0928 6.7043 8.3769 14.5233 14.1303 

298 6.6465 15.1215 6.7111 8.3102 14.1630 13.6103 

297 

296 

295 

294 

29 

3 

293 

6.5529 15.1287 6.7239 8.2588 13.7993 13.0931 

296 

295 

294 

 

6.4667 15.1281 6.7434 8.2021 13.4591 12.6469 

295 6.3914 15.1077 6.7799 8.1361 13.0984 12.2087 

294 6.3425 15.0745 6.8496 8.1067 12.7244 11.7609 

293 6.2936 15.0359 6.9278 8.0720 12.3485 11.3728 

292 6.2758 14.9989 7.0153 8.0514 11.9868 11.0485 

291 6.2826 14.9586 7.1402 8.0587 11.6358 10.7716 

290 6.3052 14.9050 7.2872 8.0861 11.3133 10.5635 
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Appendix 5.13 Analysis of similarities (ANOSIM) of absorbance spectra (290 – 350 

nm) of MAA extracts from T. maxima mantle tissues  

 

Summary 

ANOSIM (permutations = 9999, distance = "bray") 

Dissimilarity: bray  

   
ANOSIM statistic R: -0.06008 

 Significance: 0.9439 

  
Permutation:  free 

 Number of  permutations:       9999  
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Abstract The photosymbiosis of tropical giant clams

(subfamily Tridacninae) with unicellular algae (Symbio-

diniaceae) restricts their distribution to the sunlit, shallow

waters of the euphotic zone where organisms are addi-

tionally exposed to potentially damaging levels of solar UV

radiation. Metabolic and physiological responses of Red

Sea Tridacna maxima clams, including net calcification

and primary production, as well as valvometry (i.e., shell

gaping behavior) were assessed when exposed to simulated

high radiation levels received at 3 and 5 m underwater. The

two levels of radiation included exposure treatments to

photosynthetically active radiation (PAR; 400–700 nm)

alone and to both, PAR and ultraviolet-B radiation (UV-B;

280–315 nm). The valvometry data obtained using flexible

magnetic sensors indicated that specimens under PAR ?

UV-B exposure significantly reduced the proportion of

their exposed mantle area, a potential photo-protective

mechanism which, however, reduces the overall amount of

PAR received by the algal symbionts. Consequently,

specimens under PAR ? UV-B displayed a slight,

although non-significant, reduction in primary production

rates but no signs of additional oxidative stress, changes in

symbiont densities, chlorophyll content, or levels of

mycosporine-like amino acids. Net calcification rates of T.

maxima were not affected by exposure to UV-B; however,

calcification was positively correlated with incident PAR

levels. UV-B exposure changes the valvometry, reducing

the exposed mantle area which consequently diminishes

the available PAR for the photosymbionts. Still, T. maxima

maintains high rates of primary production and net calci-

fication, even under high levels of UV-B. This provides

experimental support for a recently described, effective

UV-defensive mechanism in Tridacninae, in which the

photonic cooperation of the associated algal symbionts and

giant clam iridocytes is assumed to establish optimal con-

ditions for the photosynthetic performance of the clams’

symbionts.

Keywords Tridacna � UV � Coral reef � Photosynthesis �
Calcification � Oxidative stress

Introduction

Intense solar, and especially highly energetic UV radiation

(UVR; 280–400 nm) received at the ocean’s surface is

known to negatively affect a broad range of marine

organisms across benthic and planktonic communities

(Banaszak and Lesser 2009; Llabrés et al. 2013; Häder

et al. 2015). Both UV-A (320–400 nm) and UV-B

(280–320 nm) were found to have significant and often

detrimental effects on cellular processes in various life

stages of marine organisms (Helbling and Zagarese 2003).

Topic Editor Simon Davy

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00338-020-01968-w) contains sup-
plementary material, which is available to authorized users.

& Susann Rossbach

susann.rossbach@kaust.edu.sa

1 Biological and Environmental Science and Engineering

Division, Red Sea Research Centre (RSRC) and

Computational Bioscience Research Center (CBRC), King

Abdullah University of Science and Technology (KAUST),

Thuwal, Kingdom of Saudi Arabia

2 Computer, Electrical and Mathematical Sciences and

Engineering Division (CEMSE), Sensing Magnetism and

Microsystems Group, King Abdullah University of Science

and Technology (KAUST), Thuwal, Kingdom of Saudi

Arabia

123

Coral Reefs

https://doi.org/10.1007/s00338-020-01968-w

http://orcid.org/0000-0001-5903-1168
http://orcid.org/0000-0003-3462-6629
http://orcid.org/0000-0003-0541-4272
http://orcid.org/0000-0002-8998-8275
http://orcid.org/0000-0003-0536-7293
http://orcid.org/0000-0002-1213-1361
https://doi.org/10.1007/s00338-020-01968-w
http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-020-01968-w&amp;domain=pdf
https://doi.org/10.1007/s00338-020-01968-w


Impacts of UVR exposure include a number of processes,

such as (1) DNA damage and increased oxidative stress

(Shick et al. 1995; Van De Poll et al. 2001), (2) decreased

growth and calcification rates (Van De Poll et al. 2001;

Gao and Zheng 2010), (3) reduced photosynthesis (Lesser

1996; Gao and Zheng 2010) and (4) changes in respiration

rates (Agustı́ et al. 2014). Therefore, UVR plays a signif-

icant ecological role in the marine environment (Llabrés

et al. 2013; Häder et al. 2015), especially for photoau-

totrophs due to their particular light requirements.

Exposure to high doses of UVR is particularly relevant

for marine organisms inhabiting (sub-) tropical oceans and

seas, such as the Red Sea (Al-Aidaroos et al. 2015), which

receive intense incident solar radiation (Khogali and Al-

Bar 1992). These habitats are characterized by highly

transparent waters due to low concentrations of UV-ab-

sorbing substances, such as Chl-a and chromophoric dis-

solved organic matter (CDOM) in the water column

(Kheireddine et al. 2018; Overmans and Agusti 2019;

Overmans et al., 2018). The Red Sea is characterized by

deep penetration depths of UVR, and doses are still mod-

erately high in water depths of 3–5 m (Dishon et al. 2012;

Al-Aidaroos et al. 2015; Overmans and Agustı́ 2020).

Different reef organisms, including corals, have been

reported to be impaired by these extreme levels of incident

irradiances. For example, the scleractinian coral Stylophora

pistillata showed elevated levels of photoinhibition (Win-

ters et al. 2003), as well as a dramatic increase in DNA

breakage (Baruch et al. 2005) when exposed to the natural

spectrum of incident light, but specifically in response to

UV-B exposure at levels comparable to those received in

shallow depths (\ 5 m).

Giant clams of the subfamily Tridacninae represent an

important component of Indo-Pacific reef communities and

are one of the very few molluscan groups that live in a

symbiotic relationship with unicellular algae of the Sym-

biodiniaceae family (Yonge 1936; Taylor 1969; LaJe-

unesse et al. 2018). This photo-symbiotic relationship is

considered to be the principal reason why Tridacninae are

among the largest (Beckvar 1981) and fastest-growing

(Bonham 1965) bivalves on earth. Recent work has

demonstrated the light dependency of calcification in Tri-

dacninae (Ip et al. 2015; Chew et al. 2019; Rossbach et al.

2019) and the presumable impact of incident light levels on

their depth-related distribution within the reef framework

(Rossbach et al. 2019). In the Red Sea, the most common

giant clam species, i.e., Tridacna maxima, can be found in

highest abundances in water depths of approximately 3 m,

with their density decreasing from there to deeper and

shallower depths (Rossbach et al. 2019). The requirements

of their algal symbionts for photosynthetically active

radiation (PAR, 400–700 nm) restricts Tridacninae to the

sunlit, shallow waters of the euphotic zone, thereby

providing an explanation for the decline in their abundance

with depth.

However, the reasons for the decline in abundance of T.

maxima in the Red Sea toward waters shallower than 3 m

remain unclear. In these shallow waters, giant clams and

their algal symbionts are exposed to potentially harmful

levels of solar UVR (Smith and Baker 1979). Previous

work on other giant clam species, i.e., T. gigas, has shown

that, when occurring in combination with elevated water

temperatures, high irradiances can be the primary trigger

for bleaching, i.e., the expulsion of the algal symbionts

(Buck 2000; Buck et al. 2002). Due to this environmental

pressure, Tridacninae had to develop protective mecha-

nisms against UVR-induced damage. For example, a pre-

vious study on potential UV-protective properties of the

giant clam T. crocea reported that UV-B radiation com-

pletely suppressed photosynthesis in isolated zooxanthel-

lae, yet it had only minor effects on the symbionts

embedded within the host tissue (Ishikura et al. 1997).

They explained this photo-protective mechanism with the

presence of mycosporine-like amino acids (MAAs) in the

giant clams’ mantle tissue, which are known to act as UV-

absorbing compounds (Shick et al. 1992; Banaszak et al.

2006). In regard to the UVR sensitivity of giant clams

(Wilkens 1984), another important photodamage-prevent-

ing mechanism came recently into focus: the three–di-

mensional system of brightly reflective cells in the epithelia

of Tridacninae, called iridocytes (Holt et al. 2014; Ghoshal

et al. 2016; Rossbach et al. 2020). These cells have been

proposed to backscatter (potentially harmful) wavelengths

of the electromagnetic spectrum (Holt et al. 2014; Kim

et al. 2017), and have been recently also shown to absorb

potentially damaging UV radiation, which is then (through

successive emission) re-emitted at longer wavelengths,

thus increasing the flux of photosynthetically active radi-

ation (Rossbach et al. 2020). This mechanism has been

hypothesized to establish optimal conditions for the pho-

tosynthetic performance of the clams’ symbionts while

protecting the clam from photodamage (Holt et al. 2014;

Ghoshal et al. 2016; Rossbach et al. 2020).

Hence, the role of UVR in affecting the performance of

Tridacna giant clams in shallow Red Sea reefs, where

environmental UV levels are comparably high, remains

hypothetical and has not been tested. Here, we tested

experimentally the response of Tridacna giant clams to

UV-B radiation. Specifically, we examined the metabolic

responses in T. maxima in response to exposure to exper-

imental PAR and UV-B radiation comparable to that

received in situ at 3 and 5 m water depth and exposure to

the same levels of PAR radiation alone. Assessed param-

eters included: net calcification and primary production

rates, valvometry (i.e., opening and closing behavior of the

bivalves), symbiont densities and chlorophyll content, lipid
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peroxidation as an indicator for oxidative stress, and

absorbance spectra of mycosporine-like amino acids

(MAAs).

Materials and methods

Specimen collection and experimental setup

A total of 24 adult giant clams of the species Tridacna

maxima with an average size of 18 ± 3 cm were collected

in July 2019 at a depth of 5.5 ± 0.2 m at Abu Shosha reef

(22.303833�N, 39.048278�E), located * 5 km off the

coast of King Abdullah University of Science and Tech-

nology (KAUST, Thuwal, Saudi Arabia) in the Central Red

Sea. Specimens were removed by carefully cutting their

byssus with a knife and were immediately transported to

the laboratory in a cooling box, filled with seawater at

ambient temperature. Before placing them in the indoor

aquaria facilities of the Coastal and Marine Resources Core

Lab of KAUST, all clams were scrubbed in order to

remove biofouling organisms from the shells.

Three clams were placed in each of eight aquaria (60 L),

all of them supplied with constant flow-through (filtered

seawater), and an additional wavemaker (Vortech MP10,

Ecotech Marine, USA). During the experiment, clams were

exposed to four experimental light treatments, corre-

sponding to two radiation levels of underwater PAR and

UV-B, simulating radiation received at * 5 m (Low PAR

and Low UV-B treatment) and * 3 m depth (High PAR

and High UV-B treatment) in the coastal Red Sea (Dishon

et al. 2012; Overmans and Agustı́ 2020) (Supplementary

Figure 1). The PAR band of the light spectrum was sim-

ulated by placing one LED aquaria light unit (Radion

XR30W G4 PRO, Ecotech Marine, USA) above each tank,

while the UV-B radiation was generated using two 20 Watt

UV-B broadband fluorescent tubes (TL20W/12 RS, Phi-

lips, Germany). The lamp spectra showed a peak output at

313 nm, with minor emisisons (below 25%) at shorter UV-

A wavelengths (316 to 340 nm). Low PAR was on average

441 ± 21 lmol m-2 s-1 (mean ± SD) and High PAR

636 ± 24 lmol m-2 s-1 across tanks. Low and High UV-

B treatments corresponded to 0.35 ± 0.04 W m-2 and

0.63 ± 0.03 W m-2, respectively. Overall, clams were

exposed to a 12-h light:12-h dark cycle (for PAR) and a

daily UV-B exposure of 8 h, resulting in daily UV-B doses

of 12.6 ± 1.6 kJ m-2 d-1 in the Low UV-B treatment, and

22.5 ± 1.11 kJ m-2 d-1 in the High UV-B treatment.

Incident PAR and UV-B irradiances were measured with a

PMA2100 data-logging radiometer (Solar Light, USA)

fitted with a PAR (400–700 nm, model PMA2132-WP,

Solar Light, USA) and a UV-B sensor (280–320 nm, model

PMA2106-WP, Solar Light, USA). Water temperature and

salinity were measured daily using a handheld YSI Pro-

fessional Plus multimeter (Xylem Water Solutions and

Water Technology, USA) and stayed constant throughout

the experiment (temperature 28.1 ± 0.1 �C, salinity

40.4 ± 0.1 PSU, see Supplementary Table 1).

The experimental design included the exposure to four

sequential light treatments, each of them lasting for seven

days (Fig. 1). After sampling, during an initial acclimati-

zation period, all T. maxima specimens were exposed to

Low PAR levels exclusively (‘Acclimatization/Low

PAR’). For the experiment, the 24 T. maxima specimens

were then divided into two groups (each n = 12), namely

the ‘PAR ? UV-B group’ receiving both PAR and UV-B

irradiances and the ‘PAR-only’ group receiving solely PAR

irradiance (Fig. 1). During the ‘Low PAR(?UV-B)’

treatment, and the subsequent ‘High PAR(?UV-B)’ treat-

ment, the PAR-only group continued to receive wave-

lengths within the PAR spectrum only, while clams from

the PAR ? UV-B group were exposed to both, Low PAR

and additional Low UV-B levels, as well as later High PAR

and High UV-B levels. During the last treatment, termed

‘High PAR/Recovery’, the UV-B lamps were turned off,

and all specimens were exclusively exposed to High PAR

irradiances.

Out of both groups (PAR-only and PAR ? UV-B), each

six specimens (n = 6) were used for closed, short-term

(2 h) incubations (light and dark), to assess net calcification

(NC), primary production (PP) and dark respiration (R).

For the closed incubations, the clams were placed in air-

tight polyvinyl chloride (PVC) chambers (10 L) with a

transparent PVC lid. To maintain a constant water move-

ment during the incubation, all chambers were provided

with a battery-driven current pump (Underwater motor,

Playmobil, Germany). The incubation chambers were

placed in aquaria of the main setup, which served as a

water bath during the incubation period, in order to keep

water temperatures within the chambers constant

(28.1 ± 0.2 �C) (Supplementary Figure 1). For each of the

light serial treatments described above, NC, PP, and R were

assessed under light (PP and NC) as well as in the dark (R

and NC) on the seventh day of the treatment (Fig. 1). In

addition, on the last day of the High PAR(?UV-B) treat-

ment, each six clams (n = 6) of the PAR-only and the

PAR ? UV-B group were killed for the analyses of algal

symbiont densities, total chlorophyll, and malondialdehyde

(MDA) content (i.e., an end product of lipid peroxidation

and thus a proxy for oxidative stress) and extraction of

mycosporine-like amino acids (MAAs). At the end of the

experiment, the remaining T. maxima specimens (n = 12)

were killed for the assessment of symbiont density, total

chlorophyll, MDA content and MAA extraction.
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Net calcification (NC)

At the start and at the end of each incubation, seawater was

sampled from each incubation chamber and fixed with

mercury chloride, following the method described by

Dickson et al. (2007). Subsequently, an open-cell titration

with an AS—ALK2 titrator (Apollo SciTech, USA) was

used to assess the total alkalinity (TA) of each sample by

comparing it against certified seawater reference material

(CRM) (Andrew Dickson, Scripps Institution of

Oceanography). The alkalinity anomaly technique (Smith

and Key 1975) was followed, whereby NC (in lmol CaCO3

h-1) is estimated based on changes in TA over time, using

the following equation:

NC ¼ �DTA
2

� 1

Dt
ð1Þ

where DTA is the change in TA during the incubation

period (Dt). The factor 2 accounts for a decrease in TA by

two equivalents per CaCO3 precipitated (Zeebe and Wolf-

Gladrow 2001).

Net calcification rates were expressed relative to the

surface area (cm2) of the clam, using a power relationship

between standard length in centimeters (L) and mantle area

(cm2) (Jantzen et al. 2008).

Primary production (PP)

The oxygen concentration (lmol O2 L
-1) in the incubation

chambers was automatically logged (miniDOT, Precision

Measurement Engineering, Inc., USA) in 15 min intervals

over the 2 h incubation period. Net primary production

(NPP) was calculated from the changes in oxygen con-

centration over time and normalized by clam mantle sur-

face area (lmol O2 cm-2 h-1). Dark respiration rates (R,

lmol O2 cm-2 h-1) were used to calculate gross primary

production (GPP) following Eq. 2:

G ¼ NPPþ R ð2Þ

Isolation of algal symbionts and mantle tissue

homogenization

Mantle tissue samples were collected using a 8-mm-di-

ameter biopsy puncher and frozen at - 80 �C until further

processing. For the isolation of symbionts, 1.5 mL of

0.1 M sodium hydroxide (NaOH) was added to one tissue

punch and incubated in a ThermoMixer� C (Eppendorf,

Germany) at 37 �C and 2000 rpm for 1 h. For the

homogenization of the T. maxima mantle tissues, two

punches were pulverized using a Freezer/Mill� (Model

6875, SPEX� Sample Prep, USA), by grounding up the

tissues in liquid nitrogen at a rate of ten impacts per second

for a total of 90 s.

Algal symbiont counts and total chlorophyll

concentrations

Total chlorophyll of the isolated symbionts was extracted

following a modified ISO10260 standard protocol

(ISO10260 1992), where 1 mL of the mother solution was

centrifuged at 3000 g for 5 min. The supernatant was

removed and the pellet re-suspended in 150 lL of Milli-Q

water, which was again centrifuged at 5000 g for 5 min.

Fig. 1 Timeline of experiment, covering the four sequential exper-

imental treatments: Acclimatization under Low PAR-only, Low

PAR(?UV-B), High PAR(?UV-B), and Recovery treatment expos-

ing all the specimens to High PAR-only. The PAR ? UV-B group is

represented by a black border. Dark blue symbolizes the exposure to

Low PAR irradiances, yellow to Low PAR ? UV-B, light blue to

High PAR and red to High PAR ? UV-B. Time points for short

incubations for the assessment of net calcification (NC) and primary

production (PP) under light are symbolized by yellow arrows, dark

incubations for NC and dark respiration (R) with black arrows. Stars

indicate sampling points of specimens being sacrificed for symbiont

counts, chlorophyll content, and lipid peroxidation
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The resulting pellet was re-suspended in 1000 lL of 90%

ethanol, kept in the dark for 10 min, manually inverted and

centrifuged at 13,000 g for 5 min. The total chlorophyll

concentration (lg mL-1) in the supernatant was deter-

mined by measuring the absorbance at 664 nm using a

spectrophotometer (NanoDrop 2000c, Thermo Fisher,

USA). In order to assess the symbiont density, 0.1 mL of

the mother solution was transferred into a hemocytometer

(Hausser Scientific, USA) and manually counted under an

optical microscope, with eight replicate counts per sample.

Lipid peroxidation

Pulverized mantle tissue samples were re-suspended in

5 mL of filtered seawater (0.2 lm), of which 1.5 mL was

transferred into an Eppendorf tube and centrifuged at

3000g and 4 �C for 15 min. The supernatant was removed

and spectrophotometrically analyzed (A532nm; Spec-

traMax� Paradigm� multi-mode microplate reader,

Molecular Devices, USA) for its content of malondialde-

hyde (MDA) (i.e., an end product of lipid peroxidation)

using a commercially available assay kit (Sigma-Aldrich,

cat. #MAK085). The concentration of MDA was normal-

ized by the total amount of protein within the sample

(Micro-BCATM Protein Assay Kit, ThermoFisher, cat.

#23235).

Absorbance spectra of mycosporine-like amino acids

(MAAs)

In order to approximate and compare the relative contri-

butions of MAAs to UV-B absorption, we measured the

absorbance spectra of both, isolated algal symbionts and

giant clam mantle tissues, following the method previously

described by Shick et al. (1992) and Banaszak et al. (2006).

After the isolation of the algal symbionts (see 2.4), the

homogenate was centrifuged at 3000g for 15 min and the

supernatant discarded. The pellet was then washed with

filtered seawater (0.2 lm), re-suspended in 1 mL 100%

HPLC grade methanol and sonicated for 15 min, before it

was kept at 4 �C in the dark for the extraction of MAAs.

After 24 h, the samples were inverted, centrifuged at

3000g and 16 �C for 5 min, and the supernatant was

diluted in a 1:4 ratio with 100% methanol. Following the

homogenization of the mantle tissues (see 2.4), the pul-

verized sample was re-suspended in 1 mL phosphate buffer

(50 mM), vortexed and centrifuged at 3000g for 15 min.

The supernatant was transferred and 900 lL were used for

the MAA extraction by adding 3.6 mL 100% HPLC grade

methanol (1:4). The samples were also kept in the dark at

4 �C for 24 h and subsequently centrifuged at 3000g and

16 �C for 5 min. For the absorbance measurements of the

isolated symbionts and giant clam mantle tissue

homogenates (both in suspension), the samples were

transferred into a 1-ml quartz cuvette and their absorbance

in the wavelength range 290–400 nm assessed against a

methanol blank, using a UV/Vis/NIR Spectrophotometer

(Lambda 1050, PerkinElmer, USA). The obtained spectra

of the isolated symbionts were normalized by subtracting

the absorbance at 350 nm (where a minimum occurred

across samples) and presented as absorbance per algal cell.

The spectra of the T. maxima mantle tissues were nor-

malized by subtracting the absorbance at 370 nm (where a

minimum occurred across samples) and were reported per

mg of T. maxima protein. The absorbance spectra at

wavelengths 290–350 nm from samples of the four dif-

ferent sampling points and treatments (i.e., High PAR,

High PAR ? UV-B, High PAR/Recovery and High PAR

(?UV-B)/Recovery) were compared using non-metric

multidimensional scaling (NMDS) using the R-package

Vegan (Oksanen et al. 2013).

Valvometry

The shell gaping behavior (valvometry) of three T. maxima

specimens were assessed under the four different experi-

mental treatments applied in series: Acclimatization, Low

PAR ? UV-B, High PAR ? UV-B, and Recovery. For the

valvometry, a previously described magnetic animal

monitoring system (Kaidarova et al. 2018) with flexible

magnetic sensors was used. In brief, a small magnet was

attached with epoxy glue to one shell valve while the

magnetic sensor was fixed to the other valve (Supple-

mentary Figure 2). The operation principle of the system is

based on the detection of the stray field emanating from the

magnet by a magnetic sensor. This allows to estimate how

wide the shell valves are apart (clam open) or close to each

other (clam closed) with a precision of approxi-

mately ± 1 mm. Sensor data were recorded for 24 h, with

a sampling interval of one second, to a micro-SD card and

transferred to a laptop. The shell gaping was classified into

four categories, with 100% representing a maximum

opening and 0% meant that shell valves were completely

closed:\ 10% (closed), 10–50% (partially closed),

50–90% (open),[ 90% (wide open).

Statistical analysis

Collected data were first checked for normality (Shapiro–

Wilk’s test) and the potential influence of outliers on the

fitted values (Cook’s distance). To assess whether meta-

bolic responses (i.e., PP, R, and NC), as well as MDA

concentrations, symbiont densities, and chlorophyll con-

tents were significantly different (p\ 0.05) between clams

from the different experimental light conditions, an anal-

ysis of variance (ANOVA) and pairwise post hoc Tukey
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analysis (Tukey HSD) were performed. Differences

between absorption spectra from samples of different

treatments of both isolated symbionts and mantle tissues

were analyzed using an analysis of similarities (ANOSIM).

All analyses were performed using R (Foundation for

Statistical Computing, Vienna, Austria, Version 3.4.2).

Results

Valvometry

Overall, experimental T. maxima specimens did not show

any diurnal pattern in their valvometry, i.e., between the

photoperiod (12 h for PAR and 8 h for UV-B) and the

night (12 h) (Fig. 2a–d). However, when comparing the

valvometry under the four different experimental light

treatments (i.e., Acclimatization, Low PAR ? UV-B, High

PAR ? UV-B, and Recovery), clams displayed distinct

changes in their behavior, depending on the exposure to

PAR alone or in combination with UV-B. During the

experimental day with an exposure to PAR alone, i.e.,

during the Acclimatization period and the Recovery phase,

clams opened up on average to 80.6 ± 11.4% (Fig. 2a) and

86.8 ± 6.3% (Fig. 2b), respectively. The maximum valve

gaping was, however, reduced when clams were addition-

ally exposed to UV-B radiation, decreasing to an average

of 74.0 ± 16.1% during the Low PAR ? UV-B (Fig. 2c)

and 74.9 ± 8.5% during the High PAR ? UV-B treatment

(Fig. 2d; Supplementary Table 2). Once the clams were

exposed again to PAR-only levels during the Recovery

treatment, the valvometry pattern resembled again the

behavior during the Acclimatization. Additionally, T.

maxima also displayed a flickering-like behavior when

exposed to UV-B, whereby the shell valves increased their

opening-closing frequency (Fig. 2e). This additional

behavioral change under UV-B exposure was especially

pronounced during the Low PAR ? UV-B treatment.

During the Acclimatization days, shell valves were on

average 10 h per day (total 24 h) wide opened ([ 90%),

about 14 h open (50–90%) and 8 min partially closed (10–

50%) (Fig. 3a). During the Low PAR ? UV-B treatment,

clams opened significantly less (Tukey, p = 0.046; Sup-

plementary Table 1), being only 4 h of the day wide open.

Yet, they were still about 18 h each day open (50–90%)

and closed partially for about 3 h a day. When irradiance

levels were further increased during the High PAR ? UV-

B treatment, maximum shell valve gaping significantly

decreased (Tukey, p\ 0.001; Supplementary Table 3) and

the time in which T. maxima was fully open was reduced to

about 30 min per day. Instead, clams remained the majority

of the day (about 23 h) open (50–90%) and reduced the

time in which they were closing (10–50%) to 13 min.

During the Recovery treatment, their valvometry resumed

to the behavior observed during the Acclimatization, with

clam valves being almost 24 h a day either wide open or

open. Overall, and during all treatments, the clams were on

average only about one minute of the day closed (\ 10%).

As the mantle surface area of T. maxima can be simplified

as an ellipse (Fig. 3b) and calculated as

Mantle area ¼ p� shell length

2

� �
� shell width

2

� �
ð3Þ

changes in valvometry have a substantial influence on the

total area being exposed to incident light. For example, a

decrease of the maximum shell valve gaping to 50% would

also reduce the exposed mantle area by 50%.

Net calcification, primary production, and dark

respiration

During each of the four experimental treatments, there was

no difference in NC rates (lmol CaCO3 h-1 cm-2)

between the PAR-only and the PAR ? UV-B group

(Fig. 4a). However, both experimental groups displayed a

significant positive correlation between NC and incident

light levels (ANOVA, p\ 0.001, F = 6.629; Supplemen-

tary Tables 4.1 and 4.2), with mean rates increasing from

0.62 ± 0.13 to 0.88 ± 0.11 (mean ± SD) lmol CaCO3

h-1 cm-2 during the ‘Low’ and ‘High’ treatments,

respectively.

During the Acclimatization, when all clams (PAR-only

and PAR ? UV-B group) were exposed to PAR alone, all

specimens displayed highly comparable GPP, with aver-

aged rates of 3.78 ± 1.00 lmol O2 h-1 cm-2 (Fig. 4b).

Once the specimens of the PAR ? UV-B group were

exposed to additional UV-B, GPP rates decreased slightly

to 2.75 ± 0.48 and 3.23 ± 0.60 lmol O2 h
-1 cm-2 during

the Low PAR ? UV-B and High PAR ? UV-B treatment,

respectively. The PAR-only group, however, showed a

slight but not significant increase in GPP rates under Low

PAR (4.07 ± 0.73 lmol O2 h
-1 cm-2) and under the High

PAR treatment (4.71 ± 1.09 lmol O2 h-1 cm-2). The

lowest GPP rates were observed in the Low PAR ? UV-B

treatment (2.75 ± 0.48 lmol O2 h-1 cm-2), being signif-

icantly less than those of the High PAR-only treatment

(4.71 ± 1.09 lmol O2 h-1 cm-2; ANOVA; Tukey post

hoc; p = 0.007; Supplementary Table 5.1 and 5.2) and

during the Recovery, where GPP rates were again highly

similar between the groups (4.47 ± 0.85 lmol O2 h-1

cm-2 in the PAR-only and 4.45 ± 0.87 lmol O2 h
-1 cm-2

in the clams that were previously exposed to PAR ? UV-

B). Overall, all clams showed a positive correlation with

incident irradiance levels, as GPP rates in both PAR-only

and PAR ? UV-B-exposed clams increased when clams
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received higher irradiances, i.e., during the High PAR ?

(UV-B) and Recovery treatment.

In all four treatments, R of the PAR-only and the

PAR ? UV-B-exposed clams did not differ significantly

(ANOVA, p = 0.339; Supplementary Table 5.3). However,

overall R rates were higher under the ‘High’ treatments

(i.e., High PAR(?UV-B) and Recovery) with averaged

- 1.25 ± 0.30 lmol O2 h-1 cm-2 than under the ‘Low’

Fig. 2 Valvometry (opening and closing) of T. maxima shell valves

(a–d), expressed as % open for the four treatments: a Acclimatization

/ Low PAR; b Recovery / High PAR; c Low PAR ? UV-B and

d High PAR ? UV-B. Valvometry data are exemplarily shown for

one experimental clam over a time period of 24 h (12 AM–12 PM).

Valvometry data were analyzed for the entire day (24 h); however,

boxes with dashed lines represent the photoperiod (12 h) under PAR

exposure, while boxes with solid lines represent the period (8 h) of

UV-B exposure. e Power spectrum plot for valvometry of experi-

mental specimens under the four treatments applying a fast Fourier

transform (FFT)

Coral Reefs

123



Fig. 3 a Hours of a day (24 h)

in which clam shell valves were

either closed (\ 10%), partially

closed (10–50%), open

(50–90%) or wide open

([ 90%). b Illustration of T.

maxima mantle surface area

simplified as an ellipse and

schematic for area calculation of

an ellipse

Fig. 4 Mean [± SD] a net calcification [lmol CaCO3 h-1 cm-2],

b gross primary production (GPP) [lmol O2 h-1 cm-2] and c dark

respiration [lmol O2 h
-1 cm-2] rates for the PAR-only (boxes white

framed) and PAR ? UV-B (boxes black framed) group under the four

treatments: Acclimatization, Low PAR(?UV-B), High PAR(?UV-B)

and Recovery. Colors refer to exposure of different intensities (i.e.,

Low and High) and wavelengths (i.e., PAR-only and PAR ? UV-B)

of irradiances with dark blue—Low PAR, orange—Low PAR ? UV-

B, red—High PAR ? UV-B and light blue—High PAR. Identical

symbols (*,�) denote statistical differences (Tukey HSD, p\ 0.05)

between groups
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treatments (i.e., Acclimatization and Low PAR(?UV-B))

with - 1.21 ± 0.22 lmol O2 h
-1 cm-2 (Fig. 4c).

Lipid peroxidation, symbiont density,

and chlorophyll content

Malondialdehyde (MDA) concentrations, which serve as a

proxy for oxidative stress, did not differ between the PAR-

only and the PAR ? UV-B group, after both the High

PAR(?UV-B) treatment (14.25 ± 6.39 and

11.34 ± 2.49 nmol MDA per mg T. maxima protein,

respectively, Table 1), and after the Recovery

(14.03 ± 3.24 nmol MDA mg-1 protein in the PAR-only,

and 11.19 ± 1.87 nmol MDA mg-1 protein in the

PAR ? UV-B group). Further, symbiont densities and the

cellular total chlorophyll content did not differ between the

experimental groups, likewise irrespective of the sampling

point (after High PAR(?UV-B) and the Recovery). On

average, clams in this study harbored 17,904 ± 692 sym-

bionts per cm2 mantle tissue and contained 1.69 ± 0.07 pg

total chlorophyll per symbiont (cellular total chlorophyll).

Absorbance spectra of mycosporine-like amino acids

(MAAs)

All absorbance spectra of the isolated algal symbiont

samples showed distinct absorbance peaks in the wave-

length range 320–340 nm (Supplementary Figure 3, Sup-

plementary Table 6). Non-metric multidimensional scaling

(NMDS) of the absorbance spectra of the isolated algal

symbionts from all four treatment groups (i.e., High PAR,

High PAR ? UV-B, High PAR/Recovery and High PAR

Table 1 Malondialdehyde (MDA) concentrations per mg T. maxima protein, symbiont densities per cm-2 of mantle surface area and cellular

total chlorophyll content in pg per symbiont cell

Group Treatment MDA concentration

(nmol mg-1 Protein)

Symbiont density

(cells cm-2)

Cellular total chlorophyll

(pg chl cell-1)

PAR-only High PAR 14.25 ± 6.39 17.920 ± 647 1.68 ± 0.06

PAR ? UV-B High PAR ? UV-B 11.34 ± 2.49 17.469 ± 1721 1.74 ± 0.17

PAR-only Recovery 14.03 ± 3.24 18.874 ± 929 1.60 ± 0.09

PAR ? UV-B Recovery 11.19 ± 1.87 17.352 ± 984 1.74 ± 0.10

Values are mean ± SD

Fig. 5 Non-metric

multidimensional scaling

(NMDS) plot of absorbances at

wavelengths between 290 and

350 nm from a isolated

symbionts and b T. maxima

mantle tissue homogenates

(without symbionts) from

samples of the High PAR, High

PAR ? UV-B, High PAR/

Recovery and High PAR(?UV-

B)/Recovery treatment
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(?UV-B)/Recovery) shows that there was no significant

difference between groups (Fig. 5a; Supplementary

Table 7). The T. maxima mantle tissue homogenates

exhibited greater variation in their absorbance spectra

between replicates, consistent with the large variability in

color for this species, with only few displaying peaks at the

wavelength 280 nm (Supplementary Figure 4, Supple-

mentary Table 8). However, for almost all samples, distinct

absorbance peaks in the wavelength range of 300–334 nm,

where MMAs absorption peaks occur, can be observed

(Supplementary Table 8). Likewise to the algal symbionts,

there was no significant difference between the absorbance

spectra of the four treatments (Fig. 5b; Supplementary

Table 9). Thus, it can be assumed that during the experi-

mental timeframe, MAAs were present in both, the mantle

and the symbionts, but their contributions to UV-B

absorption did not differ significantly between the experi-

mental groups, and also irrespective of the sampling point

(i.e., after High PAR(?UV-B) and the Recovery).

Discussion

Impact of UVR of T. maxima valvometry

Research on bivalve valvometry (i.e., shell gaping behav-

ior) dates back to nearly one century (Nelson 1921; Hop-

kins 1931). Since then, several different factors have been

identified that can influence the valvometry of bivalves,

including circadian and circalunar rhythms (Garcı́a-March

et al. 2008), exposure to toxic algal blooms (Tran et al.

2010), parasitic infections (Chambon et al. 2007), and

temperature stress (Schwartzmann et al. 2011). Recently, a

number of different systems to assess bivalve valvometry

have been developed and the approaches used to analyze

this behavior have been diverse, e.g., using video record-

ings (Riisgård et al. 2006; Saurel et al. 2007), fiber optics

(Frank et al. 2007), or magnetic switches (Garcı́a-March

et al. 2008). Only a few studies have assessed the

valvometry in Tridacninae (e.g., (Schwartzmann et al.

2011; Andrade et al. 2016), while none of them examined

the influence of light (stress) and PAR and UV bands on

the shell gaping of giant clams.

In general, the specimens in this study did not display

differences in their valvometry during the photoperiod

when compared with the dark. This finding is contrasting to

the result of a previous study on in situ long-term

([ 1 year) shell gaping behavior of the giant clam Hip-

popus hippopus, which reported a distinct day–night cycle,

in which valves opened mostly wide up during the day and

were partially, or even fully closed at night (Schwartzmann

et al. 2011). Since the alternation of sun- and moonlight are

assumed to be among the main drivers for such a clock-

driven rhythm—in addition to other cyclic extrinsic envi-

ronmental factors (e.g., tides) that may influence the shell

valve activity (Garcı́a-March et al. 2008)—experimental

laboratory conditions could potentially not reflect a fully

natural behavior of the bivalves as expected in situ.

Overall, and during all four treatments, the clams’ valves

were only a few minutes each day (partially) closed (shell

gaping of[ 10% or 10–50%) and remained almost the

entire day at least open (50–90%) or even wide open

([ 90%). However, the valvometry of T. maxima clearly

changed when clams were exposed to UV-B radiation and

maximum shell gaping was significantly decreased. Con-

sequently, the total mantle area being exposed to the out-

side—and thus to incident irradiances—was significantly

reduced as well. The maximal opening status of the shell

valves has been previously assumed to be an index of the

clam’s welfare, as a decrease of valve opening can be

interpreted as the main way to protect the clam

(Schwartzmann et al. 2011). When Schwartzmann et al.

(2011) examined the valvometry of H. hippopus, they

likewise reported significant and progressive decreases in

daily maximum valve opening under increased (tempera-

ture) stress.

In addition to the decrease in maximum valve opening

during the UV-B treatments, the clams displayed a flick-

ering-like behavior, whereby the shell valves increased

their opening-closing frequency. This behavioral change

could be interpreted as an attempt of the clam to enhance

their filtration rates. In general, Tridacninae are described

as being mixotrophic (Klumpp et al. 1992), obtaining

energy from both filter-feeding and photosynthetic prod-

ucts of their algal symbionts. Nonetheless, some giant clam

species, including T. maxima, even seem to be functionally

photoautotrophic, covering their entire energy demand with

the energy delivered by their symbionts (Beckvar 1981;

Jantzen et al. 2008). These photosymbionts are located

extracellularly in a tubular system, originating from the

clams’ digestive diverticular ducts and extending into the

outer mantle (Norton et al. 1992). When the clam valves

open less wide during the UV-B treatment, the mantle area,

and consequently the photosymbionts would receive

reduced levels of incident radiation. This cutback could

lead to a downregulation of photosynthetic performances

of the symbionts and subsequently, reduce the availability

of this energy source for the clam host. However,

increasing filtration rates (potentially by creating increased

turbulence over the gills through the flickering behavior)

might provide a way to increase seston supply and com-

pensate for the reduction in energy supplied by algal

symbionts.
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Impact of UVR on primary production

Overall, and in both, the PAR-only and the PAR ? UV-B

group, GPP rates of T. maxima, were enhanced under

increasing incident light (i.e., ‘High’ treatments). A similar

influence of light on enhancing GPP has previously been

reported for T. maxima (Rossbach et al. 2019) and reflects

the crucial role of incident light in determining the pro-

ductivity, physiology and ecology of the algal symbionts,

and consequently the welfare of the giant clam holobiont

(Chalker et al. 1988; Falkowski et al. 1990). However, the

observed decline in GPP of about 30% in T. maxima

specimens under UV-B exposure has not been reported

before and provides additional insights into the impacts of

UV-B on Tridacninae. The observed reduction in GPP

under UV-B radiation could be explained by the reduced

amount of light received by the symbionts as a conse-

quence of the decrease in the total mantle area being

exposed during UV-B exposure. This hypothesis is further

supported by the fact that GPP rates (as well as the max-

imum valve opening) in specimens of the PAR ? UV-B

group immediately leveled up again with those of the PAR-

only clams when UV-B was removed, i.e., during the

Recovery. The observed behavioral changes in valvometry

and thus the reduced exposure of mantle area could

therefore be interpreted as a photo-protective mechanism in

T. maxima to protect the symbionts and host from poten-

tially harmful levels of incident UV-B radiation. As indi-

cated above, the observed flickering-like behavior could

then be interpreted as an attempt of the clam to increase

filtration rates, in order to compensate for the reduction of

PP rates (i.e., available energy from their photosymbionts).

High irradiances, however only in combination with

elevated water temperatures, have been previously shown

to induce bleaching, i.e., the loss/expulsion of the algal

symbionts, in Tridacna gigas clams from the Great Barrier

reef (Buck et al. 2002). Yet, for the present study it can be

assumed that the UV-B exposure in both, the ‘Low’ and

‘High’ treatments did not result in pronounced levels of

stress in T. maxima, due to the following reasons: (1) No

visual cues of bleaching, i.e., loss of symbionts, were

observed, nor did the specimens in the PAR ? UV-B

group show a measurable reduction in symbiont density or

the total chlorophyll content, when compared to the PAR-

only group. (2) There was no mortality nor change in R

rates observed (neither when comparing the PAR-only and

PAR ? UV-B group, nor over the course of the experi-

ment), which could have been a proxy for stress (Blidberg

et al. 2000; Elfwing et al. 2003). (3) The degree of lipid

peroxidation (MDA concentrations) did not differ between

clams from the PAR-only and the PAR ? UV-B group,

which implies that the extent of oxidative stress was

comparable. (4) Although T. maxima showed a significant

decrease in maximum valve openings during the PAR ?

UV-B exposure, the specimens rapidly reverted to their

initial (Acclimatization) valvometry, once they were again

exposed to PAR alone (Recovery), and thus, a chronic or

even permanent negative effect/damage is unlikely.

However, photo-symbiotic reef invertebrates, especially

shallow-water coral colonies of e.g., Stylophora pistillata

(Winters et al. 2003; Ferrier-Pages et al. 2007) and Acro-

pora spp. (Shick et al. 1995; Ferrier-Pages et al. 2007),

show pronounced levels of photoinhibition and oxidative

stress when exposed to high environmental UVR. This is

especially true when corals are transplanted from deeper

depths to shallower ones (e.g., in Montipora verrucosa

(Scelfo 1986)), eventually even leading to the death of the

organism (Scelfo 1986; Vareschi and Fricke 1986). Giant

clams in this study, however, although originating from a

depth of about 5.5 m and being gradually exposed to light

levels of shallower waters, did not display any responses

that could be interpreted as photo-induced stress. There-

fore, within the range of radiation which has been tested

here, corresponding to a shift from 5 m to 3 m depth, there

was no apparent depth-dependent sensitivity to UVR in

Red Sea T. maxima. There are three possible explanations

for this observation: (1) The recently described photonic

cooperation between the Tridacna host and their algal

symbionts, whereby the brightly reflective cells in the

epithelia of the clam (iridocytes) have been reported to

provide a means of protection against UV-induced damage.

Those iridocyte cells are found in close proximity to the

algal symbionts (both embedded in the clams’ mantle tis-

sue) and have been hypothesized to control the photic

environment by back-reflecting non-productive wave-

lengths Rossbach et al., 2020 (Ghoshal et al. 2016), which

could explain the reduced sensitivity to highly energetic

radiation (i.e., UVR) observed in this study; (2) the

observed changes in valvometry under UV-B exposure,

which involve a decrease of maximum shell valve gaping

and thus a reduction of the mantle area exposed to radia-

tion; (3) the previously suggested UV absorption and thus

protection of the zooxanthellae, by MAAs which are

located in the giant clam mantle tissues (Ishikura et al.

1997).

Coral specimens originating from shallow depths have

been shown to possess a greater resistance to intense UVR

than their deep-water conspecifics (Siebeck 1981; 1988),

which is most likely due to a difference in the abundances

of UV-absorbing compounds, such as fluorescent pigments

and MAAs in the coral tissue (Shick et al. 1996). In fact,

absorbance spectra from the algal symbiont extracts

showed peaks in the wavelength range of 320–340 nm, that

were likely produced by various MAAs, such as Palythine

(kmax 320 nm), Shinorine (kmax 333 nm) and Porphyra-334

(kmax 334 nm) (Ishikura et al. 1997; Rosic and Dove 2011),
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which are known to diminish the direct and indirect dam-

aging effects of UVR (Carreto and Carignan 2011).

Absorbance spectra of the mantle tissues samples were

overall less uniform than those of the symbionts, especially

in the short-waved part of the UV-B spectrum

(* 280 nm). This is most likely caused by different con-

centrations of iridocyte cells within tissues, which can

differ considerably between specimens. Thus, absorbance

peaks at around 280 nm, caused by reflectin, one of the

components of iridocytes (Guan et al. 2017), are more

pronounced in some individuals. Yet, overall the mantle

tissues also display absorbance peaks in the wavelength

range of 300–334 nm, which are probably likewise attrib-

uted to the presence of UV-protective MAAs, such as

Mycosporine-glycine (kmax 310 nm), Palythine (kmax

320 nm), Shinorine (kmax 333 nm) and Porphyra-334 (kmax

334 nm) (Rosic and Dove 2011). However, the absorbance

spectra of both, the isolated algal symbionts and the mantle

tissues, did not differ significantly between the clams

exposed to PAR-only and those additionally exposed to

UV-B radiation, neither after the High PAR(?UV-B) nor

the Recovery treatment. Hence, it can be assumed that the

observed resistance to UV-B was not due to a difference in

the contribution of MMAs to the absorption in the UV-B

band, but rather caused by other factors, e.g., the suggested

photo-protective mechanisms of the iridocyte cells and/or

the valvometry behavior. Further studies should, however,

test whether giant clam specimens from deeper depths,

likewise to corals (Rosic and Dove 2011), contain less

photo-protective components (e.g., iridocytes, MAAs) and

thus display more distinct responses when exposed to

shallow-water (UV-B) irradiance levels.

Impact of UV exposure on net calcification rates

During all incubations, NC rates (incorporation of lmol

CaCO3, normalized per hour and cm2 of mantle tissue) did

not differ between the animals exposed to PAR-only and

those to PAR ? UV-B. However, NC of T. maxima

increased significantly under higher irradiance levels, i.e.,

during the High PAR(?UV-B) and Recovery under high

PAR. This positive light-dependency of NC during these

treatments, which correspond to irradiances levels received

at a water depth of about 3 m, confirms previous findings

(Rossbach et al. 2019), where maximum NC rates of T.

maxima were also observed under incident irradiance

levels comparable to those received at 3–4 m depth.

The finding that NC rates in T. maxima did not differ,

whether clams were exposed to PAR-only or to additional

UV-B, is particularly interesting, as other photo-symbiotic

calcifiers (such as corals) display significant sublethal

responses to the UV component of sunlight. This includes

depressed calcification, as for example in the coral

Pocillopora damicornis, which shows a negatively corre-

lated uptake of 45Ca (Roth et al. 1982) and depressed

skeletal growth (Jokiel and York Jr 1982). Yet, in giant

clams, the effect of UV-B on calcification would be in any

way rather indirect, as the actual site of calcification (the

whitish mantle tissue) lays in the sheltered, inner part of the

shell (Hiong et al. 2017). It is, nevertheless, surprising that

NC rates of T. maxima were not affected by UV-B, despite

the reduction in exposed mantle area, as this would have

also decreased the total amount of light received by the

algal symbionts, thus reducing photosynthetic activity. As

a consequence, this might have had also negative effects on

the calcification, as the most common theories on light-

enhanced calcification (LEC) in photo-symbiotic marine

organisms, including corals and giant clams, propose that

the increase in calcification under light is either due to (1)

the uptake of carbon dioxide (CO2) by the photosynthetic

symbionts, which lowers CO2 levels, and increases the pH

and the concentration of carbonate ions at the calcification

site - eventually favoring calcium carbonate precipitation

(McConnaughey and Whelan 1997), (2) the removal of

inhibiting substances (e.g., phosphates) by the symbionts

during photosynthesis (Simkiss 1964), and (3) the pro-

duction of signaling molecules by the symbionts, which

would lead to increased enzymatic activity, an essential

factor for the calcification (Ip et al. 2015). The fact that NC

rates remained comparably high, albeit the reduction of

received PAR (due to a downsizing of exposed mantle

area) could be, however, explained by compensation

through the specific feature of the iridocyte cells, trans-

forming UVR wavelengths into the PAR spectrum (Ross-

bach et al. 2020). Further, and since GPP rates, the

photosynthetic activity of the algal symbionts was slightly

reduced, but NC rates remained similar between animals

exposed to PAR-only and PAR ? UV-B radiation; it can

be assumed that additional processes, besides the direct

effect of the photosymbionts, are responsible for LEC of

giant clams. For Tridacninae, it is assumed that the light-

dependent expression of certain transport enzymes by the

host itself can be related to an increase in H? excretion and

thus LEC (Hiong et al. 2017). Specifically, it has been

recently shown that the exposure of T. squamosa to light

results in the production of signaling molecules by the algal

symbionts which—once released to the host tissue—acti-

vate a cascade of transcriptional, translational and post-

translational events (Ip et al. 2015). This leads to a sig-

nificant increase in the effectiveness of enzymatic trans-

ports in the inner mantle, the site of calcification in giant

clams (Hiong et al. 2017) and means that LEC would be

independent of the photosynthetic performance of the

associated algal symbionts. Consequently, NC rates in

Tridacninae can be maintained at a high level—even

though the photosynthetic performance of the symbionts
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decreases under UV-B—as the highly energetic UVR itself

provides enough energy to trigger the respective mecha-

nisms within the clam host that are responsible for

calcification.

Consequences for depth-related abundances of T.

maxima

The requirements of their algal symbionts for PAR

(400–700 nm) restrict Tridacninae to the sunlit, shallow

waters of the euphotic zone, which exposes them and their

algal symbionts to potentially harmful levels of solar UVR

(Smith and Baker 1979) (Fig. 6). While the availability of

light may not be the only factor, influencing the vertical

distribution T. maxima in the Red Sea, it can be certainly

considered to be among the main drivers. Previous studies

on depth-related abundances of Red Sea T. maxima report

that they can be found in highest numbers in water depths

of approximately 3 m (Rossbach et al. 2019). In those

depths, the clams still receive sufficiently high PAR

(around 65% percent of surface levels), but at the same

time are exposed to high doses of UVR (about 50% of the

UV-B radiation received at the surface)(Overmans and

Agustı́ 2020).

Therefore, in order to shelter the holobiont from the

potentially damaging effects of highly energetic irradiance

(i.e., UV), but simultaneously maintaining high rates of PP

and NC, Tridacna giant clams had to develop effective

photo-protective mechanisms to cope with the high irra-

diances in shallow reefs. One such mechanism is the pre-

viously described UV absorption by MAAs, located in the

mantle tissues, where they seem to block strong UV radi-

ation (Ishikura et al. 1997). Recently, another mechanism,

the photonic cooperation between giant clam hosts and

their algal symbionts (Ghoshal et al. 2016; Rossbach et al.

2020), came into focus. Here, the highly reflective iridocyte

cells shift UVR into the less energetic PAR spectrum, thus

sheltering the holobiont and increasing the flux of PAR

received by the algal symbionts. In addition, the results

presented in this study suggest an additional behavioral

photo-protective mechanism, by which Tridacninae are

able to flexibly adjust their shell gaping behavior to inci-

dent light levels within a narrow time frame. Thereby, they

adjust the proportion of mantle area exposed to solar

radiation, while also showing a flickering-like behavior of

rapid valve movements, possibly to increase particle fluxes

and retention. This behavioral adaption allows them to

respond to changes in incident irradiance reception in real

time (within minutes to hours), contrasting to other photo-

protective mechanisms such as the accumulation of light-

absorbing pigments (e.g., MAAs, fluorescent proteins, etc.)

and iridocytes, for which concentrations within the tissue

can also be adjusted (Scelfo 1986) but with a longer

response time (e.g., days or weeks) (Anthony and Hoegh-

Guldberg 2003).
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APPENDIX 6 

Appendix 6.1 Endozoicomonadaceae OTUs found in seawater and T. maxima tissues 

Authors Species 
Accession 

number 
Host 

Bayer et al., 2013 
uncultured Endozoicomonas 

Endozoicomonas arenosclerae 
 Coral Stylophora pistillata 

Hyun et al., 2014 
Endozoicomonas atrina, strain 

WP70 
KC878324.1 

Intestine of comb pen shell 

Atrina pectinata 

Kurahashi and 

Yokota, 2007 

Endozoicomonas elysicola 

MKT110 
AB196667.1 Sea slug Elysia ornata 

Pike, Haltli and 

Kerr, 2013 

Endozoicomonas euniceicola JX488684.2 

Octocorals Eunicea fusca 

and Plexaura spp. 

Endozoicomonas gorgoniicola JX488685.1 

Yang et al., 2010 
Endozoicomonas montiporae 

FJ347758.1 
Coral Montipora 

aequituberculata CL-33 

Nishijima et al., 

2013 
Endozoicomonas numazuensis AB695088.1 

Purple sponges (order 

Haplosclerida) 

Schreiber et al., 

2016 
Endozoicomonas ascidiicola KT364255.1 Scandinavian ascidians 

Sheu et al., 2017 

Endozoicomonas acroporae LN875493.1 Coral 

uncultured Endozoicomonas  Octocoral Eunicella cavolini 

Neave et al., 2016 uncultured Endozoicomonas KR233695.1 Coral Stylophora pistillata 

Katharios et 

al.,2015 

Candidatus Endozoicomonas 

cretensis 
LN626318 Diplodus puntazzo pathogen 

Zielinski et al., 

2009 

Candidatus Endonucleobacter 

bathymodioli 

FM162182.1 
Vent and seep bathymodiolin 

mussels 
FM162193.1 

FM244838.1 
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Appendix 6.2 Sample and sequencing overview 

 

Sample ID 
Sampling 

location 

No. of 

reads  

No. of 16S-

aligned 

sequences 

No. of 

sequences after 

chimera 

removal 

No. of 

sequences used 

in the analysis 

Digestive System 1 

Offshore - Shib 

Nizar, 22° 19' 20'' 

N, 38° 51' 26'' E 

115 497 41 305 29 723 29 680 

Digestive System 2 102 167 24 032 23 961 23 960 

Digestive System 3 150 586 29 258 28 783 28 781 

Digestive System 4 123 097 47 568 47 491 47 419 

Digestive System 5 153 708 30 183 29 913 29 876 

Digestive System 6 115 407 33 076 32 504 32 435 

Digestive System 7 

Midshore - Al 

Fahal, 22° 15' 2'' 

N, 38° 57' 45'' E 

77 252 13 320 13 251 13 164 

Digestive System 8 20 182 7 464 7 295 7 295 

Digestive System 9 73 952 12 608 12 411 12 348 

Digestive System 10 93 104 10 711 10 681 10 495 

Digestive System 11 108 662 5 902 5 898 5 851 

Digestive System 12 93 606 8 746 8 515 8 466 

Digestive System 13 

Inshore - Fsar, 

22° 14' 27'' N, 39° 

02' 51'' E 

74 293 3 580 3 537 3 536 

Digestive System 14 88 636 35 863 35 814 35 814 

Digestive System 15 82 172 36 127 36 028 35 719 

Digestive System 16 77 118 11 958 11 901 11 898 

Digestive System 17 55 354 2 783 2 728 2 728 

Digestive System 18 112 807 14 306 14 058 14 058 

Gill 1 

Offshore - Shib 

Nizar, 22° 19' 20'' 

N, 38° 51' 26'' E 

80 658 38 279 38 271 38 122 

Gill 2 111 718 52 864 52 613 51 926 

Gill 3 115 293 65 161 65 057 65 056 

Gill 4 126 392 56 930 56 480 55 832 

Gill 5 126 617 80 012 79 739 79 333 

Gill 6 57 165 23 625 23 342 23 342 

Gill 7 

Midshore - Al 

Fahal, 22° 15' 2'' 

N, 38° 57' 45'' E 

162 849 101 959 101 872 101 630 

Gill 8 71 005 39 839 39 764 39 764 

Gill 9 121 043 68 873 68 543 68 120 

Gill 10 73 358 33 061 32 790 32 790 

Gill 11 114 323 70 465 70 343 70 340 

Gill 12 145 456 60 568 59 639 59 026 

Gill 13 

Inshore - Fsar, 

22° 14' 27'' N, 39° 

02' 51'' E 

158 791 96 177 95 904 95 759 

Gill 14 125 708 64 931 64 615 64 410 

Gill 15 126 502 64 114 63 854 63 154 

Gill 16 137 443 78 512 78 090 77 827 

Gill 17 145 643 91 551 91 437 91 420 

Gill 18 91 004 37 074 36 471 36 216 

Mantle 1 

Offshore - Shib 

Nizar, 22° 19' 20'' 

N, 38° 51' 26'' E 

134 982 58 898 58 219 57 478 

Mantle 2 146 547 62 623 61 403 60 904 

Mantle 3 106 141 39 126 38 579 38 518 

Mantle 4 82 502 28 662 28 341 28 057 

Mantle 5 137 136 78 779 78 375 78 293 
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Mantle 6 104 606 45 166 44 311 43 821 

Mantle 7 

Midshore - Al 

Fahal, 22° 15' 2'' 

N, 38° 57' 45'' E 

121 620 52 673 51 705 50 994 

Mantle 8 172 682 90 312 89 391 88 990 

Mantle 9 120 568 52 600 51 814 50 548 

Mantle 10 119 214 49 417 48 410 47 925 

Mantle 11 123 464 51 483 50 604 49 929 

Mantle 12 111 743 46 650 45 491 44 572 

Mantle 13 

Inshore - Fsar, 

22° 14' 27'' N, 39° 

02' 51'' E 

41 398 18 975 18 645 18 636 

Mantle 14 93 231 43 135 42 175 41 888 

Mantle 15 126 365 55 261 54 562 54 060 

Mantle 16 128 890 59 545 58 693 58 459 

Mantle 17 141 155 63 765 62 898 61 971 

Mantle 18 106 918 46 168 45 287 44 839 

Seawater 1 Offshore 114 600 35 449 18 385 18 348 

Seawater  2 Midshore 126 726 36 549 17 553 17 527 

Seawater 3_1 
Inshore 

132 132 40 140 24 781 24 712 

Seawater 3_2 115 573  33 060 19 532 19 443 

Negative PCR   84 099 534 534 534 

Negative extration 98 893 1 815 1 813 1 813 

Negative milliq1 41 901 8 543 8 397 8 397 

Negative milliq2 8 611 2 524 2 506 2 463 

Total sequences   6 650 265 2 594 637 2 495 720 2 480 709 
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Appendix 6.3 Adonis test results comparing samples among tissues, reefs, and both 

 

  Df Sums of squares Mean sum of squares F Model R2 p 

Tissue 3 8.5115 2.83717 12.2414 0.50372 0.001 

Reef 2 0.6222 0.32222 1.3423 0.02951 0.121 

Tissue vs Reef 6 1.2877 0.21462 0.926 0.06108 0.638 

Residuals 46 10.6614 0.23177  0.50569  

Total 57 21.0928   1  

 

 

Appendix 6.4 Statistics pairwise adonis tests comparing tissues 

 

Pairs F model R2 p Adjusted p-value 

Digestive System vs Gills 11.6619 0.2554 0.0010 0.0012 

Digestive System vs Mantle 13.5593 0.2851 0.0010 0.0012 

Digestive System vs Seawater 7.7903 0.2803 0.0030 0.0030 

Gills vs Mantle 12.9154 0.2753 0.0010 0.0012 

Gills vs Seawater 14.5933 0.4218 0.0010 0.0012 

Mantle vs Seawater 13.2118 0.3978 0.0010 0.0012 
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Appendix 6.5 

 

 

A6.5 Sample-based taxonomy bar plot of bacterial communities associated with T. maxima 

tissues. Bar plots show averaged relative abundances of the 20 most abundant families for the 

three tissue compartments (digestive system - D, gills - G, and mantle - M) over reef sites 

(inshore, midshore, offshore) and seawater (W) samples from the three reef sites. 
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Appendix 6.6 Wilcoxon pairwise comparison statistics 

 

Variable Pairs Adjusted p-value 

Observed species Digestive  System vs Gills 0.0051 

Observed species Digestive  System vs Mantle 0.0000 

Observed species Digestive  System vs Seawater 0.0088 

Observed species Gills vs Mantle 0.0000 

Observed species Gills vs Seawater 0.0006 

Observed species Mantle vs Seawater 0.0104 

Chao1 Richness Digestive  System vs Gills 0.0039 

Chao1 Richness Digestive  System vs Mantle 0.0000 

Chao1 Richness Digestive  System vs Seawater 0.0039 

Chao1 Richness Gills vs Mantle 0.0000 

Chao1 Richness Gills vs Seawater 0.0006 

Chao1 Richness Mantle vs Seawater 0.0104 

Simpson's Diversity Digestive  System vs Gills 0.5840 

Simpson's Diversity Digestive  System vs Mantle 0.0000 

Simpson's Diversity Digestive  System vs Seawater 0.0210 

Simpson's Diversity Gills vs Mantle 0.0000 

Simpson's Diversity Gills vs Seawater 0.1410 

Simpson's Diversity Mantle vs Seawater 0.0220 

Simpson's evenness Digestive  System vs Gills 0.5630 

Simpson's evenness Digestive  Systemvs Mantle 0.0001 

Simpson's evenness Digestive  System vs Seawater 0.5630 

Simpson's evenness Gills vs Mantle 0.0020 

Simpson's evenness Gills vs Seawater 0.5630 

Simpson's evenness Mantle vs Seawater 0.0290 

Phylogenetic distance Digestive  System vs Gills 0.0029 

Phylogenetic distance Digestive  System vs Mantle 0.0000 

Phylogenetic distance Digestive  System vs Seawater 0.0039 

Phylogenetic distance Gills vs Mantle 0.0000 

Phylogenetic distance Gills vs Seawater 0.0074 

Phylogenetic distance Mantle vs Seawater 0.0039 
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Appendix 6.7 Endozoicomonadaceae OTUs found in seawater and T. maxima tissues 

 

OTU 

Concatenated sequences 

Total reads 

Seawater Digestive System Gills Mantle 

Otu0001 0 64016 696836 15560 776418 

Otu0083 0 172 865 1366 2403 

Otu0362 0 9 403 62 476 

Otu0506 0 74 238 8 326 

Otu0242 0 41 0 724 765 

Otu0417 0 0 135 258 393 

Otu0975 0 0 5 146 151 

Otu0101 0 182 1817 0 1999 

Otu0860 0 13 164 0 177 

Otu1857 0 65 0 0 69 

Otu2459 0 46 0 0 46 

Otu7765 0 2 0 0 2 

Otu7772 0 2 0 0 2 

Otu5417 0 0 0 7 7 

Otu7767 0 0 0 2 2 

Otu7769 0 0 0 2 2 

Otu7808 0 0 0 2 2 

Otu6262 0 0 4 0 4 

Otu6310 0 0 4 0 4 

Otu6312 0 0 4 0 4 

Otu6619 0 0 3 0 3 

Otu6620 0 0 3 0 3 

Otu7771 0 0 2 0 2 

Otu7774 0 0 2 0 2 

Otu7778 0 0 2 0 2 

Otu7779 0 0 2 0 2 

Otu7795 0 0 2 0 2 

Otu7800 0 0 2 0 2 

Otu7804 0 0 2 0 2 

Otu7807 0 0 2 0 2 

Otu7809 0 0 2 0 2 

Otu7814 0 0 2 0 2 
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Otu7816 0 0 2 0 2 

Otu7830 0 0 2 0 2 

Otu7832 0 0 2 0 2 

Otu7838 0 0 2 0 2 

Otu7770 2 0 0 0 2 

Otu7782 2 0 0 0 2 

Otu7841 2 0 0 0 2 
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Appendix 6.8  

 

A6.8 PICRUSt-associated nearest Sequenced Taxon Indexes (NSTI). Red dotted line represents 

predictive functional profiling cutoff at the species level (0.03 16S rRNA similarity). Functional 

inferences are based on similarities drawn between genus and family level. 
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Appendix 6.9 The 25 modules from reference pathway "Microbial metabolism in 

diverse environments" (map01120) with effect sizes > 2 

 

Feature 
LDA 

score 
Class Effect size p Module 

M00004 3.650585 Seawater 2.575839 0.000689 
Pentose phosphate pathway (Pentose 

phosphate cycle) 

M00529 3.178868 Gill 2.778393 2.18E-05 Denitrification, nitrate => nitrogen 

M00545 3.151411 Seawater 2.660544 2.22E-05 
Trans-cinnamate degradation, trans-

cinnamate => acetyl-CoA 

M00008 3.134983 Mantle 2.534798 0.000161 
Entner-Doudoroff pathway, glucose-6P => 

glyceraldehyde-3P + pyruvate 

M00373 3.104168 Seawater 2.404527 0.003194 Ethylmalonyl pathway 

M00169 3.096154 Seawater 2.49805 8.14E-06 CAM (Crassulacean acid metabolism), light 

M00173 3.020093 Mantle 2.350122 0.000189 
Reductive citrate cycle (Arnon-Buchanan 

cycle) 

M00346 3.015233 Gill 2.074026 0.017835 Formaldehyde assimilation, serine pathway 

M00377 3.010475 Seawater 2.372946 5.80E-06 
Reductive acetyl-CoA pathway (Wood-

Ljungdahl pathway) 

M00378 2.934108 Seawater 2.570437 3.34E-07 F420 biosynthesis 

M00596 2.915844 Seawater 2.599905 1.52E-05 
Dissimilatory sulfate reduction, sulfate => 

H2S 

M00530 2.874655 Gill 2.188295 8.82E-05 
Dissimilatory nitrate reduction, nitrate => 

ammonia 

M00168 2.83178 Seawater 2.247436 7.91E-05 CAM (Crassulacean acid metabolism), dark 

M00569 2.81964 Mantle 2.218584 5.06E-06 
Catechol meta-cleavage, catechol => acetyl-

CoA / 4-methylcatechol => propanoyl-CoA 

M00622 2.765399 Seawater 2.406452 8.30E-06 
Nicotinate degradation, nicotinate => 

fumarate 

M00033 2.743803 
Digestive 

System 
2.303633 5.17E-07 Ectoine biosynthesis, aspartate => ectoine 

M00356 2.65871 
Digestive 

System 
2.133864 0.005622 Methanogenesis, methanol => methane 

M00533 2.611363 Gill 2.213182 2.56E-06 

Homoprotocatechuate degradation, 

homoprotocatechuate => 2-oxohept-3-

enedioate 

M00531 2.602709 Gill 2.006857 3.61E-05 
Assimilatory nitrate reduction, nitrate => 

ammonia 

M00375 2.60144 Seawater 2.219554 0.000372 Hydroxypropionate-hydroxybutylate cycle 

M00568 2.56856 Seawater 2.00731 8.58E-05 
Catechol ortho-cleavage, catechol => 3-

oxoadipate 

M00175 2.562992 
Digestive 

System 
2.137748 0.011265 Nitrogen fixation, nitrogen => ammonia 

M00165 2.441406 Mantle 2.119409 3.27E-06 
Reductive pentose phosphate cycle (Calvin 

cycle) 

M00358 2.419625 Seawater 2.017084 3.53E-05 Coenzyme M biosynthesis 

M00550 2.379338 
Digestive 

System 
2.097004 1.77E-07 

Ascorbate degradation, ascorbate => D-

xylulose-5P 
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Appendix 6.10 

 

A6.10 The 25 modules from reference pathway "Microbial metabolism in diverse 

environments" (map01120) with effect sizes > 2. 
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Appendix 6.11 Percentage contributions of Endozoicomonadaceae to Nitrogen 

related pathways 

 

Sample 
Percentage 

contributions 
Pathway 

Digestive System 1 1.09 Denitrification, nitrate => nitrogen 

Digestive System 1 18.15 Denitrification, nitrate => nitrogen 

Digestive System 1 0.62 Denitrification, nitrate => nitrogen 

Digestive System 1 0.78 Denitrification, nitrate => nitrogen 

Digestive System 1 0.12 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 1 0.13 Denitrification, nitrate => nitrogen 

Digestive System 1 0.09 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 1 0.30 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 2 12.43 Denitrification, nitrate => nitrogen 

Digestive System 2 12.62 Denitrification, nitrate => nitrogen 

Digestive System 2 9.56 Denitrification, nitrate => nitrogen 

Digestive System 2 24.34 Denitrification, nitrate => nitrogen 

Digestive System 2 11.29 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 2 20.89 Denitrification, nitrate => nitrogen 

Digestive System 2 4.47 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 2 9.56 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 3 14.68 Denitrification, nitrate => nitrogen 

Digestive System 3 15.33 Denitrification, nitrate => nitrogen 

Digestive System 3 15.00 Denitrification, nitrate => nitrogen 

Digestive System 3 78.67 Denitrification, nitrate => nitrogen 

Digestive System 3 49.34 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 3 65.05 Denitrification, nitrate => nitrogen 

Digestive System 3 31.30 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 3 52.44 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 4 1.87 Denitrification, nitrate => nitrogen 

Digestive System 4 1.88 Denitrification, nitrate => nitrogen 

Digestive System 4 1.88 Denitrification, nitrate => nitrogen 

Digestive System 4 29.86 Denitrification, nitrate => nitrogen 

Digestive System 4 18.49 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 4 36.86 Denitrification, nitrate => nitrogen 

Digestive System 4 14.09 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 4 15.51 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 5 12.32 Denitrification, nitrate => nitrogen 

Digestive System 5 12.95 Denitrification, nitrate => nitrogen 

Digestive System 5 12.95 Denitrification, nitrate => nitrogen 

Digestive System 5 79.94 Denitrification, nitrate => nitrogen 

Digestive System 5 40.89 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 5 78.05 Denitrification, nitrate => nitrogen 

Digestive System 5 4.17 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 5 42.58 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 6 2.20 Denitrification, nitrate => nitrogen 

Digestive System 6 2.28 Denitrification, nitrate => nitrogen 
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Digestive System 6 2.21 Denitrification, nitrate => nitrogen 

Digestive System 6 20.07 Denitrification, nitrate => nitrogen 

Digestive System 6 9.69 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 6 13.77 Denitrification, nitrate => nitrogen 

Digestive System 6 8.39 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 6 9.13 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 7 7.57 Denitrification, nitrate => nitrogen 

Digestive System 7 7.17 Denitrification, nitrate => nitrogen 

Digestive System 7 7.05 Denitrification, nitrate => nitrogen 

Digestive System 7 71.45 Denitrification, nitrate => nitrogen 

Digestive System 7 13.45 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 7 60.60 Denitrification, nitrate => nitrogen 

Digestive System 7 10.33 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 7 10.33 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 8 47.87 Denitrification, nitrate => nitrogen 

Digestive System 8 84.28 Denitrification, nitrate => nitrogen 

Digestive System 8 83.13 Denitrification, nitrate => nitrogen 

Digestive System 8 77.59 Denitrification, nitrate => nitrogen 

Digestive System 8 23.80 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 8 50.89 Denitrification, nitrate => nitrogen 

Digestive System 8 21.66 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 8 23.63 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 9 63.21 Denitrification, nitrate => nitrogen 

Digestive System 9 64.68 Denitrification, nitrate => nitrogen 

Digestive System 9 59.64 Denitrification, nitrate => nitrogen 

Digestive System 9 75.07 Denitrification, nitrate => nitrogen 

Digestive System 9 51.56 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 9 78.34 Denitrification, nitrate => nitrogen 

Digestive System 9 41.92 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 9 44.70 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

10 0.31 Denitrification, nitrate => nitrogen 

Digestive System 

10 0.34 Denitrification, nitrate => nitrogen 

Digestive System 

10 0.34 Denitrification, nitrate => nitrogen 

Digestive System 

10 0.66 Denitrification, nitrate => nitrogen 

Digestive System 

10 0.63 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

10 0.96 Denitrification, nitrate => nitrogen 

Digestive System 

10 0.36 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

10 0.40 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

11 41.67 Denitrification, nitrate => nitrogen 

Digestive System 

11 42.43 Denitrification, nitrate => nitrogen 

Digestive System 

11 42.43 Denitrification, nitrate => nitrogen 

Digestive System 

11 96.05 Denitrification, nitrate => nitrogen 
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Digestive System 

11 76.06 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

11 92.40 Denitrification, nitrate => nitrogen 

Digestive System 

11 74.94 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

11 76.60 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

12 9.61 Denitrification, nitrate => nitrogen 

Digestive System 

12 9.71 Denitrification, nitrate => nitrogen 

Digestive System 

12 9.11 Denitrification, nitrate => nitrogen 

Digestive System 

12 22.57 Denitrification, nitrate => nitrogen 

Digestive System 

12 12.05 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

12 20.42 Denitrification, nitrate => nitrogen 

Digestive System 

12 6.47 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

12 10.06 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

13 65.26 Denitrification, nitrate => nitrogen 

Digestive System 

13 90.97 Denitrification, nitrate => nitrogen 

Digestive System 

13 77.55 Denitrification, nitrate => nitrogen 

Digestive System 

13 92.44 Denitrification, nitrate => nitrogen 

Digestive System 

13 80.62 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

13 87.91 Denitrification, nitrate => nitrogen 

Digestive System 

13 75.10 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

13 79.31 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

14 87.69 Denitrification, nitrate => nitrogen 

Digestive System 

14 91.60 Denitrification, nitrate => nitrogen 

Digestive System 

14 88.70 Denitrification, nitrate => nitrogen 

Digestive System 

14 89.46 Denitrification, nitrate => nitrogen 

Digestive System 

14 86.90 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

14 87.00 Denitrification, nitrate => nitrogen 

Digestive System 

14 82.12 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

14 88.27 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

15 13.02 Denitrification, nitrate => nitrogen 

Digestive System 

15 13.92 Denitrification, nitrate => nitrogen 

Digestive System 

15 12.10 Denitrification, nitrate => nitrogen 

Digestive System 

15 40.28 Denitrification, nitrate => nitrogen 

Digestive System 

15 15.13 Assimilatory nitrate reduction, nitrate => ammonia 
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Digestive System 

15 30.65 Denitrification, nitrate => nitrogen 

Digestive System 

15 14.14 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

15 16.91 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

16 26.83 Denitrification, nitrate => nitrogen 

Digestive System 

16 30.66 Denitrification, nitrate => nitrogen 

Digestive System 

16 29.24 Denitrification, nitrate => nitrogen 

Digestive System 

16 74.07 Denitrification, nitrate => nitrogen 

Digestive System 

16 58.31 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

16 75.23 Denitrification, nitrate => nitrogen 

Digestive System 

16 46.43 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

16 54.36 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

17 49.20 Denitrification, nitrate => nitrogen 

Digestive System 

17 58.15 Denitrification, nitrate => nitrogen 

Digestive System 

17 52.82 Denitrification, nitrate => nitrogen 

Digestive System 

17 67.77 Denitrification, nitrate => nitrogen 

Digestive System 

17 43.19 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

17 84.30 Denitrification, nitrate => nitrogen 

Digestive System 

17 34.07 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

17 40.07 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

18 73.82 Denitrification, nitrate => nitrogen 

Digestive System 

18 82.85 Denitrification, nitrate => nitrogen 

Digestive System 

18 80.85 Denitrification, nitrate => nitrogen 

Digestive System 

18 85.87 Denitrification, nitrate => nitrogen 

Digestive System 

18 62.56 Assimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

18 76.65 Denitrification, nitrate => nitrogen 

Digestive System 

18 57.00 Dissimilatory nitrate reduction, nitrate => ammonia 

Digestive System 

18 60.30 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 1 49.17 Denitrification, nitrate => nitrogen 

Gill 1 79.09 Denitrification, nitrate => nitrogen 

Gill 1 69.87 Denitrification, nitrate => nitrogen 

Gill 1 67.12 Denitrification, nitrate => nitrogen 

Gill 1 36.75 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 1 74.41 Denitrification, nitrate => nitrogen 

Gill 1 39.85 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 1 39.71 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 2 46.98 Denitrification, nitrate => nitrogen 
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Gill 2 86.39 Denitrification, nitrate => nitrogen 

Gill 2 84.36 Denitrification, nitrate => nitrogen 

Gill 2 65.72 Denitrification, nitrate => nitrogen 

Gill 2 44.58 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 2 65.82 Denitrification, nitrate => nitrogen 

Gill 2 42.14 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 2 46.25 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 3 86.22 Denitrification, nitrate => nitrogen 

Gill 3 98.00 Denitrification, nitrate => nitrogen 

Gill 3 96.94 Denitrification, nitrate => nitrogen 

Gill 3 91.84 Denitrification, nitrate => nitrogen 

Gill 3 84.01 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 3 93.28 Denitrification, nitrate => nitrogen 

Gill 3 82.15 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 3 83.16 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 4 25.81 Denitrification, nitrate => nitrogen 

Gill 4 67.99 Denitrification, nitrate => nitrogen 

Gill 4 67.62 Denitrification, nitrate => nitrogen 

Gill 4 36.82 Denitrification, nitrate => nitrogen 

Gill 4 23.16 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 4 43.96 Denitrification, nitrate => nitrogen 

Gill 4 20.06 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 4 22.59 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 5 93.15 Denitrification, nitrate => nitrogen 

Gill 5 99.01 Denitrification, nitrate => nitrogen 

Gill 5 98.94 Denitrification, nitrate => nitrogen 

Gill 5 96.04 Denitrification, nitrate => nitrogen 

Gill 5 90.34 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 5 97.56 Denitrification, nitrate => nitrogen 

Gill 5 88.29 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 5 89.69 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 6 33.49 Denitrification, nitrate => nitrogen 

Gill 6 69.27 Denitrification, nitrate => nitrogen 

Gill 6 67.05 Denitrification, nitrate => nitrogen 

Gill 6 51.17 Denitrification, nitrate => nitrogen 

Gill 6 21.98 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 6 50.16 Denitrification, nitrate => nitrogen 

Gill 6 17.99 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 6 20.00 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 7 94.96 Denitrification, nitrate => nitrogen 

Gill 7 99.23 Denitrification, nitrate => nitrogen 

Gill 7 99.18 Denitrification, nitrate => nitrogen 

Gill 7 97.49 Denitrification, nitrate => nitrogen 

Gill 7 92.99 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 7 98.57 Denitrification, nitrate => nitrogen 

Gill 7 91.42 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 7 92.06 Dissimilatory nitrate reduction, nitrate => ammonia 
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Gill 8 87.57 Denitrification, nitrate => nitrogen 

Gill 8 94.30 Denitrification, nitrate => nitrogen 

Gill 8 93.57 Denitrification, nitrate => nitrogen 

Gill 8 91.38 Denitrification, nitrate => nitrogen 

Gill 8 81.29 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 8 91.38 Denitrification, nitrate => nitrogen 

Gill 8 81.98 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 8 83.66 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 9 72.73 Denitrification, nitrate => nitrogen 

Gill 9 95.19 Denitrification, nitrate => nitrogen 

Gill 9 94.36 Denitrification, nitrate => nitrogen 

Gill 9 83.32 Denitrification, nitrate => nitrogen 

Gill 9 72.64 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 9 89.06 Denitrification, nitrate => nitrogen 

Gill 9 68.05 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 9 71.24 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 10 44.35 Denitrification, nitrate => nitrogen 

Gill 10 82.72 Denitrification, nitrate => nitrogen 

Gill 10 80.10 Denitrification, nitrate => nitrogen 

Gill 10 62.76 Denitrification, nitrate => nitrogen 

Gill 10 32.66 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 10 59.27 Denitrification, nitrate => nitrogen 

Gill 10 31.54 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 10 31.96 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 11 95.49 Denitrification, nitrate => nitrogen 

Gill 11 99.30 Denitrification, nitrate => nitrogen 

Gill 11 99.30 Denitrification, nitrate => nitrogen 

Gill 11 97.65 Denitrification, nitrate => nitrogen 

Gill 11 94.31 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 11 97.29 Denitrification, nitrate => nitrogen 

Gill 11 93.17 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 11 94.07 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 12 13.23 Denitrification, nitrate => nitrogen 

Gill 12 39.48 Denitrification, nitrate => nitrogen 

Gill 12 35.09 Denitrification, nitrate => nitrogen 

Gill 12 25.07 Denitrification, nitrate => nitrogen 

Gill 12 11.58 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 12 19.08 Denitrification, nitrate => nitrogen 

Gill 12 9.51 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 12 12.69 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 13 91.66 Denitrification, nitrate => nitrogen 

Gill 13 98.37 Denitrification, nitrate => nitrogen 

Gill 13 97.97 Denitrification, nitrate => nitrogen 

Gill 13 95.71 Denitrification, nitrate => nitrogen 

Gill 13 87.64 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 13 95.78 Denitrification, nitrate => nitrogen 

Gill 13 84.46 Dissimilatory nitrate reduction, nitrate => ammonia 



344 

 

 

Gill 13 87.73 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 14 68.82 Denitrification, nitrate => nitrogen 

Gill 14 94.78 Denitrification, nitrate => nitrogen 

Gill 14 94.22 Denitrification, nitrate => nitrogen 

Gill 14 80.05 Denitrification, nitrate => nitrogen 

Gill 14 50.13 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 14 76.51 Denitrification, nitrate => nitrogen 

Gill 14 47.73 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 14 49.97 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 15 62.73 Denitrification, nitrate => nitrogen 

Gill 15 84.27 Denitrification, nitrate => nitrogen 

Gill 15 83.09 Denitrification, nitrate => nitrogen 

Gill 15 73.52 Denitrification, nitrate => nitrogen 

Gill 15 55.60 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 15 66.14 Denitrification, nitrate => nitrogen 

Gill 15 55.74 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 15 60.98 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 16 88.02 Denitrification, nitrate => nitrogen 

Gill 16 98.18 Denitrification, nitrate => nitrogen 

Gill 16 98.05 Denitrification, nitrate => nitrogen 

Gill 16 94.88 Denitrification, nitrate => nitrogen 

Gill 16 58.73 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 16 93.46 Denitrification, nitrate => nitrogen 

Gill 16 57.69 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 16 58.89 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 17 91.14 Denitrification, nitrate => nitrogen 

Gill 17 98.32 Denitrification, nitrate => nitrogen 

Gill 17 97.76 Denitrification, nitrate => nitrogen 

Gill 17 93.29 Denitrification, nitrate => nitrogen 

Gill 17 83.79 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 17 85.95 Denitrification, nitrate => nitrogen 

Gill 17 82.36 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 17 87.87 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 18 9.43 Denitrification, nitrate => nitrogen 

Gill 18 36.48 Denitrification, nitrate => nitrogen 

Gill 18 33.77 Denitrification, nitrate => nitrogen 

Gill 18 16.33 Denitrification, nitrate => nitrogen 

Gill 18 7.60 Assimilatory nitrate reduction, nitrate => ammonia 

Gill 18 23.83 Denitrification, nitrate => nitrogen 

Gill 18 6.26 Dissimilatory nitrate reduction, nitrate => ammonia 

Gill 18 7.04 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 1 0.00 Denitrification, nitrate => nitrogen 

Mantle 1 0.01 Denitrification, nitrate => nitrogen 

Mantle 1 0.01 Denitrification, nitrate => nitrogen 

Mantle 1 0.01 Denitrification, nitrate => nitrogen 

Mantle 1 0.00 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 1 0.01 Denitrification, nitrate => nitrogen 
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Mantle 1 0.00 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 1 0.00 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 2 0.04 Denitrification, nitrate => nitrogen 

Mantle 2 0.23 Denitrification, nitrate => nitrogen 

Mantle 2 0.22 Denitrification, nitrate => nitrogen 

Mantle 2 0.08 Denitrification, nitrate => nitrogen 

Mantle 2 0.03 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 2 0.11 Denitrification, nitrate => nitrogen 

Mantle 2 0.03 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 2 0.03 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 3 3.65 Denitrification, nitrate => nitrogen 

Mantle 3 21.28 Denitrification, nitrate => nitrogen 

Mantle 3 19.21 Denitrification, nitrate => nitrogen 

Mantle 3 6.72 Denitrification, nitrate => nitrogen 

Mantle 3 2.01 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 3 5.84 Denitrification, nitrate => nitrogen 

Mantle 3 1.70 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 3 2.18 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 4 0.55 Denitrification, nitrate => nitrogen 

Mantle 4 3.29 Denitrification, nitrate => nitrogen 

Mantle 4 2.87 Denitrification, nitrate => nitrogen 

Mantle 4 1.14 Denitrification, nitrate => nitrogen 

Mantle 4 0.24 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 4 0.76 Denitrification, nitrate => nitrogen 

Mantle 4 0.23 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 4 0.26 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 5 9.17 Denitrification, nitrate => nitrogen 

Mantle 5 40.48 Denitrification, nitrate => nitrogen 

Mantle 5 37.87 Denitrification, nitrate => nitrogen 

Mantle 5 14.79 Denitrification, nitrate => nitrogen 

Mantle 5 1.08 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 5 18.16 Denitrification, nitrate => nitrogen 

Mantle 5 1.05 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 5 1.08 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 6 0.58 Denitrification, nitrate => nitrogen 

Mantle 6 3.17 Denitrification, nitrate => nitrogen 

Mantle 6 2.77 Denitrification, nitrate => nitrogen 

Mantle 6 1.15 Denitrification, nitrate => nitrogen 

Mantle 6 0.44 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 6 1.31 Denitrification, nitrate => nitrogen 

Mantle 6 0.37 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 6 0.42 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 7 0.23 Denitrification, nitrate => nitrogen 

Mantle 7 1.52 Denitrification, nitrate => nitrogen 

Mantle 7 1.43 Denitrification, nitrate => nitrogen 

Mantle 7 0.43 Denitrification, nitrate => nitrogen 

Mantle 7 0.17 Assimilatory nitrate reduction, nitrate => ammonia 
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Mantle 7 0.61 Denitrification, nitrate => nitrogen 

Mantle 7 0.14 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 7 0.16 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 8 1.12 Denitrification, nitrate => nitrogen 

Mantle 8 2.95 Denitrification, nitrate => nitrogen 

Mantle 8 2.51 Denitrification, nitrate => nitrogen 

Mantle 8 3.00 Denitrification, nitrate => nitrogen 

Mantle 8 0.21 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 8 1.64 Denitrification, nitrate => nitrogen 

Mantle 8 0.20 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 8 0.21 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 9 6.44 Denitrification, nitrate => nitrogen 

Mantle 9 33.17 Denitrification, nitrate => nitrogen 

Mantle 9 26.22 Denitrification, nitrate => nitrogen 

Mantle 9 11.26 Denitrification, nitrate => nitrogen 

Mantle 9 5.82 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 9 13.73 Denitrification, nitrate => nitrogen 

Mantle 9 4.85 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 9 5.40 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 11 3.27 Denitrification, nitrate => nitrogen 

Mantle 11 19.44 Denitrification, nitrate => nitrogen 

Mantle 11 5.43 Denitrification, nitrate => nitrogen 

Mantle 11 6.07 Denitrification, nitrate => nitrogen 

Mantle 11 1.93 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 11 3.58 Denitrification, nitrate => nitrogen 

Mantle 11 1.59 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 11 2.21 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 13 5.65 Denitrification, nitrate => nitrogen 

Mantle 13 27.91 Denitrification, nitrate => nitrogen 

Mantle 13 21.58 Denitrification, nitrate => nitrogen 

Mantle 13 10.54 Denitrification, nitrate => nitrogen 

Mantle 13 2.78 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 13 6.91 Denitrification, nitrate => nitrogen 

Mantle 13 2.45 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 13 2.62 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 14 26.23 Denitrification, nitrate => nitrogen 

Mantle 14 70.54 Denitrification, nitrate => nitrogen 

Mantle 14 66.15 Denitrification, nitrate => nitrogen 

Mantle 14 40.25 Denitrification, nitrate => nitrogen 

Mantle 14 23.66 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 14 41.45 Denitrification, nitrate => nitrogen 

Mantle 14 21.65 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 14 23.32 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 15 4.45 Denitrification, nitrate => nitrogen 

Mantle 15 20.43 Denitrification, nitrate => nitrogen 

Mantle 15 12.56 Denitrification, nitrate => nitrogen 

Mantle 15 8.51 Denitrification, nitrate => nitrogen 
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Mantle 15 3.31 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 15 9.14 Denitrification, nitrate => nitrogen 

Mantle 15 2.94 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 15 3.19 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 16 3.29 Denitrification, nitrate => nitrogen 

Mantle 16 18.02 Denitrification, nitrate => nitrogen 

Mantle 16 12.68 Denitrification, nitrate => nitrogen 

Mantle 16 4.87 Denitrification, nitrate => nitrogen 

Mantle 16 2.42 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 16 8.29 Denitrification, nitrate => nitrogen 

Mantle 16 2.03 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 16 2.31 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 17 1.24 Denitrification, nitrate => nitrogen 

Mantle 17 8.29 Denitrification, nitrate => nitrogen 

Mantle 17 6.81 Denitrification, nitrate => nitrogen 

Mantle 17 2.14 Denitrification, nitrate => nitrogen 

Mantle 17 0.95 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 17 3.09 Denitrification, nitrate => nitrogen 

Mantle 17 0.83 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 17 0.88 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 18 3.22 Denitrification, nitrate => nitrogen 

Mantle 18 19.46 Denitrification, nitrate => nitrogen 

Mantle 18 17.54 Denitrification, nitrate => nitrogen 

Mantle 18 5.81 Denitrification, nitrate => nitrogen 

Mantle 18 2.75 Assimilatory nitrate reduction, nitrate => ammonia 

Mantle 18 7.58 Denitrification, nitrate => nitrogen 

Mantle 18 2.28 Dissimilatory nitrate reduction, nitrate => ammonia 

Mantle 18 2.65 Dissimilatory nitrate reduction, nitrate => ammonia 

Seawater 1 0.30 Denitrification, nitrate => nitrogen 

Seawater 1 0.32 Denitrification, nitrate => nitrogen 

Seawater 1 0.21 Denitrification, nitrate => nitrogen 

Seawater 1 0.35 Denitrification, nitrate => nitrogen 

Seawater 1 0.06 Assimilatory nitrate reduction, nitrate => ammonia 

Seawater 1 0.32 Denitrification, nitrate => nitrogen 

Seawater 1 0.06 Dissimilatory nitrate reduction, nitrate => ammonia 

Seawater 1 0.06 Dissimilatory nitrate reduction, nitrate => ammonia 

Seawater 2 0.09 Denitrification, nitrate => nitrogen 

Seawater 2 0.27 Denitrification, nitrate => nitrogen 

Seawater 2 0.16 Denitrification, nitrate => nitrogen 

Seawater 2 0.11 Denitrification, nitrate => nitrogen 

Seawater 2 0.04 Assimilatory nitrate reduction, nitrate => ammonia 

Seawater 2 0.10 Denitrification, nitrate => nitrogen 

Seawater 2 0.04 Dissimilatory nitrate reduction, nitrate => ammonia 

Seawater 2 0.04 Dissimilatory nitrate reduction, nitrate => ammonia 

Seawater 3_1 0.04 Denitrification, nitrate => nitrogen 

Seawater 3_1 0.07 Denitrification, nitrate => nitrogen 

Seawater 3_1 0.04 Denitrification, nitrate => nitrogen 
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Seawater 3_1 0.05 Denitrification, nitrate => nitrogen 

Seawater 3_1 0.01 Assimilatory nitrate reduction, nitrate => ammonia 

Seawater 3_1 0.05 Denitrification, nitrate => nitrogen 

Seawater 3_1 0.01 Dissimilatory nitrate reduction, nitrate => ammonia 

Seawater 3_1 0.01 Dissimilatory nitrate reduction, nitrate => ammonia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



349 

 

 

Appendix 6.12 Published manuscript 

Rossbach, S., Cardenas, C., Perna, G., Duarte, C.M and Voolstra, C.R., 2019. Tissue-Specific 

Microbiomes of the Red Sea Giant Clam Tridacna maxima Highlight Differential Abundance 

of Endozoicomonadaceae. Frontiers in Microbiology; DOI: 10.3389/fmicb.2019.02661 



Frontiers in Microbiology | www.frontiersin.org 1 November 2019 | Volume 10 | Article 2661

ORIGINAL RESEARCH
published: 26 November 2019

doi: 10.3389/fmicb.2019.02661

Edited by: 
Zhiyong Li,  

Shanghai Jiao Tong University, China

Reviewed by: 
Christina A. Kellogg,  

United States Geological Survey 
(USGS), United States

Uri Gophna,  
Tel Aviv University, Israel

*Correspondence: 
Susann Rossbach  

susann.rossbach@kaust.edu.sa; 
susannrossbach@hotmail.com

Specialty section: 
This article was submitted to  

Microbial Symbioses,  
a section of the journal  

Frontiers in Microbiology

Received: 01 September 2019
Accepted: 31 October 2019

Published: 26 November 2019

Citation:
Rossbach S, Cardenas A, Perna G, 
Duarte CM and Voolstra CR (2019) 

Tissue-Specific Microbiomes  
of the Red Sea Giant Clam  
Tridacna maxima Highlight  

Differential Abundance  
of Endozoicomonadaceae.
Front. Microbiol. 10:2661.

doi: 10.3389/fmicb.2019.02661

Tissue-Specific Microbiomes  
of the Red Sea Giant Clam  
Tridacna maxima Highlight 
Differential Abundance of 
Endozoicomonadaceae
Susann Rossbach1*, Anny Cardenas1, Gabriela Perna1, Carlos M. Duarte1 and 
Christian R. Voolstra1,2

1 Red Sea Research Centre (RSRC) and Computational Bioscience Research Center (CBRC), Biological and Environmental 
Science and Engineering Division (BESE), King Abdullah University of Science and Technology (KAUST), Thuwal, Saudi 
Arabia, 2 Department of Biology, University of Konstanz, Konstanz, Germany

Giant clams (subfamily Tridacninae) are prevalent members of coral reef communities and 
engage in symbioses with algal photosymbionts of the family Symbiodiniaceae, similar to 
their scleractinian coral counterparts. However, we know little about their associated 
bacterial microbiome members. Here, we explored bacterial community diversity of 
digestive system, gill, and mantle tissues associated with the giant clam Tridacna maxima 
across a cross-shelf gradient (inshore, midshore, and offshore reef sites) in the central Red 
Sea using 16S rRNA gene amplicon sequencing. Different tissues harbor spatially stable 
and distinct microbial communities. Notably, diverse assemblages of bacteria affiliated to 
the family Endozoicomonadaceae were prevalent in all tissues, but particularly abundant 
in gills and to a lesser extent in digestive tissues. Besides Endozoicomonadaceae, bacteria 
in the families Pasteurellaceae, Alteromonadaceae, and Comamonadaceae were common 
associates, depending on the tissue queried. Taxonomy-based functional inference 
identified processes related to nitrogen cycling (among others) to be enriched in giant clam 
tissues and contributed by Endozoicomonadaceae. Our study highlights the tissue-
specificity and broad taxonomic range of Endozoicomonadaceae associates, similar to 
other marine invertebrates, and suggests their contribution to nitrogen-related pathways. 
The investigation of bivalve-associated microbiome communities provides an important 
addition to the pathogen-focused studies for commercially important bivalves (e.g., oysters).

Keywords: microbiome, metabarcoding, coral reef, symbiosis, giant clam, Tridacna

INTRODUCTION

Tropical coral reefs are among the most productive ecosystems and provide important habitats 
for a diversity of organisms, including giant clams of the Tridacninae subfamily in the Indo-
Pacific. Giant clams provide important ecosystem functions in coral reef ecosystems (Neo 
et  al., 2015), including providing a food source for a number of predators and scavengers 
(Alcazar, 1986), shelter for commensal organisms (De Grave, 1999), or substrate for epibionts 
(Vicentuan-Cabaitan et al., 2014). Further, through their high photosynthetic (Jantzen et al., 2008; 
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Rossbach et  al., 2019) and calcification rates (Rossbach et  al., 
2019) they contribute to the primary production and spatial 
framework of the reef structure.

Similar to corals, Tridacninae engage in a symbiosis with 
unicellular algae of the family Symbiodiniaceae (Taylor, 1969; 
LaJeunesse et al., 2018) that are located in delicately branching 
tubules, which extend from the clam’s stomach into the outer 
mantle (Norton et  al., 1992). Since comparable photosynthetic 
symbioses are very rare in other mollusks (Vermeij, 2013), 
Tridacninae stand out as a remarkable group of bivalves. While 
the symbiotic relationship of Tridacninae and Symbiodiniaceae 
is a prominent field of study (e.g. Taylor, 1969; Fitt et  al., 
1986, 1995; Weber, 2009; DeBoer et  al., 2012; Pappas et  al., 
2017), comparatively little is known about the bacteria associated 
with giant clams, albeit the importance of bacteria to animal 
and plant function is now widely acknowledged (McFall-Ngai 
et  al., 2013; Bang et  al., 2018). For other reef organisms, such 
as corals and sponges, patterns of microbial diversity and even 
presumptive functions are broadly explored (Ainsworth et  al., 
2010; Bourne et  al., 2016; Neave et  al., 2017a,b). It should 
be pointed out that, although research on bacterial communities 
associated with bivalve species dates back more than 100 years 
(Round, 1914, 1916; Bates and Round, 1916), studies mainly 
focused on commercially important species, such as Crassostrea 
spp., Mytilus spp., and Venerupis spp. (Meisterhans et al., 2016; 
Pierce et  al., 2016; Pierce and Ward, 2018; Vezzulli et  al., 
2018). Further, because of the economic value and consumption 
of these species by humans, the majority of the literature 
focuses on the impact of bacterial pathogens (Romalde et  al., 
2014; Wendling et  al., 2014), in particular Vibrio spp. (Pruzzo 
et  al., 2005; Beaz-Hidalgo et  al., 2010; Romalde et  al., 2014), 
rather than targeting microbial diversity patterns.

Here, we  addressed this gap in our understanding of 
Tridacninae microbiomes by characterizing the bacterial 
microbiome associated with different tissues of Red Sea Tridacna 
maxima. Tridacninae are one of the most prevalent bivalve 
groups in Red Sea coral reefs (Zuschin et  al., 2000, 2001). 
The most common giant clam (Roa-Quiaoit, 2005; Ullmann, 
2013) is T. maxima. This species has also been reported to 
have the broadest geographical distribution (Ayala et al., 1973), 
reaching from East Africa to the Central Pacific, and therefore 
comprises almost the entire geographical range of all other 
giant clam species (bin Othman et  al., 2010).

We assessed T. maxima across reef sites in the central Red 
Sea following a cross-shelf gradient and used 16S rRNA gene 
amplicon sequencing to characterize the bacterial community 
composition of three tissues (digestive system, gills, and mantle).

MATERIALS AND METHODS

Sample Collection
In May 2018, 18 T. maxima specimens (shell length of 15 ± 1 cm; 
mean  ±  SD), were collected in a water depth of about 3  m at 
three different reef sites nearby King Abdullah University of 
Science and Technology (KAUST). Six clams were sampled at 

each of one inshore reef (Fsar, 22° 14′27” N, 39° 02′ 51″ E), 
one midshore reef (Al Fahal, 22° 15′ 2” N, 38° 57 ‘45″ E), and 
one offshore reef (Shib Nizar, 22° 19′ 20” N, 38° 51′ 26″ E), 
respectively, for a total of 18 clams. Clams were stored individually 
in seawater-filled plastic bags, to avoid cross-contamination and 
placed in a cooler filled with seawater. In addition, seawater 
samples were collected at the respective reefs at the same depth 
using 9  L polycarbonate carboy containers (Nalgene, Thermo 
Scientific Fisher, USA). The containers were kept in a cooling 
box on ice until arrival at the laboratory, where, for each reef 
respectively, 2  L of seawater were immediately filtered through 
a 0.22  μm Hydrophilic Polyvinylidene Fluoride (GVWP) filter 
(Millipore, Merck KGaA, Darmstadt, Germany) using a peristaltic 
pump. Filters were subsequently frozen at −20°C.

Clam Dissection, Tissue Homogenization, 
DNA Isolation and Sequencing
The Tridacna specimens were cut open with a scalpel, and tissue 
samples of three different compartment were collected: gills, 
mantle, and the digestive system. All samples were weighed to 
the nearest 0.001  mg. The clam tissue was then homogenized 
using an Ultra Turrax T18 homogenizer (IKA-Werke GmbH and 
Co. KG, Staufen, Germany) with 15  ml MilliQ water (sterilized 
under UV light for 1 h, and filtered through a 0.2  μm syringe 
filter). The homogenate was frozen at −80°C until further processing.

In total, we extracted DNA from 62 samples, corresponding 
to 54  T. maxima tissue samples, 3 seawater samples, and 4 
negative controls (3 controls to assess for kit and lab 
contaminations and 1 negative control, which originated from 
the subsequent PCRs). DNA from water and tissue samples 
were extracted with the Qiagen DNeasy Blood & Tissue Kit 
(Qiagen, Hilden, Germany) following the manufacturer’s 
instructions with minor modifications. Briefly, 90  μl of the 
tissue homogenate were added to 1.5  ml Eppendorf tubes 
containing 90  μl of ATL buffer and 20  μl of Proteinase K 
and were incubated at 56°C for 1  h. DNA extractions were 
then conducted according to manufacturer’s instructions. Water 
filters were thawed and placed in 1.5  ml Eppendorf tubes, 
360  μl of ATL buffer and 40  μl Proteinase K buffer were 
added, and the tubes were incubated at 56°C for 20  min. 
DNA extractions were then conducted according to 
manufacturer’s instructions. DNA concentrations were measured 
using a Qubit 2.0 fluorometer (Thermo Fisher Scientific), and 
samples were adjusted to 10 ng/μl. To amplify the hypervariable 
regions V5 and V6 of the bacterial 16S rRNA gene, the primers 
784F [5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGA 
GGATTAGATACCCTGGTA-3′] and 1061R [5′-GTCTCGTGGG 
CTCGGAGATGTGTATAAGAGACAGCRRCACGAGCTGACG 
AC-3′] (Illumina adapter sequences underlined) were used 
(Andersson et  al., 2008). For all samples, triplicate PCRs were 
performed using 10  ng of DNA using the Qiagen Multiplex 
PCR kit and a final primer concentration of 0.3  μM in a 
reaction volume of 10  μl. Thermal cycling conditions were: 
95°C for 15  min, followed by 27  cycles of 95°C for 30  s, 
55°C for 90  s, 72°C for 30  s, and a final extension cycle of 72°C 
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for 10  min. About 5 μl of the PCR were run on a 1% agarose 
gel to visualize amplification. Triplicated PCRs from each sample 
were pooled, cleaned with ExoProStar 1-step (GE Healthcare, 
UK), and subsequently underwent an indexing PCR step (8 cycles, 
according to the Illumina 16S metagenomic sequencing library 
preparation protocol). Successful addition of indexes was checked 
by size comparison on a 1% agarose gel. Samples were purified 
and normalized using the SequalPrep Normalization Plate Kit 
(Invitrogen, Carlsbad, USA). Next, from each pooled and normalized 
sample, 4  μl were transferred into a 1.5  ml Eppendorf tube, and 
concentrated using the CentriVap Benchtop Vacuum Concentrator 
(Labconco, USA). The final library was assessed using a Bioanalyzer 
(Agilent Technologies, USA) and quantified using the Qubit dsDNA 
HS assay with the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, 
USA). The 16S rRNA gene amplicon library was sequenced at 
the KAUST sequencing facility on the Illumina MiSeq platform. 
Sequencing was performed at 6 pM with 20% PhiX on the Illumina 
MiSeq platform at 2 × 301 bp paired-end V3 chemistry according 
to the manufacturer’s specifications.

Bacterial Community Analysis
Sequence reads were processed using mothur v.1.39.5 (Schloss 
et al., 2009). In brief, after quality filtering and adaptor trimming, 
paired-end reads were merged to contigs, and sequences were 
aligned against the SILVA database (version 132) using “align.
seqs”. Chimeric sequences were removed using USEARCH (Edgar, 
2017) and taxonomically classified using the Greengenes database 
(release gg_13_5_99, May 2013) (DeSantis et  al., 2006). The 
Greengenes database was used, since it contains substantially 
more bacterial sequences from coral studies than other databases 
and PICRUSt relies on the Greengenes taxonomy (see below). 
OTUs assigned as contaminants (i.e., were present in the negative 
controls) were removed. An OTU was considered a contaminant 
when the ratio of the sum of its relative abundance in the 
negative control samples over the sum of relative abundances 
in all other samples was greater than 0.1). OTU sequences that 
were classified as “Endozoicimonaceae” in Greengenes (39 OTUs) 
were confirmed to belong to the recently proposed family 
Endozoicomonadaceae (Bartz et al., 2018) using SILVA. Singletons 
as well as mitochondrial and chloroplast sequences were removed, 
prior to applying a 97% similarity cutoff for OTU clustering.

Chao1 richness (Chao and Chiu, 2001) and inverse Simpson 
indices (Simpson, 1949) were calculated using the R package 
Vegan (Oksanen et  al., 2013). Evenness was calculated using 
the R package fundiv (Gagic et al., 2015). To calculate weighted 
UniFrac (Lozupone and Knight, 2005) and Faith’s phylogenetical 
distances (Faith, 1992), OTU sequences were aligned using 
MAFFT and a maximum-likelihood tree was build using RAxML 
software v.8.0.26 (Stamatakis, 2006) with the GTRCAT model 
and 1,000 bootstraps. Faith’s phylogenetical distances were 
calculated using the function phyloseq_phylo_div from the R 
package PhyloMeasures (Tsirogiannis and Sandel, 2016) and 
weighted UniFracs were calculated using the “UniFrac” function 
from the phyloseq package.

Rarefaction curves were plotted using the ggrare function. 
A permutational multivariate analysis of variance was done 

using “adonis” function on dissimilarity Bray-Curtis distances 
of the OTU set to test for differences between tissues. Pairwise 
adonis test was conducted using an R wrapper function for 
multilevel pairwise comparison (Martinez Arbizu, 2019). 
Normal distribution was tested using Shapiro-Wilk test, and 
homogeneity of variances were evaluated using the function 
“betadisper” from Vegan package. Kruskal-Wallis rank and 
pairwise Wilcoxon sum tests were used to evaluate significant 
differences in alpha-diversity indexes. All bioinformatic 
workflows can be assessed at https://github.com/ajcardenasb/
Tridacna_microbiome.

Phylogenetic Analysis of OTUs Affiliated 
With the Family Endozoicomonadaceae
A total of 39 OTUs classified as Endozoicomonadaceae, in 
addition to selected bacterial reference strains (Supplementary 
Table S1), were aligned using MAFFT and a maximum-likelihood 
tree was built as described above and visualized in the R 
package “phyloseq” (McMurdie and Holmes, 2013) to annotate 
abundance and prevalence across samples.

Taxonomy-Based Functional Prediction
OTU taxonomic affiliations were used to determine the nearest 
genome-sequenced taxon, which was then used to infer the 
abundance of KEGG orthologs from normalized OTU 
abundances using PiCRUSt (Langille et  al., 2013). We  used 
PICRUSt’s Nearest Sequenced Taxon Index (NSTI) to quantify 
the relatedness of each taxa within a sample to the closest 
related available genome representative. NSTI is based on 
substitutions per site in the 16S rRNA gene and weighted 
by the abundance of that organism in the community. NSTI 
scores are therefore a proxy to assess the accuracy of PICRUSt 
functional prediction. KEGG ortholog abundance was 
aggregated into KEGG modules using a mapping file available 
from the KEGG API. KEGG module abundance matrix was 
used as input to LEfSE to identify functional features that 
are different between tissues (Segata et  al., 2011). In brief, 
LEfSE implements a non-parametric factorial Kruskal-Wallis 
test to determine significant differential abundance of KEGG 
modules between tissues and a linear discrimination analysis 
(LDA) to estimate the effect size of each differentially abundant 
KEGG module. Pairwise comparison of KEGG modules with 
p-values <0.05 and effect sizes >2 were considered significant. 
In addition, we  focused only on KEGG modules contained 
in the reference pathway “Microbial metabolism in diverse 
environments” (map01120).

RESULTS

Bacterial Community Composition of 
Tridacna maxima
We sequenced 57 16S rRNA gene amplicon libraries comprising 
a total of 2,480,709 sequences, with a mean (±SD) of 
40,011  ±  26,036 sequences per sample and an average length 
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of 309  bp, for subsequent analyses (Supplementary Table S2). 
The dataset comprised three tissue compartments (digestive 
system, gills, and mantle) of 18  T. maxima specimens from 
three reef sites across a shelf-gradient (inshore, midshore, 
offshore) (Figure 1). In addition, seawater was collected from 
each reef site. Thus, a total of 6 specimens × 3 sites × 3 
tissue compartments = 54 + 3 seawater samples were analyzed.

Clustering of sequences into operational taxonomic units 
(OTUs) yielded 9,259 bacterial taxa (Figure 2, Supplementary 
Data). Of these, 7,948 OTUs were present exclusively in the 
clam, in at least one of the tissues, 1,141 OTUs were present 
in seawater only, and a small (2%) fraction (170 OTUs) were 
present in both, seawater and giant clam tissues (Figure 3A). 
Comparison of microbial communities across reefs showed 
that microbiome structure of T. maxima did not statistically 
differ between sites (PERMANOVA, p  =  0.121, F  =  1.34, 
R2  =  0.03; Supplementary Table S3). Further, we  found no 
significant interaction between reef site and tissue type 
(PERMANOVA, p = 0.638, F = 0.93, R2 = 0.06; Supplementary 
Table S3). Conversely, seawater bacterial communities differed 
significantly from T. maxima bacterial communities, and 
importantly, the three respective tissue types differed 
significantly from each other (PERMANOVA, p  =  0.001, 
F  =  12.24, R2  =  0.40; Supplementary Tables S3, S4). Thus, 
bacterial community structure was conserved across reef sites 
(Figure 2), and for subsequent analyses same tissue types 
were pooled over reef sites.

Taxonomic community composition of the top 20 families 
by reef site (Figure 2; for the sample-based plot see 
Supplementary Figure S1) revealed a number of bacterial 
families to be  highly represented in clam tissues, including 
Pasteurellaceae, Alteromonadaceae, Comamonadaceae, and 
Endozoicomonadaceae. Notably, bacterial communities of the 
mantle tissue were more diverse at the family level considering 
the top 20 families. In comparison, digestive system and  
gills were dominated by fewer bacterial families, such as 

Pasteurellaceae and Endozoicomonadaceae. Notably, we  found 
a strikingly high abundance of Endozoicomonadaceae in the 
gill tissues.

Overall, the three tissue compartments harbored different 
bacterial OTUs and shared only 303 (3.8% of Tridacna OTUs)  
(Figure 3A). Although bacterial communities of gill and mantle 
tissues showed some degree of similarity (with 1,092 OTUs shared 
between the two of them) (Figure 3A), we identified 1,320 OTUs 
that were only present in the gills. While the digestive system 
shared the lowest number of OTUs with the gill and mantle 
tissues (56 and 263 OTUs, respectively), mantle tissues displayed 
the highest richness with 5,337 OTUs (Figures 3A,B). The 
bacterial community from the mantle also showed the most 
diverse community (Figure 3C), the highest levels of evenness 
(Figure 3D) (Pairwise Wilcoxon test, p  <  0.05; Supplementary 
Table S5), and the highest phylogenetic relatedness between 
OTUs (Figure 3E) (Pairwise Wilcoxon test, p  <  0.005; 
Supplementary Table S5). Bacterial communities associated with 
the digestive system were the least diverse (1,857 OTUs) and 
showed significantly lower richness (Pairwise Wilcoxon test, 
p  <  0.05; Supplementary Table S5) (Figures 3B,C).

Diversity of Endozoicomonadaceae
We found a large number of OTUs assigned to the family 
Endozoicomonadaceae (n  =  39), but only few of those were 
highly abundant (Figure 4, Supplementary Table S6). Notably, 
the majority of Endozoicomonadaceae were tissue-specific (25 
OTUs), with only a few (4 OTUs) present in all three tissues, 
including the most abundant bacterial taxon OTU0001. 
Interestingly, only three Endozoicomonadaceae OTUs were 
found in seawater.

Overall, tissue-specific Endozoicomonadaceae OTUs showed 
on average lower abundances than those present in all three 
tissue compartments (Figure 4, Supplementary Table S6). The 
gills harbored the greatest variety of Endozoicomonadaceae 
OTUs, 19 of which were exclusively found in this tissue, while 

A B

FIGURE 1 | Reef locations and Tridacna maxima tissue sampling in the Central Red Sea. (A) Map showing sampled reef sites (inshore – Fsar reef, midshore – Al 
Fahal reef, offshore – Shib Nizar reef). (B) Schematic cross section of T. maxima indicating the tissue compartments sampled: Digestive system (orange), gills (gray), 
and mantle (green).
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4 OTUs were exclusively found in the digestive system, and 
4 exclusively in the mantle. When comparing the taxonomic 
relatedness of clam-associated Endozoicomonadaceae OTUs 
with those previously sequenced/cultured, we  found that 

associated Endozoicomonadaceae were related to a broad range, 
previously reported from other environment and host animals. 
Among those were Endozoicomonas ascidiicola [previously 
described in the pharynx of Mediterranean and Scandinavian 

FIGURE 2 | Taxonomy bar plot of bacterial communities associated with T. maxima tissues. Bar plots show averaged relative abundances of the 20 most abundant 
families for the three tissue compartments (digestive system, gills, and mantle) over reef sites (I, inshore; M, midshore; O, offshore) and seawater samples from the 
three reef sites.

A B C

D E

FIGURE 3 | Bacterial community composition of T. maxima tissues and seawater. (A) Distribution of the 9,259 OTUs over tissue types and seawater. 
Compartments sampled are color-coded: Seawater (blue), overall clam samples (red) with digestive system (orange), gills (gray) and mantle (green). (B–E) Alpha 
diversity estimates of clam tissues and seawater with (B) Chao1 richness (C) Simpson’s diversity index. (D) Pielou’s evenness. (E) Faith’s phylogenetic distance. 
Letters denote statistical significance (p < 0.05) evaluated using Kruskal-Wallis test and Wilcoxon pairwise comparisons.
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ascidians (Schreiber et  al., 2016)], Endozoicomonas euniceicola 
[reported from octocorals Eunicea fusca and Plexaura spp. 
(Pike et  al., 2013)], and Endozoicomonas acroporae [sequenced 
from whole body homogenate samples of Acropora spp. (Sheu 
et  al., 2017)] (Supplementary Table S1). We  observed greatest 
phylogenetic distances between the highest abundant OTUs 
(i.e., between OTU0001, OTU0101, OTU0083, OTU0506, 
OTU0562). The majority of tissue-specific Endozoicomonadaceae 
were associated with the gills.

Predictive Functional Profiling of 
Associated Bacteria
We predicted functional profiles from the bacterial diversity 
data using PICRUSt to test whether differences in bacterial 
diversity between tissues may translate into putative functional 
differences. Average NSTI scores were found to be in an acceptable 
range for metagenomic predictions (mean NSTI digestive 
system  =  0.102, gills  =  0.11, mantle  =  0.08; Supplementary 
Figure S2) (Langille et  al., 2013; Mizrahi-Man et  al., 2013). 
We considered only processes that displayed significant differences 
between the three investigated tissues and the surrounding 
seawater. To do this, we  used LEfSE, considering a set of 249 
KEGG modules in the reference pathway “Microbial metabolism 
in diverse environments” (map01120), with an effect size higher 
than 2, which produced 25 modules for further consideration 

(Supplementary Figure S3, Supplementary Table S7). Among 
these 25 modules, 4 processes were related to nitrogen (N) 
cycling pathways (Figure 5). Arguably, those are particularly 
important in oligotrophic oceans, which is why we  assessed 
the contribution of underlying taxa to N cycling pathways (i.e., 
denitrification, nitrogen fixation, dissimilatory nitrate reduction, 
and assimilatory nitrate reduction), which identified bacteria  
in the family Endozoicomonadaceae as a main contributor,  
in particular in the gills and the digestive system (Figure 5, 
Supplementary Table S8).

DISCUSSION

Bacterial communities of T. maxima were highly consistent 
and associated bacterial families were highly similar between 
replicates for tissue compartments across sampling locations 
in our study. This is in contrast to studies on other bivalves, 
such as oysters, that reported high variations between 
specimens (e.g. King et  al., 2012; Lokmer et  al., 2016; Pierce 
and Ward, 2018), and scleractinian corals from the same 
region (Central Red Sea), which show pronounced differences 
in bacterial community composition across locations (Roder 
et  al., 2015). In contrast, the bacterial microbiome of the 
giant clam T. maxima is highly consistent across the cross-
shelf gradient sampled.

FIGURE 4 | Phylogenetic relationship among Endozoicomonadaceae OTUs from the giant clam T. maxima. Maximum-likelihood phylogenetic tree of T. maxima-
associated Endozoicomonadaceae OTUs and reference Endozoicomonadaceae strains from other marine invertebrates. Color-coded dots denotate the tissue in 
which each OTU was present. Relative abundances of OTUs are visualized by dot size, reaching from >10% (big dots) to <1 × 10−2% (smallest dots). The scale bar 
corresponds to the estimated number of nucleotide changes per branch length.
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T. maxima tissue has a much higher bacterial richness, by 
almost one order of magnitude, than the surrounding seawater 
samples (8,118 OTUs in T. maxima vs. 1,311 OTUs in seawater, 
respectively). Substantial differences between the bacterial 
community of the surrounding seawater and bivalve hosts 
(e.g., Crassostrea gigas and Mytilus galloprovincialis) were 
previously reported (Lokmer et al., 2016; Vezzulli et al., 2018). 
However, observations vary, from cases of higher diversities 
in the bivalve associated bacterial communities (Vezzulli et al., 
2018) to higher species richness in seawater samples (Lokmer 
et  al., 2016). Moreover, T. maxima displays a remarkably rich 
bacterial community, exceeding richness reported on coral 
species from the Central Red Sea by 4- to 30- fold when 
comparing 8,118 OTUs reported here in T. maxima to ~300 
OTUs in Stylophora pistillata (Bayer et  al., 2013) to ~2,000 
OTUs in Pocillopora verrucosa (Pogoreutz et  al., 2018). One 
component of the high bacterial species richness in T. maxima 

may come from the strong specialization and differentiation 
among the three sampled tissue compartments, suggesting that 
microbes in these tissues are highly selected and functionally 
distinct. So far, bacteria associated with bivalves were reported 
to be  utilized as a food source (Harris, 1993), to assist the 
digestion of food (Prieur et  al., 1990), or even supply the 
host with vitamins and amino acids (Newton et  al., 2008). 
They may also protect their bivalve host from other, potentially 
harmful bacterial groups by either preventing the settlement 
of these putative pathogens by growing in high densities 
(Pujalte et  al., 1999) or by producing antimicrobial agents 
(Castro et  al., 2002).

Our results show that the digestive system has the lowest 
microbial richness among all three compartments. This is 
somewhat surprising as the digestive system, given its respective 
function, may be expected to comprise bacteria from ingested 
food. In general, microbes, located in the digestive system, 

A C

B D

FIGURE 5 | Predicted microbiome functional features of nitrogen cycling related processes across tissues of the giant clam T. maxima and seawater. Shown 
are (A) denitrification, (B) nitrogen fixation, as well as (C) dissimilatory and (D) assimilatory nitrate reduction. Tissue compartments are color-coded (orange- 
digestive system, gray – gills, green – mantle tissues of T. maxima, blue - seawater). Percentages shown denote the relative contribution of 
Endozoicomonadaceae OTUs.
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encounter a comparatively extreme environment (i.e., low pH) 
(Pierce and Ward, 2018), which may result in specialization 
of bacteria associated to this compartment, although 
phylogenetic diversity does not necessarily correlate with 
functional diversity (Burke et  al., 2011). Among all three 
tissue compartments, the mantle of T. maxima displayed not 
only the most diverse bacterial community, showing a high 
evenness, but also the highest species richness and phylogenetic 
distance. This potentially high specificity of bacteria associated 
with the mantle is reflected by the fact that this tissue only 
shares very few OTUs with seawater, although mantle tissues 
are directly exposed to the surrounding water column. These 
results confirm that a separate assessment of bacterial 
communities associated with different compartments in bivalves 
supports a better overall understanding of bacterial distributions 
in animal hosts (Pollock et  al., 2018).

Tissue-associated T. maxima bacterial communities harbor  
a number of bacterial families, including Pasteurellaceae, 
Alteromonadaceae, Comamonadaceae, and Endozoicomonadaceae. 
Among these families especially the high abundance of bacteria 
in the family Endozoicomonadaceae, including the most abundant 
OTU (OTU0001), is striking. This family was found in all three 
giant clam compartments, with particularly high abundances in 
the gill tissues. Endozoicomonadaceae have previously been reported 
from a number of marine organisms (Neave et  al., 2017a), from 
simple invertebrates, like sponges (Bartz et  al., 2018) and corals 
(Bayer et  al., 2013; Neave et  al., 2017a; Pogoreutz et  al., 2018) 
to complex vertebrates like fish (Katharios et al., 2015). For marine 
invertebrates, including giant clams, it has been reported that 
the presence of Endozoicomonadaceae-related sequences (referred 
to as Oceanospirillales) correlates with the association with 
photosynthetic symbionts such as Symbiodiniaceae (Bourne et al., 
2013). In line with these findings, we  observed a high number 
of distinct Endozoicomonadaceae taxa in T. maxima. However, 
unlike to the previously reported phylogenetic pattern, in which 
the association with Endozoicomonadaceae correlates with the 
presence of symbionts, highest abundances of this family were 
found within the gill tissues of T. maxima, which are the only 
compartment among the three investigated not harboring 
Symbiodiniaceae. In fact, there is an apparent overall dominance 
of Endozoicomonadaceae in T. maxima, but we  observed also 
distinct differences across tissues. High abundances of 
Endozoicomonadaceae have been previously also reported for 
tissues of other bivalves, such as intestines of the comb pen 
shell Atrina pectinate (Hyun et  al., 2014), the gills of the deep-
water bivalve Acesta excavate (Jensen et  al., 2010), as well as 
both, gills and intestinal content of the blue mussel Mytilus edulis 
(Schill et  al., 2017). For the latter, the authors also reported 
tissue-dependent abundances of Endozoicomonadaceae (sequences 
assessed from gills and intestinal content comprised up to 67.6 
and 37.2%, respectively of one OTU representing this family).

Notably, only 8 out of the total 39 observed 
Endozoicomonadaceae OTUs were present in more than one 
tissue (including the most abundant OTU0001), and the 
majority of Endozoicomonadaceae OTUs were tissue-specific. 
Among all three tissues, the gills of T. maxima harbored the 
greatest number of Endozoicomonadaceae OTUs (19), which 

were exclusively found in this tissue, while only 4 
Endozoicomonadaceae OTUs were each associated with the 
digestive system and mantle tissues. The four most abundant 
Endozoicomonadaceae OTUs harbored by the digestive system 
were also found in the gill tissues, which may suggest that 
they ended up in the digestive system due to accidental 
digestion of bacteria from the gills. However, we  deem this 
to be  unlikely, given that a total of eight Endozoicomonas-
related OTUs found in this study were observed in the digestive 
system but not in the gills, with one of them being OTU242, 
the fifth abundant Endozoicomonas OTU overall.

Some of the observed Endozoicomonadaceae OTUs were 
found to be  related to previously described OTUs. Among 
those were OTU083 (found in digestive, gill, and mantle tissues 
of T. maxima) and OTU0101 (found in digestive and gill tissues 
of T. maxima) to Endozoicomonas ascidiicola (Schreiber et  al., 
2016) and Endozoicomonas euniceicola (Pike et  al., 2013), 
respectively, which have been both previously reported for the 
octocorals Eunicea fusca and Plexaura spp., as well as OTU0975 
(present in mantle tissues of T. maxima) and Endozoicomonas 
acroporae (Sheu et  al., 2017).

Although Endozoicomonadaceae bacteria are globally 
distributed and have been shown to be  often abundantly 
associated with their hosts, their functional role(s) remain(s) 
unknown. Yet, there have been a number of functions proposed 
for this genus, both beneficial and harmful, including nutrient 
acquisition and cycling (Bourne et  al., 2013; Correa et  al., 
2013; Neave et al., 2017a), a contribution to host health (Bayer 
et  al., 2013; Jessen et  al., 2013; Roder et  al., 2015) as well 
as structuring of the host microbiome (Bourne et  al., 2013).

We found overall high abundances of Endozoicomonadaceae 
bacteria across the three T. maxima tissues investigated. In 
particular, the gill tissue showed high diversification in 
associated Endozoicomonadaceae, which are phylogenetically 
related to OTU0001. The gills of giant clams have been 
previously shown to be  responsible for the uptake and 
assimilation of ammonia from the surrounding seawater 
(Rees et  al., 1994; Shepherd et  al., 1999). The ability of 
assimilating exogenous ammonia and recycling nitrogen 
between the giant clam host and their symbionts is assumed 
to be reason for the success of Tridacninae in the oligotrophic 
waters of tropical oceans (Boo et  al., 2017). The strong 
association of Endozoicomonadaceae with giant clam gill 
tissues could therefore be  an indication for the contribution 
of this bacterial group to processes related to nitrogen uptake. 
This hypothesis was further supported by our functional 
attribution analysis, which showed that OTUs associated 
with processes related to nitrogen were prevalent in all 
tissues, but showed particularly high levels in gill tissues. 
Relatively high abundances of Endozoicomonadaceae in the 
gill tissues have been previously also reported for two Red 
Sea oyster species, Chama savignyi (Zurel et  al., 2011) and 
Spondylus spinosus (Roterman et  al., 2015).

Mapping of genes associated with nitrogen-related processes 
to their bacterial taxonomic affiliation revealed the dominance 
of Endozoicomonadaceae. This further correlates with the 
high abundance and distinct Endozoicomonadaceae OTUs 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Rossbach et al. Red Sea Giant Clam Microbiome

Frontiers in Microbiology | www.frontiersin.org 9 November 2019 | Volume 10 | Article 2661

found in the gills of giant clams in our study. Although 
predictive functional profiling should be  considered with 
caution, we  hypothesize that this bacterial family may play 
a role in nitrogen-related processes of giant clam holobionts. 
It should be pointed out that Endozoicomonadaceae 
contributed to dissimilatory nitrate reduction, which refers 
to the anaerobic respiration using nitrate as electron acceptor 
producing ammonium. As such, Endozoicomonadaceae may 
assist their animal hosts in making nitrogen sources in 
nutrient poor environments available that are otherwise 
inaccessible. This hypothesis is  further supported by the 
fact that a previous study (Neave et  al., 2017a), examining 
the genomes of other Endozoicomonadaceae isolated from 
marine invertebrates (E. elysicola (Kurahashi and Yokota, 
2007), E. numazuensis (Nishijima et  al., 2013), and E. 
montiporae from (Yang et  al., 2010) from the sea slug Elysia 
ornate, a sponge, and the coral Montipora aequituberculata, 
respectively), included genes for several forms of nitrate 
reductases, which would allow the conversion of nitrate to 
nitrite, and further the conversion of nitrite to ammonia. 
Neave et  al. (2017a) further reported that the examined 
Endozoicomonas genomes all contained pathways for the 
assimilation of ammonia through the synthesis of glutamine 
and glutamate. However, this exciting hypothesis on the 
important putative function of Endozoicomonas awaits further 
experimental confirmation.
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