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ABSTRACT 

Relationships between a branch-forming crustose coralline alga, associated small motile 

invertebrates, and water flow  

by 

Jess S. Glanz 

Master of Science in Biology 

 Coral reefs are among the most diverse and threatened marine ecosystems. The ability of 

primary producers, such as coral and macroalgae, to create and modify habitat is key to 

promoting species coexistence and ecosystem functioning, even amid disturbances. Crustose 

coralline algae (CCA) are important bioengineers, offering protection from physical forces and 

predation, and are susceptible to local and global stressors, such as pollution and climate change. 

Yet, assemblages associated with CCA have received little attention in coral reef ecosystems. 

Lithophyllum kotschyanum is an abundant, structurally complex species of CCA in the shallow 

subtidal on the north shore of Moorea, French Polynesia. In the austral winter of 2019, I 

quantified Lithophyllum-associated assemblages collected from three sites in both high and low 

water flow environments. A model selection framework was used to rank the relative importance 

of three drivers on assemblage composition: algal host morphology (interstitial volume, branch 

density, and thallus rugosity), algal mortality, and water flow. Assemblages were dominated by 

habitat-generalist cryptofaunal taxa and comprised up to 78 individuals and 14 different taxa per 

algal host. Patterns in assemblage organization were best explained by algal morphology. Algal 

morphology varied within low- and high- flow environments and correlated with assemblage 

patterns that were specific to the body sizes of associated cryptofauna. Medium- and large- 

bodied crustaceans were more abundant as interstitial volume increased between algal branches, 
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while numbers of small-bodied crustaceans and echinoderms, capable of conforming to algal 

interstices, increased with algal branch density and rugosity. This study demonstrates how 

changes in CCA structural features could have implications on the taxonomic and size 

composition of cryptofauna assemblages.  

 In addition to providing physical structure, biogenic hosts, like CCA, modify the 

chemical environment directly above their surfaces in a thin, laminar zone called the diffusive 

boundary layer (DBL). The chemistry and thickness of the DBL is essential to host metabolism 

but the role of associated cryptofaunal invertebrates in its development remains poorly 

understood. In Oct-Nov 2020, I investigated the interactive effects of cryptofaunal presence and 

water flow rate, a known determinant of DBL thickness and chemistry, on the DBL surrounding 

L. kotschyanum. Oxygen and pH profiles were measured on algal branches and interstitial spaces 

under three flow speeds, dark and light, and with and without associated cryptofauna. DBL 

thickness, oxygen concentrations and pH at the algal surface, and oxygen flux were compared 

across flow speed and cryptofaunal assemblage presence. Effects of cryptofaunal presence were 

limited to interstitial spaces in the light condition and depended on flow speed. With cryptofauna 

present, the DBL was thinner and surface pH was closer to ambient pH, but only in zero flow. 

Cryptofauna remained within the refuge of algal interstitial spaces in the light where, in zero 

flow, DBL thicknesses were greater than the mean maximum lengths of the most abundant taxa. 

Cryptofauna additionally increased oxygen flux (net photosynthesis) in interstitial spaces but this 

was specific to high assemblage biomass and high algal branch density. This effect on algal 

photosynthesis illustrates a previously unknown mutualism where invertebrates gain shelter 

while facilitating the productivity of more structurally complex hosts through the modulation of 

the algal diffusive boundary layer. Collectively, these findings highlight that CCA habitat is 
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important to the coexistence of cryptofauna across low- and high- flow environments but 

whether these relationships benefit CCA hosts is context-dependent. Outcomes were based on 

the flow environment, cryptofaunal biomass, and CCA structural complexity. The maintenance 

of these two groups, CCA and cryptofauna, are important to coral reef biodiversity and 

ecosystem functioning and these studies offer insight into the relationships between them. 
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CHAPTER I 

General Introduction 

 Coral reefs cover nearly 0.1% of the Earth’s surface and comprise higher 

biodiversity than any other marine ecosystem (Moberg & Folke 1999). Many human 

populations depend on coral reef framework to buffer storm damage, and on coral reef 

diversity as a source of essential protein, ecotourism, and material for medical and 

pharmaceutical use (Moberg & Folke 1999, Woodhead et al. 2019). However, coral reefs 

are subjected to local and global stressors, such as overexploitation, nutrient run-off, and 

climate change (Bellwood et al. 2004, França et al. 2020). Reef communities constantly 

respond to environmental changes and species diversity can increase their capacity to 

recover from or maintain ecosystem functioning amid a disturbance (Hooper et al. 2005, 

Benkwitt et al. 2020).  

 Cryptofauna, the smaller (typically < 1 cm, Klumpp et al. 1988) organisms 

occupying the interstices of reef substratum, represent > 90% of known coral reef species  

and are functionally important (Reaka-Kudla 1997, Enochs et al. 2011, Leray et al. 2012, 

Counsell et al. 2018). These include peracarid and decapod crustaceans, echinoderms, 

molluscs, and polychaete and sipunculid worms. Cryptofaunal assemblages are often 

trophically diverse, serving as nutrient regenerators and links from primary producers and 

smaller prey, such as plankton, detritus, and cyanobacteria, to larger invertebrate and fish 

consumers (Edgar and Moore 1986, Klumpp et al. 1988, Glynn and Enochs 2011, Stella 

et al. 2011a). Small herbivorous crustaceans, in particular, can control algal community 

structure and collectively shape vital benthic communities, including coral reefs 

(Carpenter 1997, Glynn and Enochs 2011, Stella et al. 2011a).  
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Habitat-forming species as hosts for cryptofaunal invertebrates 

 Many cryptofaunal taxa live closely associated with ecosystem engineers, such as 

corals and macroalgae. The physical structure of engineers offers refuge from biotic 

(competition, predation) and environmental (irradiance, water movement) pressures as 

well as substratum for algal epiphytes, a potential food source (Edgar and Moore 1986, 

Bruno and Bertness 2001). The size and complexity of biogenic habitat are often 

positively correlated with available microhabitat and associated densities (McCoy and 

Bell 1991, Steller et al. 2003, Counsell et al. 2018). Greater structural complexity can 

result from adaptations to stronger water flow, such as increased structural element 

density (e.g., branches or blades per area) or altered surface texture (e.g., deeper, 

narrower grooves) (Steneck and Adey 1976, Koehl and Alberte 1988, Todd 2008). Such 

morphologies favor higher abundances of cryptofauna (Hacker and Steneck 1990, Gee 

and Warwick 1994, Taniguchi and Tokeshi 2004).  

 Biogenic engineers also modify the local chemical environment through 

metabolic processes. As a fluid flows across an organism’s surface, a thin, laminar zone 

develops called the diffusive boundary layer (DBL) (Denny 2016). The thickness of this 

layer and transport of chemical compounds across it are strongly related to flow velocity 

(Hurd 2000, Raven and Hurd 2012, Denny 2016). Under weak currents or when biogenic 

structure effectively creates water-flow refugia, thicker DBLs are formed, gas and 

nutrient exchange is dominated by molecular diffusion rather than turbulence, and the 

chemical properties of the microhabitat are dictated by the release and uptake of 

dissolved substances (Williams and Carpenter 1998, Hurd 2000, Mass et al. 2010, 



 3 

Cornwall et al. 2013). For example, the uptake of dissolved inorganic carbon and release 

of oxygen by photosynthesis increases DBL pH and oxygen concentrations relative to the 

surrounding seawater during the day (Kühl et al. 1995, De Beer and Larkum 2001). With 

the ongoing rise in atmospheric CO2 and concurrent increase in storm intensity and ocean 

acidification, reliance on the physical and chemical refugia provided by engineers and 

their importance to biodiversity may increase (Cornwall et al. 2014, Hurd 2015, Hanley 

et al. 2020).  

The impact of cryptofaunal invertebrates on biogenic hosts 

 On reefs globally, cryptofaunal invertebrates can facilitate primary productivity 

and enhance habitat quality by removing epiphytic algae and biofilms (made up of 

microalgae, detritus, and bacteria) from primary producer host surfaces and delivering 

nutrients to hosts through excretion (Steneck 1982, Kaspar 1992, Bulleri 2006, Hughes et 

al. 2013, Allgeier et al 2017). On coral reefs in particular, crustacean grazers, such as 

amphipods and Mithrax crabs, prevent algal and coral hosts from being overgrown by 

algal epiphytes which can otherwise compete with hosts for resources such as light and 

nutrients, and exacerbate hypoxic conditions in the DBL at night (Brawley & Adey 1981, 

Coen 1988, Stachowicz & Hay 1996, Wangpraseurt et al. 2012). In high-intertidal pools 

on temperate coasts, nutrient excretion from invertebrate assemblages are utilized by and 

meet the nitrogen demands of habitat-forming algae (Bracken et al. 2007). Ammonium 

excretion on tropical reefs can increase coral growth and macroalgal abundance, although 

this work has focused primarily on inputs from fish (Holbrook et al. 2008, Allgeier et al 

2017). Both grazing intensity and nutrient excretion loads typically increase with the 

number or biomass of associated taxa (invertebrates or fish) (Brawley & Adey 1981, 
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Steneck 1982, Littler et al. 1995, Bracken et al. 2007, Holbrook et al. 2008, Allgeier et al. 

2017).  

 Associated small-bodied, motile invertebrate taxa may also be important to DBL 

thickness and chemistry, yet studies accounting for their presence and activity in its 

formation are lacking. The fin-flicking of coral- or anemone- dwelling fishes notably 

aerates the host DBL, alleviating the accumulation of low and high oxygen near host 

surfaces at night and during the day. In contrast, the colonization of algal surfaces by 

sessile invertebrates adds texture to and thickens the DBL around algal hosts (Goldshmid 

et al. 2004, Garcia-Herrera et al. 2017, Noisette and Hurd 2018). These confer benefits to 

hosts under specific environmental conditions, such as areas protected from water flow 

where thick DBLs develop and reduce mass transfer or areas exposed to low seawater pH 

via upwelled waters, freshwater inputs, or as predicted for future reefs under climate 

change, where the DBL acts as a chemical refuge, respectively. Since the movement of 

invertebrate appendages, e.g., crustacean legs or echinoderm arms, contrasts with the 

fanning motion of fish fins, the contributions of invertebrate taxa to the DBL may not be 

similar to those of fish. In addition, invertebrate contributions are likely contingent on the 

time of day, with many cryptofauna remaining within microhabitat during the day and 

leaving microhabitat at night to avoid predators while foraging (Carpenter 1997). The 

outcomes of these relationships (i.e., mutualistic, commensal, or parasitic) are important 

to the success of both host and associated organisms (Leung & Poulin 2008, Blackall et 

al. 2015) but can be complex and depend on the physical environment (Bronstein 1994).  
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Water flow 

 The physical environment, as mediated by water flow and wave exposure, can 

modulate associated assemblage abundance and their relationships with biogenic habitat. 

Species distributions and population connectivity in marine ecosystems often rely on 

hydrodynamic forces. The extent larvae are transported depends on horizontal currents, 

whereas turbulence and resultant mixing can enhance or delay settlement on the benthos 

(Denny and Shibata 1989, Abelson and Denny 1997, Denny and Gaylord 2010). 

Therefore, reefs sheltered from strong water flow and currents are expected to retain 

more larvae and higher organism abundances (Brown et al. 2016). In addition, the 

mechanical properties and sizes of organisms are important in their ability to withstand 

water flow (Depczynski and Bellwood 2005, Madin and Connolly 2006). Invertebrate 

phyla have distinct mechanical properties to grip or adhere to the substratum to resist 

dislodgement by high water flow, including molluscs’ mucus-secreting feet and 

crustaceans’ grasping pedestrian appendages (Denny 2016). Whether animals become 

dislodged depends on their tenacity or grip on the substratum, proportion of body surface 

area in contact with the substratum, and body mass. Lau and Martinez (2003) found that 

crabs standing upright or moving had weaker tenacity than those crouched against the 

substratum surface. Consequently, organisms may limit their mobility when exposed to 

elevated water flow.  

 Increases in hydrodynamic forces can also lessen the magnitude of or shift the 

outcomes of these relationships. Water movement plays a strong role in the supply and 

removal of metabolic compounds to and from organism surfaces. Increased exchange 

with the surrounding environment, with high tide or increased turbulence, thus weakens 
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biological influence on the local seawater (Bjork et al. 2004, Holbrook et al. 2008). Chase 

et al. (2014) observed shifts from mutualism to parasitism between coral and associated 

fish with stronger water currents, possibly due to higher rates of coral abrasion by fish 

unable to maintain stable positions within coral branches. If the effects of invertebrates 

on their biogenic host are dependent on invertebrate biomass, movement, or metabolism, 

these effects will likely be inconsistent between reef habitats and possibly greater in 

magnitude in sheltered environments than those exposed to high water flow. 

 

Crustose coralline algae 

 On tropical reefs, crustose coralline algae (CCA), although less conspicuous than 

the coral habitat engineers, are widespread and form crusts with or without fruticose or 

lumpy/warty protuberances (Schubert et al. 2020). By secreting calcium carbonate 

skeletons, they help construct and cement reef framework and substrata as well as play 

important roles in the global carbon cycle (Nelson 2009, Littler and Littler 2013, Weiss 

and Martindale 2017). Their surfaces and associated bacterial films facilitate the 

settlement of many benthic invertebrates, including corals (Nelson 2009, Littler and 

Littler 2013). The rigidity of CCA structure and three-dimensionality of complex CCA 

species protect organisms from wave action and predation. Studies from temperate 

marine environments document diverse and abundant assemblages of small motile 

invertebrates associating with CCA and rhodoliths (free-living, structurally-complex 

coralline algae), while studies from tropical areas have given more attention to their 

relationships with corals (Chenelot et al. 2011, Steller et al. 2003, Stella et al. 2011a, 

Counsell et al. 2018, Gabara et al. 2018, Pisapia et al. 2020).   
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 However, CCA are slow-growing (0.3–8 mm year-1) and incorporate a highly 

soluble form of calcium carbonate, called high-magnesium calcite, into their skeletons 

which may increase their sensitivity to local and global stressors such as pollution and 

climate change, respectively (Caragnano et al. 2016). Reduced productivity and 

calcification have been observed in response to increased nutrient and sediment run-off 

and pathogens (Litter and Littler 1997, McCoy and Kamenos 2014). Losses in the cover 

and structural complexity of coralline algae are expected in temperate and tropical marine 

habitats with ocean acidification, an effect of climate change (Kuffner et al. 2008, 

Fabricius et al. 2015, Marchini et al. 2019). Such decreases in or erosion of coralline 

habitat can consequently shift coralline-associated invertebrate assemblage abundance 

and composition (Fabricius et al. 2014, Gabara et al. 2018, Marchini et al. 2019).  

 

The role of cryptofauna to CCA hosts 

 Herbivorous invertebrates play a crucial role in CCA growth and survival. Since 

the calcified structure of CCA is unpalatable to most herbivores, grazers living in close 

association with CCA preferentially feed on algal epiphytes and prevent the overgrowth 

of CCA hosts (Steneck 1982, Steneck 1986, Stachowicz and Hay 1992). Although, Littler 

et al. (1995) found CCA-dwelling chitons grazing directly on host CCA facilitated 

meristematic growth. Nonetheless, the impact of cryptofauna on CCA performance may 

extend beyond trophic interactions. 

 Boundary layers are important to the chemical conditions that both biogenic hosts 

and associated small organisms experience. Yet, the role of cryptofauna is rarely 

considered in the formation of the DBL around coral or macroalgal hosts. By excreting 
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nutrients and CO2 as well as taking up oxygen, their metabolism could influence DBL 

chemistry, while their movement around the algal thallus could disturb the DBL and 

enhance compound exchange across it. Cryptofaunal presence could thus have important 

implications on the availability of compounds, such as gases and nutrients, needed for 

CCA metabolism.  

 

Thesis Objectives 

 Bioengineers, like crustose coralline algae, are important to maintaining 

biodiversity and ameliorating less favorable environmental conditions on reefs globally 

(Schubert et al. 2020). However, the contribution of CCA to cryptofaunal assemblages on 

coral reefs is not well known. In Moorea, French Polynesia, the branch-forming crustose 

coralline alga, Lithophyllum kotschyanum, is abundant in both high- and low- flow reefs. 

This makes it an ideal candidate to explore the relationships between the effects of 

coralline algal traits and water flow on associated cryptofauna as well as the influence of 

cryptofauna and water flow on coralline algal diffusive boundary layers. Understanding 

these relationships can lend insight into the role of CCA and the outcomes of this 

association across low- and high- flow coral reef habitats.  

To this end, two research questions were addressed: 

1. Which cryptofaunal taxa associate with coralline algal habitat and how does 

the flow environment, algal morphology, and algal partial mortality affect 

associated assemblages? (Chapter 2) To address this question, L. kotschyanum 

thalli were collected from high-flow back reefs and low-flow fringing reefs and 

cryptofauna were extracted, identified, and sorted into functional groups by mean 
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maximum body size and Phyla. The volume between branches, rugosity, branch 

density, and partial mortality of each thallus was measured to understand how the 

physical and biological value of coralline habitat affects the functional 

composition of cryptofauna. It was predicted that thalli from high flow would 

have higher branch densities and lower interstitial volume than those from low 

flow. Algal morphology was expected to best explain patterns in cryptofaunal 

functional group abundances and these patterns would correlate with the 

differences in abundances between high- and low- flow environments. 

Additionally, relationships between cryptofauna and algal morphology would 

depend on body size, with higher numbers of small individuals occupying 

densely-branched thalli and large individuals limited to thalli with more 

interstitial volume. Because dead tissue can be colonized by diverse microbial 

communities, abundances of small-bodied taxa who benefit from this food source 

were predicted to be higher on thalli with greater algal partial mortality. 

2. Do associated motile cryptofauna affect pH and oxygen concentrations in 

coralline algal diffusive boundary layers and do these effects vary with water 

flow speed? (Chapter 3) To address this question, pH and oxygen concentrations 

were measured above algal branches and interstitial spaces under three flow 

speeds, dark and light conditions, and in the presence and absence of cryptofaunal 

assemblages using a recirculating, unidirectional flume. DBL thickness, oxygen 

concentrations and pH at the algal surface, and oxygen flux rates were compared 

across flow speeds and cryptofaunal presence. It was predicted that water flow, 

due to increased bulk seawater velocity or faunal movement, would thin the DBL 
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around L. kotschyanum and facilitate compound exchange across it, resulting in 

DBL chemistry that more closely resembles that of the surrounding seawater. 

Therefore, the effect of cryptofauna was expected to be greater in zero or slow 

flow speeds and at night when their movement is less restricted. 
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CHAPTER II 

Motile cryptofauna associated with the tropical, branch-forming crustose coralline 

alga, Lithophyllum kotschyanum 

Introduction 

Coral reefs are among the most biodiverse and threatened marine ecosystems 

(Bellwood et al. 2004). Although scleractinian corals are the dominant structural 

framework builder, other habitat-forming species may facilitate species coexistence and 

the maintenance of multiple levels of diversity (Angelini et al. 2011). This can ultimately 

promote ecosystem functioning and resilience to anthropogenic disturbances (Hooper et 

al. 2005, Benkwitt et al. 2020). The majority and a critical component of coral reef 

diversity is attributed to cryptofauna, the smaller organisms (< 1 cm) living within the 

interstitial spaces of the reef (Klumpp et al. 1988, Reaka-Kudla 1997, Stella et al. 2011a). 

Cryptofaunal taxa are functionally important to nutrient cycling and as a link between 

small prey (including detritus and microalgae) and larger fish and invertebrate consumers 

(Stella et al. 2011a, Moura et al. 2021). Studies of these communities, however, have 

historically focused on their relationships with the conspicuous coral habitat engineers. 

On tropical reefs, crustose coralline algae (CCA) are common and serve 

ecologically important roles (Schubert et al. 2020). CCA secrete calcium carbonate 

skeletons and are morphologically diverse, growing as crusts with or without fruticose or 

lumpy/warty protuberances. They are crucial to the construction and stabilization of reef 

framework, protecting organisms from wave action, the settlement of benthic taxa 

(including corals), and supporting local diversity (Littler and Littler 2013, Weiss and 

Martindale 2017, Schubert et al. 2020). However, studies on physiological responses of 
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CCA to environmental changes document reduced productivity and calcification with 

increased nutrient and sediment run-off and climate change conditions (namely warming 

and ocean acidification) (McCoy and Kamenos 2014). Given the vulnerability of CCA to 

local and global stressors, it is important to understand the assemblages associating with 

them across coral reef habitats.  

Here, I describe the cryptofaunal assemblages associated with a branch-forming 

CCA species, Lithophyllum kotschyanum, and examine potential host-specific and 

environmental drivers of cryptofaunal assemblage structure. The complex architecture of 

L. kotschyanum offers cryptofauna refuge from physical (e.g., hydrodynamic forces) and 

biological (e.g., competition and predation) stress (Bruno and Bertness 2001)  in the 

shallow subtidal of tropical reefs. The physical characteristics of biogenic habitats are 

key determinants for the taxa and number of individuals associating with them. In 

particular, indices of complexity often are positively associated with microhabitat 

availability, greater protection from physical stress, and higher associated densities (Dean 

and Connell 1987, Steller et al. 2003). Such indices include the number of structural 

elements, such as branches, per planar area and the size and shape of structural elements 

per planar area (hereafter referred to as “complexity” and “rugosity”, respectively) 

(McCoy and Bell 1991). Host or habitat size also can be a strong correlate with 

assemblage abundance and richness (Dean and Connell 1987, McCoy and Bell 1991, 

Knowlton 2001). This is important at organismal (colony/thallus diameter or frond 

length) and microhabitat (interstitial space size) levels, with larger hosts providing more 

substratum and habitat than smaller counterparts and with space among branches being 

analogous to available living space (Steller et al. 2003, Leray et al. 2012). However, the 
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perception of host structure by associated taxa may depend on their individual body sizes. 

For example, increases in complexity can increase microhabitat and niche availability, 

but also reduce interstitial space size. This effectively restricts the movement and 

behavior of larger taxa, especially among calcified, inflexible CCA structures (Kelaher 

2003), while promoting the abundance of smaller taxa capable of occupying the 

interstitial spaces (Gee and Warwick 1994). Thus, changes in host complexity, 

heterogeneity, and size may not scale with the entire assemblage. Instead, variation in 

each host trait may influence assemblage composition differently. 

Host partial mortality may also be an important driver of cryptofaunal 

assemblages. Many studies, although restricted to coral and fleshy macroalgal hosts, 

suggest host mortality or bleaching lead to shifts in associated invertebrate assemblage 

composition. These studies found that colonies and thalli with less live tissue mass 

harbored significantly different assemblages with higher invertebrate richness. For corals, 

this was associated with more generalist invertebrate taxa utilizing dead coral structure 

(Coles 1980, Stella et al. 2011b, Leray et al. 2012, Nelson et al. 2016). Olafsson et al. 

(2013) suggested that decaying fleshy algae may gain more taxa as they detach from the 

substratum and drift near other benthic habitats or become colonized with diverse 

microbial communities that serve as additional food resources. However, CCA are not 

known to host large numbers of obligate species that depend on its nutritional value like 

coral does, and CCA thallus structure is more likely to remain attached to the substratum 

than fleshy algae are post-mortality. Therefore, responses of associated taxa to dead or 

bleached CCA structure may not follow similar patterns. 
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The surrounding physical environment, such as water flow, can also shape 

assemblage patterns. Species distributions commonly depend on the dispersal and 

settlement capabilities of the taxa in the assemblage, which are enhanced by water 

movement and wave action (Abelson and Denny 1997), and their ability to withstand 

physical disturbance and hydrodynamic forces (Madin and Connolly 2006, Burrows 

2012). Assemblage patterns may further reflect indirect effects of water flow. Like many 

primary producers, CCA can exhibit plastic morphological responses to the flow 

environment in order to reduce drag, decrease the probability of dislodgment, and 

increase mass transport (Steneck and Adey 1976, Koehl and Alberte 1988, Todd 2008). 

Exposure to greater flow velocities often results in increased projection and/or branch 

densities, thereby increasing physical complexity (Steneck and Adey 1976, Steller and 

Foster 1995, Kelaher 2003, Asaeda et al. 2005). Furthermore, algal host bleaching and 

mortality may be disproportionately higher in low-flow areas where water residence 

times are greater and thus time exposed to stressors is increased also. 

In this study, I collected L. kotschyanum thalli from high-flow back reefs and low-

flow fringing reefs on the north shore of Moorea, French Polynesia, to quantify 

associated assemblages. I used algal morphology and partial mortality measurements to 

understand the contribution of these factors and the flow environment to assemblage 

composition. Because algal morphology and mortality may covary with water flow, I 

expected that: 1) complexity, measured as branch density, and thallus rugosity would be 

higher in high-flow sites, 2) available living space would negatively correlate with branch 

density and thus be greater in low-flow areas, and 3) thalli from low-flow areas would 

have higher levels of partial mortality. A model selection framework was applied to rank 
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the drivers of functional assemblage composition (flow, algal morphology and partial 

mortality). Taxa were sorted into functional groups according to their Phylum and mean 

maximum body size. I hypothesized that cryptofaunal abundances would respond most 

strongly to algal morphology and that these responses would be relative to body size. In 

addition, I predicted that assemblage patterns between high- and low-flow environments 

would correlate with algal morphology. Understanding the importance of traits specific to 

L. kotschyanum and the environment it occupies can lend insight into its role as a source 

of diversity on coral reefs. 

 

Materials and Methods 

Study Area 

 Moorea is a high island in French Polynesia surrounded by a barrier reef. Water 

flow through its coral reef-lagoon system is driven by waves breaking at the reef crest. 

This induces faster flushing times and higher water velocities in the back reef than in the 

fringing reef (Hench et al. 2008). L. kotschyanum thalli were collected from three back 

reef sites and three fringing reef sites to take advantage of natural variation in the flow 

environment and test whether algal traits and assemblage composition differed between 

them (Fig. 1).  

Sample Collection 

From June to July 2019, whole thalli (n= 52) were haphazardly collected from 1-

2-m depth on the north shore of Moorea (Fig. 1). Because whole thallus size and 

epiphytic cover (including filamentous turf, fleshy macroalgae, and sessile invertebrates 

such as sponges) can alter the amount of shelter offered to associated motile taxa, 
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collected thalli were similar in size (~8.5-cm-wide) and with relative amounts of 

epiphytic cover. Each thallus was first enclosed in a plastic bag and then removed from 

the substratum using a hammer and chisel. The collected thalli were kept in separate 

containers with natural seawater during transport to the Richard B. Gump South Pacific 

Research Station.  

All thalli were rinsed with freshwater to remove motile fauna (0.5 mm < x < 20 

mm). A preliminary study conducted in May 2019 determined that thalli placed in 

freshwater for 10 minutes effectively removed ~90% of motile invertebrates (> 0.5 mm) 

relative to a clove oil extraction for the same amount of time. After rinsing with 

freshwater, thalli were set aside for host-specific measurements and the remaining water 

was sieved through 150-µm mesh. Fauna were transferred to vials and stored in seawater 

at 4 °C until identified and enumerated, within 24 h of collection. All specimens were 

identified under a dissecting microscope using available taxonomic guides 

(biocode.berkeley.edu). A few taxa could not be resolved past Order and thus these 

individuals were grouped as Tanaidacea and Amphipoda. Similarly, Polychaeta was used 

to describe five recurring phenotypes of segmented worms. Because habitat selection can 

depend on body size and flow tolerance, individuals were grouped according to their 

mean maximum size and phylum. Size was measured as maximum shell/body length or 

oral disk/test/carapace width from photographs of each assemblage in ImageJ and 

averaged across six individuals per taxa from each flow environment. For rarer taxa with 

less than six individuals, means are based on the measurements of all individuals. Each 

phylum has a distinct mechanism to resist hydrodynamic forces by gripping or adhering 



 17 

to the substratum, e.g., crustaceans have pedestrian appendages, echinoderms- tube feet, 

mollusks- mucus-secreting feet, annelids- parapodia and/or chaetae, and fish- fins.  

Host-Specific Measurements 

On each Lithophyllum thallus, branch density, a proxy for habitat complexity, was 

quantified for 8 haphazardly placed 1-cm2 quadrats on the thallus. Thallus rugosity was 

derived from thallus surface area (using the dye-dipping method, Stewart and Carpenter 

2003) and planar area (measured in ImageJ). To obtain the amount of available living 

space between branches (aka interstitial volume), the difference in the displacement of a 

known volume of water before and after covering the interstitial spaces of each thallus 

was quantified. All gaps between branches were filled with a pre-mixed 2:1 ratio of 

plaster of Paris and freshwater and left to dry for 24 h before remeasuring volume 

displacement. Width (interstitial space) and penetration depth between branches and 

branch diameter additionally were measured in the same 8 locations as branch density to 

test for associations with the branch density, rugosity, and interstitial volume offered by 

each thallus. CCA structure was considered dead where rhodophyte photosynthetic 

pigments were absent, appearing bleached or white/green from the chlorophyll of 

endolithic algae. The proportion of the planar area of dead thallus to total thallus planar 

area was measured in ImageJ to quantify algal partial mortality. While collected thalli 

spanned existing levels of partial mortality, entirely dead thalli often are overgrown with 

sessile flora or fauna and were not included in this study. 

Statistical Analysis 

All analyses were performed using R statistical software (R Core Team 2019).  

Separate general linear models were used to test the relationships between within-thallus 
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(width and penetration depth between branches and branch diameter) and whole-thallus 

features (interstitial volume, rugosity, and branch density) and partial standardized 

regression coefficients were calculated for each within-thallus factor (QuantPsyc 

package). The collinearity between within-thallus features was estimated with variance 

inflation factors (VIF; all VIF values were < 2, indicating no strong correlation between 

predictors; mctest package). Data normality and homogeneity of variances were checked 

with diagnostic plots (car package). Two-sample t-tests assessed whether whole-thallus 

features differed between low- and high- flow environments. 

To understand the relative roles of flow, algal partial mortality and morphology 

on associated assemblage composition, a model selection framework was used. Each 

model was ranked according to Akaike Information Criterion (AIC) values. The model 

with the lowest AIC (∆AIC=0) value determined the best-fit model relative to the 

remaining models and those within four units of the lowest AIC (∆AIC <4) are not 

statistically different from each other (Anderson 2008). I applied this method in order to 

rank known predictors of cryptofaunal assemblage composition.  

The relationships of these predictors, flow, algal mortality and algal morphology, 

to assemblage composition were compared by ranking multivariate generalized linear 

models fitted with the “manyglm” function (mvabund package, Wang et al. 2019) 

according to their AIC value. Functional group abundances were modelled against flow, 

algal partial mortality, and the three whole-thallus morphometrics (volume, rugosity, 

branch density) using a negative binomial distribution to account for over-dispersion in 

the data. By accounting for mean-variance relationships, this method improves statistical 

power and avoids spurious location and dispersion effects relative to distance-based 
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analyses, like PERMANOVA or ANOSIM (Wang et al. 2012, Warton et al. 2012). 

Model assumptions for normality and homoscedasticity were inspected visually using 

residual plots. Multicollinearity was evaluated with the variance inflation factor (VIF; all 

VIF values were < 2, indicating no strong correlation between predictors). Algal trait data 

were standardized (converted to Z-scores) prior to analyses. Coefficients were plotted to 

quantify the contribution of each model parameter to the functional group composition of 

assemblages. 

 

Results 

Thalli in the study area 

All three within-thallus features were negatively correlated with branch density 

(interstitial width: F1/47 = 4.29, p-value = 0.044, r = -0.24; penetration depth: F1/47 = 4.45, 

p-value = 0.040, r = -0.24; branch diameter: F1/47 = 25.1, p-value < 0.001, r = -0.53). 

Therefore, the algal traits dataset used in the cryptofauna assemblage composition 

analysis only included algal partial mortality, interstitial volume, thallus rugosity, and 

branch density. 

 A broader range of and higher mean algal partial mortality was found among 

thalli from the low-flow fringing reef (0-40%, 8.79%) than among those from the high-

flow back reef (0-15%, 3.49%) (t49 = -2.20, p = 0.035; Fig. 2). Most thalli (39 out of the 

52 collected) had < 10% mortality. One thallus with nearly 80% mortality, the only one 

greater than 40%, was excluded from analyses to avoid leverage towards this outlier. 

Interstitial volume (t49 = 0.68, p = 0.50), rugosity (t49 = 1.6, p = 0.11), and branch density 

(t49 = 1.6, p = 0.11) did not significantly vary between high and low flow (Fig. 2). 
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Overall, these morphometrics ranged from 16 to 102 cm3 in volume, 4.6 to 21.1 in 

rugosity (unitless), and 4 to 13 branches/cm2 in branch density. 

L. kotschyanum-associated assemblages 

In total, 1,880 individual animals were removed from the 52 thalli collected, and 

they represented 5 phyla, including Arthropoda (subphylum: Crustacea) (1465), 

Echinodermata (285), Annelida (53), Mollusca (66), and Chordata (11). These belonged 

to 7 Classes, 14 Orders, and 44 taxonomic units at the lowest resolution. Crustaceans 

were the most abundant among total individuals and comprised on average 76% of each 

assemblage. Eviota disrupta, or the brokenbar dwarf goby, was the only member of the 

Chordata Phylum found within these assemblages. Individual sizes across Phyla ranged 

from 0.70 to 16.5 mm. Size bins were selected based on the range of interstitial width and 

penetration depth measurements as well as the size distributions of the crustacean and 

molluscan taxa found. Crustaceans were sorted into the following size bins < 3 mm 

(small), 3-5 mm (medium), and > 5 mm (large) while those for molluscs were defined as 

< 3 mm (small), 3-7 mm (medium), and > 7 mm (large). Echinoderms consisted of brittle 

stars (mostly Ophiactis savignyi), the sea star Meridiastra rapa, and the sea urchin 

Echinometra mathaei. Since M. rapa and E. mathaei were rare and were observed 

conforming to the interstices of L. kotschyanum when present, Echinoderms were not 

separated by size. Of the 44 taxa found, 11 occurred in 10 or more assemblages and only 

4 taxa had a mean abundance of 5 or more individuals per taxa per assemblage. These 

included O. savignyi, tanaids, amphipods, and the xanthid crab Chlorodiella sp. L. 

kotschyanum hosted 7 to 78 individuals and 3 to 14 different taxonomic units per thallus. 

All taxonomic and size information is given in Table 1.  
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Relationships between assemblages and environmental and host-specific traits 

 Models including flow, algal mortality, and algal morphology were compared as 

predictors of cryptofauna assemblage composition associated with thalli of similar size. 

Although the full model had the lowest AIC (∆AIC= 0, Table 3), the model for algal 

morphology alone is deemed the better predictor of cryptofaunal functional group 

abundances because it is simpler and within 1.88 units of the full model. Furthermore, the 

high ∆AIC  values of the water flow and algal partial mortality models suggest these 

predictors do not contribute much additional information when they are included. 

Responses to interstitial volume, thallus rugosity, and branch density were specific to 

functional group and shaped assemblage composition over morphometric gradients 

(Table 4, Fig. 3). Thalli with greater interstitial volume harbored more medium and large 

crustaceans, whereas small crustaceans were higher in number on densely branched 

thalli. Coefficients for the negative binomial manyglm model translate to increases or 

decreases in group abundances by < 2 individuals per assemblage for each one-unit 

increase in each algal trait.   

 

Discussion 

Crustose coralline algae, like the structurally-complex L. kotschyanum commonly 

found in the lagoon around Moorea, offer habitat to abundant motile cryptofauna on coral 

reefs. This study is among the first to explore the relationship between cryptofauna and 

crustose coralline algal partial mortality. However, the current range of algal partial 

mortality (0-40%, < 10% for 39 of 52 thalli) did not affect cryptofaunal assemblages. 

Host morphology was most important to the composition of L. kotschyanum-associated 
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cryptofaunal assemblages. The use of three algal morphometrics (volume, rugosity, 

branch density) highlighted the importance of CCA structure and cryptofaunal body size 

in habitat selection.  

Lithophyllum-associated assemblages consisted primarily of habitat generalists, 

with many of the taxa identified here, including the xanthid crabs, alpheid shrimps, brittle 

stars, and the urchin E. mathaei, commonly found associated with other substrata or 

habitat-forming species on coral reefs in Moorea and Hawaii (Chinn 2006, Vanitchanant 

2015, Counsell et al. 2018, Pisapia et al. 2020). Consistent with other ecological 

communities, assemblage abundance patterns were characterized by a few, extremely 

common taxa and several with low to intermediate numbers per taxon per assemblage 

when present (Pyron 2010). Some of the rare taxa (found in low abundances and in only 

one or two assemblages) may only temporarily associate with Lithophyllum, possibly 

during a specific life stage or while foraging, such as E. mathaei and large molluscs, 

respectively (Sgarbi and Melo 2018). Relative to a recent survey of assemblages 

associated with branching pocilloporid corals in the back reef of Moorea (Pisapia et al. 

2020), Lithophyllum supports similar taxonomic richness per thallus (3 to 14 different 

taxa in the present study vs 2 to 14 per Pocillopora colony in Pisapia et al. 2020). In 

addition, the majority of crustaceans associated with Lithophyllum were smaller in size (< 

5 mm) than those associated with pocilloporids (5 – 15mm; McKeon and Moore 2014, 

Pisapia et al. 2020).  

Past work has documented in situ coralline algal mortality and bleaching (Litter 

and Littler 1997, Hereu et al. 2019) but the present study is among the first to relate it to 

the composition of associated motile cryptofauna. The lack of a relationship in this study 
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may be due to the low occurrence of high algal partial mortality, with 39 of the 52 total 

thalli across high- and low- flow environments having less than 10% mortality. Shifts in 

cryptofaunal communities may be delayed until more degradation or epiphytic settlement 

occurs. Structural loss and erosion of rhodoliths and articulated corallines have been 

correlated with reduced associated invertebrate abundance and diversity  (Steller et al. 

2003, Gabara et al. 2018, Marchini et al. 2019). Epiphytic cover and biomass, including 

algae and sessile invertebrates, can be strong determinants of associated assemblage 

composition by providing additional shelter and/or food (Cacabelos et al. 2010). 

Epiphytes are likely to overgrow CCA when their settlement can no longer be prevented 

via chemical deterrents and upper surface layer sloughing post-CCA mortality (Littler 

and Littler 2013, McCoy and Kamenos 2014). 

The flow environment also did not contribute to cryptofaunal functional group 

abundances. Furthermore, algal morphology did not vary between the back and fringing 

reefs as hypothesized. This contradicts previous literature showing that host structural 

complexity increases with higher water movement, and depending on associated 

invertebrate body size, can subsequently harbor greater or lower numbers of different 

taxa (Kelaher 2003, Steller et al. 2003, Wolters et al. 2018). Thalli located downstream of 

bommies or other organisms, like corals and macroalgae, where water flow rates are 

reduced (Hurd 2015), may lead to variable morphologies within both flow environments 

which promote the coexistence of diverse cryptofauna across the back reef of Moorea. 

This study was conducted in Austral winter, when the water flow rates of the back and 

fringing reefs are more similar relative to those observed in Austral summer (Hench et al. 

2008). The importance of spatially variable hydrodynamic forces in structuring 



 24 

cryptofaunal assemblages, via larval retention/advection and/or food or resource 

availability, could thus depend on the time of year (Leichter et al. 2013, Stier and Leray 

2014, Counsell et al. 2018). A future study should address seasonal patterns between high 

and low flow assemblages by assessing the colonization of L. kotschyanum by 

cryptofauna using reciprocal transplants of defaunated thalli and artificial mimics which 

imitate the physical features of L. kotschyanum without any of its biological traits.  

The interstitial volume, rugosity, and branch density of L. kotschyanum thalli 

distinctly influenced assemblage organization. Relationships between these three features 

and assemblage composition were specific to taxa body sizes. Taxa with substrate-

conforming bodies (such as polychaetes and brittle stars) and small-bodied crustaceans 

(i.e., < 3 mm) had higher abundances on thalli with higher rugosity and/or branch density, 

and those with larger, non-conforming bodies (large and medium crustaceans) were more 

abundant on thalli with greater space available among the branches. Distributions of 

larger-sized taxa are typically more limited by microhabitat size, while those of smaller-

sized taxa are generally positively associated with surface roughness and/or complexity 

for refuge (Hacker and Steneck 1990). However, mollusks were a notable exception to 

this pattern and relationships with algal features were inconsistent among mollusk size 

classes. Small mollusks (< 3 mm) were less abundant with increasing rugosity and branch 

density. The abundance of mollusks > 7 mm declined with increased rugosity, but was 

higher on more highly branched thalli. Meanwhile, the number of medium mollusks (3-7 

mm) was greater on more rugose thalli and lacked a response to branch density. 

Gastropods can respond to physical habitat characteristics on scales that are an order of 

magnitude larger than their body size and previous studies of coralline turf hosts have 
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demonstrated negative trends between their abundances and structural complexity 

(Kelaher et al. 2001, 2003). Several factors may contribute to the mollusc abundance 

patterns found here but potentially a strong influence is the trophic guild of each size 

class. High branch densities may limit available food for small molluscan grazers or 

detritivores by restricting sufficient light for microalgal growth and the flow of seawater, 

delivering particulate organic matter. Large mollusks, comprising mostly carnivores 

(Taylor 1983), followed the same trend as small crustaceans, suggesting their association 

with highly-branched thalli could reflect a positive association with their prey. Medium-

sized mollusks included grazers (Too et al. 2014). Although an effort was made to collect 

thalli similar in epiphytic cover, thalli with greater surface roughness may prove more 

suitable to algal epiphytes (Ballantine 1979) medium-sized mollusks depend on. Thus it 

is possible that variation in L. kotschyanum architecture shapes the demographic and 

trophic structure of associated assemblages.  

This study considered drivers related to the host and physical environment, but 

assemblage composition could have additionally resulted from interactions between 

members of the assemblages found within the thalli. The prevalence and strength of such 

interactions (predation, territorial behavior) and/or functional diversity often characterize 

taxa abundance patterns (Counsell et al. 2018) and depend on habitat complexity (aka 

number of refugia) and water movement (Geange and Stier 2010). Water movement can 

enhance the arrival and settlement of different invertebrate taxa (Denny and Shibata 

1989), which in combination with low habitat complexity can increase the frequency of 

inter- and intra- specific interactions. While the findings from the present study highlight 

the need to consider multiple factors in addressing cryptofaunal community organization, 
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complex interactions between biological and physical processes likely help explain the 

cryptofaunal assemblage patterns observed here.  

Crustose coralline algae provide complex and rigid structure in benthic 

ecosystems. This study demonstrates that their architecture serves as habitat for abundant 

cryptofaunal assemblages on coral reefs. Although the range of algal partial mortality (0-

40%) did not correlate with morphology at the time of this study, dead algal structure is 

more prone to degradation and increased disturbance may compromise the contribution 

of CCA structure to coral reef cryptofauna. Available living space among branches, 

thallus rugosity, and branch density were important to the taxonomic and size structure of 

the invertebrate assemblages that associated with L. kotschyanum thalli. Morphological 

variation at the thallus scale in both flow environments currently promotes the 

coexistence and persistence of cryptofauna across the back reef in Moorea.  
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Table 1. Taxonomic information for all motile fauna associated with L. kotschyanum 
thalli, including total taxon abundances found in the high and low water flow 
environments and mean body sizes in mm. The maximum body length or carapace/oral 
disk width was measured in ImageJ and averaged over six individuals randomly selected 
from three high and three low flow assemblages. For taxa whose total abundances were 
less than six, means were based on measurements of all individuals. 
 
Phylum Class Order Family Genus, species Mean 

Size(mm) 
Low High 

Echinodermata Ophiuroidea Ophiurida Ophiactidae Ophiactis savignyi 1.94 130 138 
   Ophiuridae Amphiophiura 

insolita 
1.60 0 1 

  Ophiacanthida Ophiocomidae Ophiocoma sp 2.73 1 0 
    Ophiomastix sp 1.74 0 1 
 Asteroidea Valvatida Asterinidae Meridiastra rapa 6.39 7 4 
  Camarodonta Echinometridae Echinometra 

mathaei 
3.57 3 0 

Arthropoda/ Malocostraca Tanaidacea   1.76 251 149 
Subphylum:  Amphipoda   1.57 147 107 
Crustacea  Decapoda Xanthidae Chlorodiella sp 3.20 158 183 
    Lachnopodus 

subacutus 
2.51 5 5 

    Etisus electra 3.10 7 4 
    Xanthias lamarcki 4.85 0 2 
    Cyclodius sp 5.13 0 4 
    Pilodius pugil 6.15 6 4 
   Epialtidae Perinia tumida 3.25 2 3 
   Pilumnidae Viaderiana sp 5.53 0 1 
   Trapeziidae Trapezia speciose 4.90 0 1 
   Alpheidae Alpheus sp 6.04 107 65 
   Disciadidae Discias sp 2.31 35 15 
   Palaemonidae Periclimenes sp 2.53 5 3 
   Galatheidae Galathea 

mauritiana 
4.01 64 11 

   Paguridae Pagurixus sp 2.26 109 11 
   Diogenidae Calcinus sp 8.46 1 0 
Annelida Polychaeta    1.84 19 34 
Mollusca Gastropoda   Mollusc 1 5.52 2 3 
   Colloniidae Collonia sp 1.69 6 0 
  Sacoglossa Elysiidae Elysia rufescens 11.8 1 0 
  Littorinimorpha Cypraeidae Monetaria sp 5.18 1 0 
   Hipponicidae Sabia conica 6.20 0 2 
   Rissoidae Vitrichithra 

marmorata 
2.19 7 0 

   Zebinidae Stosicia sp 2.75 5 0 
  Cephalaspidea Haminoeidae Phanerophthalmus 

sp 
3.83 1 10 

    Smaragdinella 
calyculata 

3.07 7 3 

  Neogastropoda Mitromorphidae Mitromorpha sp 6.32 7 0 
   Muricidae Morula sp 9.88 0 1 
    Drupella sp 16.4 1 0 
   Mitridae Imbricaria 

olivaeformia 
3.41 2 1 

  Trochida Turbinidae Collonista sp 7.19 0 1 
 Polyplacophora Chitonida Chitonidae Lucilina pacifica 2.08 0 2 
Chordata Actinopterygii Perciformes Gobiidae Eviota disrupta 8.33 6 5 
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Table 2. Model Selection for associated functional group composition versus algal-
specific and water flow parameters. AIC is the Akaike Information Criterion, ΔAIC is the 
difference from the lowest AIC value, and Rank is the rank of the model with 1 denoting 
the best fit. Each model is a multivariate generalized linear regression (“manyglm”) with 
a negative binomial distribution of functional group composition versus each parameter.  
 

Model Parameters AIC ∆AIC Rank 
Model selection for functional group composition vs algal 
traits and water flow  

   

Full 1643.230 0 1 
    Y ~ Flow + %Mortality + Volume + Rugosity +  

Branch Density 
   

Morphology 1645.108 1.88 2 
     Y ~ Volume + Rugosity + Branch Density    
Water Flow 1669.945 26.7 3 
    Y ~ Flow    
Partial Mortality 1677.194 34.0 4 
    Y ~ %Mortality    
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Table 3. Values of the estimated coefficients for the correlation between each model 
parameter and the abundance of each functional group shown in Figure 4.   
 
 Low 

Flow 
 
%Mortality 

 
Volume 

 
Rugosity 

Branch 
Density 

Annelida -0.085 -0.067 -0.025 0.056 0 

Crustacea-s 0.075 0.070 -0.003 -0.026 0.030 
Crustacea-m 0 0 0.074 0 0 
Crustacea-l 0.039 0.032 0.046 0 0 

Echinodermata -0.009 0 -0.034 0.032 0.080 
Fish 0 0 0 0.044 0 

Mollusca-s 0.194 0.051 0 -0.184 -0.065 
Mollusca-m 0 -0.009 0 0.064 0 
Mollusca-l 0 0 0 -0.092 0.015 
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Figure 1. Map of high (red) and low (orange) water flow collection sites (A) and map of 
Moorea (B). A total of 26 thalli were collected from the high and low flow environments 
respectively (n = 52 thalli). Maps (A) and (B) were created using the ggmap package in 
R.  
A) 

  
B) 
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Figure 2. Measurements of algal partial mortality, interstitial volume, rugosity, and mean 
branch density from thalli collected in high and low water flow environments. In the box 
plots, the length of the box from top to bottom is the interquartile range (IQR), with the 
bold line representing the median, and maximum/minimum value of the third and first 
quartile minus 1.5 times the IQR denoted by the top/bottom whisker, respectively. Circles 
represent outliers (n = 51 thalli). 
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Figure 3. Functional group abundances (animals thallus-1) of associated assemblages in 
low and high flow environments. In the box plots, the length of the box from left to right 
is the interquartile range (IQR), with the bold line representing the median, and 
minimum/maximum value of the first and third quartile minus 1.5 times the IQR denoted 
by the left/right whisker, respectively. Circles represent outliers (n = 26 assemblages flow 
environment-1).   
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Figure 4. Estimated coefficients for the correlation between each model parameter and 
the abundance of each functional group. The colors indicate the direction and the shading 
represents the magnitude of the coefficients. 
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CHAPTER III 

Water flow and motile invertebrate assemblages modulate the thickness and 

chemistry of a crustose coralline algal diffusive boundary layer 

Introduction 

 On coral reefs, engineering species, like crustose coralline algae (CCA) and 

corals, are important to community composition and ecosystem functioning. Their 

physical architecture provides refuge for diverse fish and invertebrate taxa from biotic 

and abiotic disturbances, such as predation and water flow (Bruno and Bertness 2001, 

Altieri and van de Koppel 2014). In addition, diel cycles of host photosynthesis, 

respiration, and calcification modify the local seawater oxygen, carbon, and nutrient 

concentrations on both small scales (𝜇m-mm) in the diffusive boundary layer (DBL) and 

broad scales (m-km) across coastal regions, which can consequently affect the 

performance of other organisms in the community (Irwin and Davenport 2002, Stepien et 

al. 2016, Takeshita et al. 2016, Hoshijima and Hofmann 2019). In return, taxa associating 

with algal and coral hosts can facilitate host growth and survival through the modification 

of DBL dynamics (Goldshmid et al. 2004, Garcia-Herrera et al. 2017), removal of algal 

epiphytes and sediments (Coen 1988, Stachowicz and Hay 1996, Stewart et al. 2006), and 

supply of nutrients (Bracken et al. 2007, Holbrook et al. 2008).  

  The diffusive boundary layer forms as a fluid moves over a solid, such as the 

surface of a branch or blade, and is particularly important to the metabolic rates of algae 

and corals (Raven and Hurd 2012, Denny 2016). At the organism surface within the 

DBL, water flow is low and molecular transport is dominated by diffusion (Denny 1988). 

Host metabolism creates compound (e.g., O2 and CO2) concentration gradients that 
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reciprocally modulates the availability of gases and nutrients in the DBL and subsequent 

compound-assimilation rates by hosts (Hurd 2000, Cornwall et al. 2013, Mass et al. 

2010). Boundary layer thickness, the distance molecules must travel between the host 

surface and surrounding seawater, also modulates the rate of molecular transport and is 

determined by physical factors like ambient water flow velocity and surface roughness 

(Carpenter and Williams 2007, Raven and Hurd 2012). Water movement induced by the 

constant fin-flicking of coral- or anemone- dwelling fishes thins host DBLs and increases 

gas exchange with the surrounding seawater, resulting in higher rates of respiration and 

photosynthesis (Goldshmid et al. 2004, Garcia-Herrera et al. 2017, Herbert et al. 2017). 

Associated sessile taxa, like bryozoans, add topographical features to host surfaces which 

increase DBL thickness (Noisette and Hurd 2018). Thicker boundary layers can lead to 

low rates of mass transfer and higher retention of biologically-driven chemical 

conditions, such as hyperoxia and hypoxia from host photosynthesis and respiration, 

respectively (Pöhn et al. 2001, Guy-Haim et al. 2020). In environments sheltered from 

water flow, thicker DBLs develop around hosts and the effects of associated taxa may 

become magnified, with fish enhancing and sessile epiphytes further limiting mass flux 

between hosts and ambient seawater.  

Structurally-complex algae and corals also harbor abundant small motile 

invertebrate taxa (hereafter referred to as “cryptofauna”)  including peracarid and 

decapod crustaceans, echinoderms, polychaetes, and mollusks (Reaka-kudla 1997, Stella 

et al. 2011a, Counsell et al. 2018). Yet the role of cryptofauna in the formation of 

boundary layers around hosts is rarely considered (Pöhn et al. 2001, Irwin and Davenport 

2002). The ambulatory movement of crustaceans or arm-waving of echinoderms 
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contrasts with the constant fanning motion of fish fins and many cryptofauna exhibit 

nocturnal behavior, only leaving microhabitat to forage at night (Carpenter 1997). Hence 

the contributions of cryptofauna to host DBL chemistry and thickness may be more 

localized than those of fish and depend on the time of day. Unlike sessile fauna, small, 

motile invertebrates likely do not alter host surface topography or thicken host DBLs as a 

result. However, the effects of cryptofauna on host DBLs are expected to similarly 

increase in magnitude in low-flow areas where their movement is less restricted.  

  Crustose coralline algae are important ecosystem engineers on tropical reefs 

(Schubert et al. 2020). By physically creating, modifying, and stabilizing reef habitat, 

CCA support biodiversity and buffer local communities from harsh environmental 

conditions (Nelson 2009, Littler and Littler 2013). Relative to the surrounding seawater, 

oxygen concentrations and pH in the DBL around CCA are elevated during the day due 

to photosynthesis and reduced at night due to respiration (Kaspar 1992, Houlihan et al. 

2020). Because DBL dynamics are key to the metabolism and productivity of important 

engineers, the goal of this study was to understand the relationship between coralline 

algal DBLs and associated cryptofauna and how the outcomes of this relationship differ 

with the flow environments CCA-cryptofauna assemblages occupy.  

The present study used a tropical, branch-forming crustose coralline alga, 

Lithophyllum kotschyanum, and naturally occurring associated assemblages to 

characterize the interaction between small motile invertebrates and water flow on the 

algal DBL. L. kotschyanum is abundant on low-flow fringing and high-flow back reefs 

around Moorea, French Polynesia, and its complex, calcified structure provides shelter to 

many cryptofaunal taxa (Chapter 2). Oxygen and pH profiles were measured from branch 
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surfaces and within interstitial spaces, in zero, low, and high flow speeds, in dark and 

light conditions, and before and after removing associated cryptofauna. It was 

hypothesized that: 1) water flow, due to increased bulk seawater velocity or faunal 

movement, would thin the DBL around L. kotschyanum, 2) faunal respiration would 

reduce oxygen concentrations and pH levels, except when water flow facilitated 

compound transport, and 3) these effects would depend on ambient light and flow speed, 

since invertebrates may move to the interior of the alga to avoid predators during the day 

and to withstand higher velocities. Due to the uptake and release of CO2 and O2 during 

photosynthesis and respiration, pH and oxygen concentrations are strongly coupled 

within the DBL (Cornwall et al. 2014, Noisette and Hurd 2018). The relationships 

between DBL pH and oxygen in zero flow were tested with the expectation that these 

would be strongest with the absence of cryptofauna. In Chapter 2,  branch density of L. 

kotschyanum varied from 4-10 branches cm-2 in the low flow environment alone, and 

influenced the size structure of associated cryptofaunal assemblages. Branch density can 

additionally affect the flow of water and residence time of biologically-driven chemical 

conditions among branches (Irwin and Davenport 2002, Goldshmid et al. 2004, Holbrook 

et al. 2008). Natural variation in morphological complexity and invertebrate assemblages 

among samples allowed for cryptofaunal biomass- and algal morphology- dependent 

effects to be investigated. The magnitude of cryptofaunal influence on the DBL was 

predicted to increase with higher cryptofaunal biomasses and algal branch densities.  

 

Materials and Methods 

Sample collection and storage 
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Whole thalli (5-6-cm wide) of the crustose coralline alga L. kotschyanum (n = 18) 

were collected at 1-2-m depths from the fringing reef on the north shore of Moorea, 

French Polynesia (17° 28' 58.8"S, 149° 48' 53.9994"W), in October and November 2020. 

Before removing thalli from the substratum with a hammer and chisel, thalli were 

enclosed in a plastic bag to prevent the loss of associated fauna. Collections were 

transported in seawater to the Richard B. Gump South Pacific Research Station where 

they were immediately cleaned of sessile epibionts, such as algal turf and anemones, and 

placed in temperature-controlled (27 °C ) flow-through aquaria (Aqualogic, San Diego, 

CA) to acclimate to lab conditions until measurements began. Aquaria received sand-

filtered (pore size ~550 µm) seawater bubbled with air and diel light cycles using 75W 

Light Emitting Diode (LED) modules (Sol White LED Module, Aquaillumination, IA, 

USA) on a 12:12 h light:dark photoperiod with 4-h ramp times. The temperature, ~27 °C, 

and maximum light levels, ~600 µmol photons m-2 s-1,  in aquaria matched ambient levels 

at the collection site (Johnson et al. 2014, Moorea Coral Reef LTER and Washburn 

2021). Light levels were measured with a 2π LI-COR underwater sensor (LI-192 UWQ 

7059) attached to a LI-1400 data logger. 

DBL Measurements 

After a 48 h acclimation period in aquaria, oxygen and pH profiles were measured 

vertically from L. kotschyanum branch apices and interstitial spaces in a 41-L, 

unidirectional recirculating flume (see description in Brown and Carpenter 2013). The 

flume was filled with sand-filtered (pore size ~550 µm) seawater from the flow-through 

system of the aquaria at the beginning of each day. Seawater temperature within the 

flume (~27 ±	1	°C) was similar to that of the collection site and aquaria and controlled by 
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a jacketed section receiving circulating flow from a chiller (Aqualogic Delta Star). 

Branch and interstitial space profiles (n = 2 of each per thallus; due to logistical 

constraints, only 1 branch and 1 interstitial space profile was measured on one sample) 

were carried out in all combinations of light, flow speed, and cryptofaunal presence.  

Three flow speeds (0, 2, 15 cm s-1) and dark/light conditions were tested each day 

and in the same order. Flow velocities were consistently tested in ascending order and 

determined by measuring the speed of neutrally buoyant particles in the middle of the 

flume. The 2 cm s-1 and 15 cm s-1 flow speeds were chosen to represent the contrast 

between the sheltered fringing reef and wave-exposed back reef habitats that L. 

kotschyanum occupies in Moorea, French Polynesia (Hench et al. 2008). Profiles were 

first measured in the dark (< 1 µmol photon m-2 s-1, achieved by wrapping the flume with 

multiple black plastic bags). These were performed in the early morning when thalli and 

associated assemblages had ~11 h of previous dark exposure overnight. Samples were 

returned to aquaria during the day and profiles were remeasured above each 

branch/interstitial space site and in each flow speed under light levels similar to those 

experienced in situ and in aquaria (~600 µmol photons m-2 s-1; 75W LED modules). 

Immediately prior to beginning measurements, samples were acclimated to each light-

flow combination for a minimum of 5 min, a sufficient period of time for the DBL to 

develop and stabilize (Brown and Carpenter 2013). Once measurements in all light and 

flow conditions were completed, thalli were rinsed with freshwater to extract associated 

invertebrates and replaced in aquaria. A preliminary study conducted in May 2019 

determined that thalli placed in freshwater for 10 minutes effectively removed ~90% of 

motile invertebrates relative to a clove oil extraction for the same amount of time. A 
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follow-up test revealed that the photosynthetic and respiration rates of L. kotschyanum 

thalli recovered within 24 h of a 10-minute freshwater rinse. Therefore, all thalli in this 

experiment were given a 48 h recovery period before oxygen and pH profiles were 

repeated on thalli without fauna. These were conducted on the same branch/interstitial 

space sites and in all light-flow combinations in the same order as before to compare 

DBL thickness and chemistry with cryptofaunal presence.  

Interstitial space measurement sites were ≥ 3 mm wide (to accommodate the 

diameter of the probe used for pH profiles) and located near the center of the thallus to 

limit potential variation from the thallus leading edge or peripheries (Irwin and 

Davenport 2010, Denny 2016). Branch apices directly adjacent to interstitial space sites 

were selected for branch profiles. In order to create laminar flows over each sample and 

maintain positioning within the flume, each thallus was positioned in a 6.35-cm wide 

depression within a Plexiglas ramp on the floor of the flume (Brown and Carpenter 

2013). Before placement in the flume, samples were gently brushed with a soft 

toothbrush to limit the contribution of biofilm growth to DBL chemistry that could have 

accumulated during the 48 h recovery period (Kaspar 1992). 

Oxygen Profiles 

 Oxygen concentrations (µmol O2 L–1) were determined using a PreSens needle 

microsensor oxygen probe (<50 µm-diameter) attached to a PreSens Microx TX3 system 

(PreSens Precision Sensing GmbH) and controlled by a micromanipulator (Stoelting, 

Wood Dale, IL). Prior to use each day, the oxygen probe was calibrated using a two-point 

calibration with temperature correction in water-saturated air (100% air saturation) and 

water supersaturated with sodium dithionite (Na2S2O4, 0% air saturation). To account for 
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small fluctuations in seawater temperature (≤ 1 °C), oxygen profile measurements were 

automatically compensated for temperature using a temperature probe (PreSens Precision 

Sensing GmbH) simultaneously placed in the flume. 

The tip of the oxygen probe is very delicate, making it necessary to avoid physical 

interactions with the algal surface and cryptofauna. Therefore, the probe was lowered as 

close to branch surfaces as possible and to a depth of ~4 mm below branch apices for 

interstitial space profiles using small adjustments of the micromanipulator and a 

magnifying glass. These starting points are considered 0 mm above the algal surface. 

Profiles were obtained by raising the probe towards the bulk seawater and logging 15 s of 

oxygen concentrations (1 measurement s-1) at each step. A preliminary experiment 

showed 15 s was adequate to obtain stable oxygen measurements and ensured the 

completion of all light measurements on two thalli within the photoperiod of L. 

kotschyanum. Since movement of the probe can affect readings, the first and last 5 

measurements were removed and the remaining 5 were averaged at each height. Due to 

the typical DBL shape and uptake and release of compounds at the organism surface 

(Denny 2016), the probe was vertically raised in exponential steps from 0 mm to capture 

the highest resolution near the alga. Steps were every 250 𝜇m from 0 to 1 mm and 

subsequently every 500 𝜇m from 1 to 3 mm, 1 mm from 3 to 7 mm, 2 mm from 7 to 11 

mm, 3 mm from 11 to 17 mm, and 5 mm from 17 to 22 mm above the algal surface. 

Ambient oxygen concentrations during dark and light conditions were 7.73 ±	0.09 mg O2 

L-1 and 7.60 ± 0.07 mg O2 L-1, respectively. To account for variation in ambient seawater 

oxygen concentrations between samples, the oxygen concentration at each step of every 

profile was standardized as a proportion of the bulk seawater concentration measured at 
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the end of the profile. Oxygen concentrations at 0 mm above the algal surface were 

recorded to examine the magnitude of oxygen changes within the DBL during the light 

and dark.   

DBL Calculations 

DBL thickness was calculated from each oxygen profile. This was defined as the 

height above the algal surface where concentrations reached 99% of the bulk water 

concentration and stabilized (changed < 5% per 0.1 mm distance for four subsequent 

measurements) (Denny 2016, Houlihan et al. 2020). 

Oxygen flux, assumed to be equal to net photosynthesis in light and respiration in 

dark and specific to the branches and interstitial spaces where oxygen profiles were 

measured, were calculated from the oxygen concentrations of the profiles (raw values) 

using Fick’s first law of diffusion: 

Flux = –D *  *+
*,

    

where Flux is the rate in µmol O2 m-2 s-1, D the diffusion coefficient of oxygen in 

seawater in m2 s-1 (2.33 x 10-9 m2 s-1 at 27 °C and salinity 36.5), Δ𝐶 the change in oxygen 

concentration in the DBL in µmol m-3, and Δ𝑥 the DBL thickness in m (Revsbech et al. 

1980, Noisette and Hurd 2018). The estimation of D, 2.33 x 10-9 m2 s-1, is based on 

Boudreau 1997 and calculated using the R package marelac (Soetaert, Petzoldt, and 

Meysman 2010) and the temperature (27 °C) and salinity (36.5 ±	0.27) of the seawater in 

the flume.  

pH Profiles 

Profiles of mV were measured from the same branch and interstitial space sites on 

each sample using a Mettler Toledo InLab Ultra Micro-ISM pH electrode (3-mm 
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diameter) connected to a Thermo-Scientific Orion 3-star portable meter and attached to 

the micromanipulator. pH was then calculated from the mV (calibrated on the total scale 

with TRIS buffer at a salinity of 35.0 psu) measured at each step and temperature 

(Traceable Digital Thermometer, Fisher Scientific, accuracy: 0.05 °C, resolution: 0.01 

°C) and salinity of the seawater in the flume using the seacarb package in R (Gattuso et 

al. 2016). Similar to oxygen concentrations, mV measurements were taken at vertical, 

exponential steps from 0 mm, but due to the electrode’s diameter, these occurred at every 

500 𝜇m from 0 to 2 mm and subsequently every 1 mm from 2 to 6 mm, 2 mm from 6 to 

10 mm, 3 mm from 10 to 16 mm, and 5 mm from 16 to 21 mm. pH values at 0 mm above 

the algal surface were also recorded. 

Assemblage and thallus characterization 

Invertebrates were identified to the lowest taxonomic resolution possible using a 

dissecting microscope and available guides (biocode.berkeley.edu) and enumerated. Each 

assemblage was stored in a vial at -18 °C until placed in pre-burned aluminum pans (550 

°C for 5 h) and dried to constant mass at 60 °C (Fisher Scientific Isotemp Oven, 

Waltham, MA, USA).  Assemblages were then combusted in a muffle furnace (Fisher 

Scientific Isotemp Muffle Furnace, Waltham, MA, USA) at 550 °C for 5 h to obtain ash-

free dry weight (AFDW). The difference between the dried and combusted masses is the 

total organic biomass of each assemblage and is expressed as mg m-2. The branch density 

of each measurement site is the mean number of branches within two 1-cm2 quadrats, one 

placed directly over the measurement site and another placed upstream and immediately 

adjacent to it.  

Statistical Analysis 
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All analyses were performed using R statistical software (R Core Team 2019). 

DBL thickness, oxygen concentrations and pH at 0 mm, and O2 fluxes were compared 

across flow speeds and invertebrate presence with repeated measures ANOVAs. These 

were run independently for light and dark and for branches and interstitial spaces because 

the movement and location of associated fauna may affect DBL chemistry and thickness 

and these differ with the time of day. Assumptions of normality were checked visually 

and a Mauchly’s test was used to assess sphericity. Data were log- or square root- 

transformed to satisfy assumptions when necessary. 

Correlations between pH and oxygen concentrations at 0 mm were tested for each 

combination of branch/interstitial space, light/dark, and invertebrate presence in zero 

flow to determine whether the presence of cryptofauna affected this relationship. 

To understand whether the effect of associated assemblages depended on their 

biomass and algal branch density, the relative contributions of invertebrates to oxygen 

flux (RC) at zero flow were calculated using the formula:  

𝑅𝐶 =	
𝐹𝑙𝑢𝑥78 − 	𝐹𝑙𝑢𝑥7:8

𝐹𝑙𝑢𝑥7:8
 

Where 𝐹𝑙𝑢𝑥78 and 𝐹𝑙𝑢𝑥7:8 indicates oxygen flux with and without invertebrates, 

respectively. Separate general linear models were run for each branch/interstitial space-

light/dark combination (Branch- Dark and Light, Interstitial Space- Dark and Light) with 

the relative contribution of invertebrates to oxygen flux as the response. Best-fit models 

were chosen using Akaike Information Criterion (AIC). Normality and homoscedasticity 

of data were checked visually and data were log- or square root- transformed to meet 

assumptions when necessary. To understand interactive effects between invertebrate 

biomass and branch density, a similar slopes analysis was used (interactions package, 
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Long 2019). This calculates the slope ± standard error of one continuous predictor while 

holding the other continuous predictor at specific meaningful values. In this case, for the 

model (RC ~ Mean Branch Density*Cryptofaunal Biomass), the slopes were calculated 

for mean branch density at five cryptofaunal biomass values, 0 mg m-2, 41.5 mg m-2 

(assemblage average), 7.70 and 75.3 mg m-2 (assemblage average ± 1 standard deviation) 

and 117 mg m-2 (assemblage maximum). 

 

Results 

DBL Thickness 

There were no interactive effects of invertebrate presence and water flow on DBL 

thickness except in interstitial spaces during the light (Inverts x Flow: F2,187 = 3.87, p = 

0.023, Fig. 1D-F). Invertebrate presence thinned boundary layers in 0 and 15 cm s-1, but 

they had no effect in 2 cm s-1 flow speeds.  In the remaining branch/interstitial space-

light/dark combinations, the DBL significantly thinned with increasing flow. In 

interstitial spaces in the dark, DBL thickness decreased from ~8.00 mm in zero to ~3.00 

mm in low and ~0.40 mm in high flow (Flow: F2,185 = 147, p < 0.001; Fig. 1D-F). At the 

branches, the DBL thinned, from ~3.00 mm in zero to ~0.60 mm in low and ~0.07 mm in 

high flow in the dark (F2,187 = 158, p < 0.001; Fig. 1A-C) and light (F2,187 = 152, p < 

0.001; Fig. 1A-C). DBLs were thickest above interstitial spaces in all experimental 

conditions.  

Oxygen Deviation and Fluxes 

Standardized oxygen concentrations at 0 mm were only significantly affected by 

flow. This was consistent between light/dark conditions and branch/interstitial space 
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locations. Oxygen concentrations were > 1 during the day and < 1 at night because of the 

release and uptake of oxygen by photosynthesis and respiration. With increased water 

flow, oxygen concentrations were significantly closer to 1, indicating that oxygen 

concentrations in the DBL became more similar to the bulk water concentrations (p < 

0.001, Fig. 1). Regardless of flow or invertebrate presence, concentrations were always 

closer to 1 at branch apices than in interstitial spaces. 

Oxygen fluxes are functions of the change in oxygen concentration across the 

DBL and the DBL thickness. Flux decreased with higher water flow (p < 0.001, Fig. 2) 

but was not significantly affected by invertebrate presence in both light and dark and 

from branches and interstitial spaces.  

pH Deviation 

There were no significant interactive effects of flow and invertebrate presence on 

pH at 0 mm (p > 0.05). Similar to oxygen concentrations, DBL pH increasingly 

resembled ambient pH with higher water flow, regardless of branch/interstitial space 

locations and dark/light conditions (Flow p < 0.001, Fig. 3). Although in light, interstitial 

space pH was affected by the presence of invertebrate assemblages (Inverts: F1,187 = 7.35, 

p = 0.007, Fig. 3D-F). pH levels were consistently lower when invertebrates were 

present, but the strongest effect was observed in zero flow. 

In the absence of cryptofauna, correlations between pH and oxygen 

concentrations at 0 mm were positive, albeit weak to moderate, in all but one 

branch/interstitial space-light/dark combination (Light-interstitial space: rs(33) = 0.49, p 

= 0.0034, Light-branch: rs(33) = 0.30 , p = 0.075, Dark-interstitial space: rs(33) = 0.38, p 

= 0.027, Dark-branch: rs(33) = 0.36, p = 0.036, Fig. 4). With cryptofauna, the only 
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significant correlation was observed in interstitial spaces under light (rs(33) = 0.4, p = 

0.017, Fig 4B). 

Assemblage biomass- and algal morphology- dependent effects 

Assemblages associated with the L. kotschyanum thalli used in this study 

consisted of individuals from Echinodermata, Crustacea, Polychaeta, Mollusca, and 

Chordata. Abundance, organic biomass, and taxonomic richness ranged from 6 to 30 

individuals, 1.29 to 117 mg m-2, and 3 to 11 different taxonomic units thallus-1, 

respectively. Measurement sites were characterized by 4.5 to 11 branches cm-2.  

In the dark, there were no significant effects of cryptofaunal biomass or algal 

branch density on respiration rates at the branches and within interstitial spaces (p-values 

> 0.05 for all interactions and main effects). In the light, a significant interaction between 

assemblage biomass and branch density on net photosynthesis was detected within 

interstitial spaces (F1/30 = 7.23, p = 0.012, Fig. 6). Branch density positively correlated 

with oxygen flux but this effect was only present when assemblage biomasses were 

greater than average (> 41.5 mg m-2).  

 

Discussion 

 Diffusive boundary layers are important to the metabolism of habitat-forming 

organisms, but the contribution of associated taxa to host DBL formation can depend on 

the surrounding physical environment. This study is the first to quantify how associated 

cryptofauna interact with the flow and light environment to modulate the chemistry and 

thickness of an algal diffusive boundary layer. Effects of cryptofauna were only detected 

in the interstitial spaces in the light, where they remained during the day. These were also 
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specific to zero flow, where DBL thicknesses were greater than the mean maximum body 

size of the most abundant taxa (Chapter 2) and are likely important to retaining the 

biological influence of cryptofauna. 

Higher water velocity thinned the DBL in both dark and light and at branches and 

in interstitial spaces. This is consistent with previous literature identifying water flow rate 

as a determinant of DBL thickness (Hurd 2000, Carpenter and Williams 2007). However, 

cryptofaunal presence also affected DBL thickness in the light. This effect was specific to 

interstitial spaces in zero and high flow speeds, where DBLs were thinner with 

invertebrates than without them. Invertebrates were not typically visible during the day 

and possibly avoid areas of high oxygen production and irradiance, where the formation 

of toxic oxygen species, such as hydrogen peroxide, can reduce the metabolic rates of 

invertebrates (Pöhn et al. 2001, Irwin and Davenport 2002). Because DBL thickness is 

determined by physical factors like flow and host topography, it is possible that 

invertebrate movement, among regions shaded by branches or via pumping water through 

their gills, disturbed the DBL (Raven and Hurd 2012).  

Algal metabolism increased DBL oxygen concentrations and pH in the light and 

decreased these in the dark. The magnitude of oxygen and pH change in the DBL relative 

to ambient seawater was greater with thicker DBLs, either in zero/low flow or in 

interstitial spaces, which reflects the distance molecules must travel between the algal 

surface and bulk seawater. Due to the proximity of branch apices to the bulk seawater, 

flux was greater at the branches than in interstitial spaces in light and dark in zero flow. 

As ambient water velocity increased, flux decreased in both light conditions and across 

branch/interstitial space locations. Since DBLs were thinner and standardized oxygen 
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concentrations were closer to ambient in higher flow, the lower fluxes suggest turbulence 

or increased water movement, not molecular diffusion, was responsible for fast 

compound exchange with the bulk seawater and lowered retention of hyper- and hyp- 

oxic conditions created by algal and invertebrate metabolism (Denny 2016, Noisette and 

Hurd 2018). Effects of cryptofauna on DBL chemistry were masked by higher water 

flow, and for this reason, are elucidated in zero flow as follows. 

In the light, invertebrates contributed a mean 41% increase to net oxygen 

production (net photosynthesis) in the interstitial spaces between branches. The 

magnitude of their effect on photosynthesis increased with assemblage biomass and 

branch density. By impeding flow, higher branch densities can trap water among them 

and increase the degree to which invertebrates contribute to the local seawater or modify 

the host DBL. This finding is similar to the high retention found among tropical stony 

corals that produce colonies with branching morphologies (Holbrook et al. 2008, Chase et 

al. 2014) and within rock pools during low tide (Bjork et al. 2004). As a source of O2 

consumption and CO2 and NH4+ production, invertebrates may exchange compounds 

with their algal host and this could modulate algal productivity. Although photosynthesis 

elevated oxygen and pH within the DBL, pH at 0 mm was lower with invertebrates than 

without them. Cryptofaunal respiration may be partially responsible for this decrease as 

indicated by the positive but moderate correlation between pH and oxygen concentrations 

at 0 mm in this treatment. Algal uptake of NH4+ (excreted by invertebrates) also lowers 

surface pH and may contribute to greater oxygen flux when invertebrates are present 

(Hurd 2015). Future work should address whether invertebrate metabolism, movement, 
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or a combination of both is responsible for the patterns in oxygen flux and whether this 

translates into enhanced CCA growth and/or calcification. 

 In the dark, interstitial space oxygen and pH decreased to 55 ± 5% and 0.13 ± 

0.01 pH units (mean ± se) below ambient seawater levels, respectively. Motile 

cryptofauna escaped these conditions by migrating to or near the tops of branches, where 

DBL chemistry was more similar to the surrounding seawater. No invertebrate 

assemblage contribution was detected in the dark and this could be due to a combination 

of factors. Invertebrate respiration may add to algal respiration and further draw down 

oxygen (Fig. 5, values below 0) but movement by organisms could help exchange oxygen 

across the DBL and counteract oxygen depletion (Fig. 5, values above 0). In addition, the 

retention of biological influence is lower at branch apices where the DBL is thinner and 

oxygen flux is higher (Fig. 5, values near 0). Alpheid shrimps, present in half of the 

assemblages, were observed moving the most among branches and quickly beating their 

legs even while remaining in one place. This study considered whole-assemblage effects 

on the algal DBL but the active lifestyles and concurrent high metabolic rates (Seibel and 

Drazen 2007) of Alpheid shrimps may disproportionately impact the DBL relative to 

slower-moving cryptofauna like molluscs and brittle stars.  

 The 0 cm s-1 flows used in this experiment provided a control treatment to 

understand invertebrate effects and compare them to more ecologically relevant flow 

speeds. However, flows can be reduced (< 1 cm s-1) with depth from the seawater surface, 

macroalgal canopies, and macroalgal turf communities (Pöhn et al. 2001, Hurd 2015). 

Canopies formed by Turbinaria ornata and Sargassum pacificum are common features of 

the reefs around Moorea (Zubia et al. 2014). In addition to offering microhabitat to motile 
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invertebrates, L. kotschyanum provides substrata for epiphytic algae. The DBLs of algal 

hosts and their epiphytes can coalesce into a thicker DBL and further slow water 

velocities near their surfaces (Cornwall et al. 2015, Noisette and Hurd 2018). It is 

possible the results from 0 cm s-1 flows in this study are representative of conditions 

found around thalli that occur deeper, near canopy-forming macroalgae, or with 

epiphytes. Although, algal canopies and epiphytes can contribute to seawater and DBL 

chemistry via metabolic processes as well as the abundance and composition of 

associated motile taxa by providing additional shelter and/or food (Pöhn et al. 2001, 

Cacabelos et al. 2010, Wangprasseurt et al. 2012, Guy-Haim et al. 2020). Thus it would 

be beneficial to explore whether the patterns found here change with canopy and 

epiphytic cover.  

 Recent studies have identified the DBL as an important chemical refuge for 

calcifying organisms exposed to the effects of ocean acidification, especially in slow-

flow areas where thick DBLs develop (Cornwall et al. 2014, Hurd 2015). These 

demonstrate that within canopies and with sessile epibionts, including algal turf and 

invertebrates like bryozoans, thicker DBLs facilitate micro-environments in which 

seawater is chemically more basic (i.e., elevated pH relative to the surrounding seawater) 

(Cornwall et al. 2015, Noisette and Hurd 2018, Guy-Haim et al. 2020). Although the 

present study was unable to test the effects of elevated CO2 in the flume, pH remained 

higher within the DBL than the surrounding water in the light regardless of invertebrate 

presence. Motile invertebrates display mixed responses in their behavior (such as 

foraging activity) and metabolism to climate change conditions (Kroeker et al. 2013, 

Nagelkerken and Munday 2016, Horwitz et al. 2020). Therefore, if the extent or thickness 
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of the DBL ameliorates these conditions, the contribution of invertebrates may be more 

variable between different flow environments on future reefs. 

 The chemical environment above the surfaces of bioengineers in the marine 

environment, like L. kotschyanum, is important to the physiology of both the host and 

associated small motile invertebrate taxa. In low flows (≤ 2 cm s-1), DBL thickness 

within interstitial spaces was greater than the mean maximum size of the most abundant 

cryptofauna associating with the microhabitat of L. kotschyanum (Chapter 2). Higher 

water flow rates ventilated low oxygen and pH in the DBL at night and high oxygen and 

pH during the day. This, importantly, delivers and removes metabolic compounds to and 

from the host and mitigates potentially stressful chemical conditions invertebrates 

migrated away from in zero flow at night and experienced during the day. L. 

kotschyanum serves as complex habitat in low-flow and high-flow tropical reefs but 

assemblages of invertebrates that seek refuge among its branches can vary in abundance 

and composition. This study demonstrates that in environments characterized by low flow 

(i.e., < 0.5 cm/s), higher cryptofaunal biomasses associated with highly branched thalli 

enhance algal photosynthesis. The positive relationship between cryptofauna and host 

metabolism is evidence for a previously unknown mutualism that specifically benefits 

more complex algal morphologies on sheltered reefs, where thick DBLs are prone to 

develop among branches and limit gas exchange between hosts and the surrounding 

seawater.  
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Figure 1. Placement of probe during profiles. Algal thalli were positioned in a depression 
with a Plexiglas ramp on either side on the bottom of the flume and profiles were always 
measured in interstitial spaces and from branch apices near the center of the thallus. 
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Figure 2. Oxygen profiles measured at branches (A-C, blue) and in interstitial spaces (D-
F, brown), in dark (circles) and light (triangles), with (darker shades) and without (lighter 
shades) invertebrate assemblages, and under 0 (A, D), 2 (B, E), and 15 (C, F) cm s-1 flow 
speeds. Oxygen concentrations are standardized as a proportion of the ambient seawater 
concentration (7.73 ±	0.09 mg O2 L-1 in the dark and 7.60 ± 0.07 mg O2 L-1 in the light). 
Values are mean ± SE, n = 35. Dashed lines denote DBL thickness and asterisks indicate 
significant effects of invertebrate presence on DBL thickness. 
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Figure 3. Oxygen fluxes in the dark (A; i.e., respiration) and light (B; i.e., net 
photosynthesis) under 0, 2, and 15 cm s-1 flows. Lower fluxes observed with higher water 
flow are likely underestimates due to the fragility and placement of the probe but are 
suggestive of fast diffusion occurring with increased water movement. Bar colors 
represent fluxes from branches (blue) and interstitial spaces (brown) and darker shades of 
each indicate invertebrate presence. Values are mean ± SE, n = 35. 
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Figure 4. Profiles of calculated pH above branches (blue) and interstitial spaces (brown) 
in dark (circles) and light (triangles) and under 0 (A, D), 2 (B, E), and 15 (C, F) cm s-1 
flow speeds. Darker shades indicate invertebrate presence and lighter shades indicate 
invertebrate absence. Values are mean ± SE, n = 35. 
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Figure 5. Relationships between calculated pH values and standardized oxygen 
concentrations at 0 mm in zero cm s-1 flow in the dark (A) and light (B) at branches (blue, 
n = 35) and in interstitial spaces (brown, n = 35) with invertebrates present (darker 
shades) and absent (lighter shades).  
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Figure 6. Relative contribution of invertebrates to oxygen flux rates at the branches in 
the dark (respiration) as a function of mean branch density and assemblage biomass. 
Invertebrate contribution was calculated using the formula:  ;<=,>?@	;<=,>A?

;<=,>A?
, where 

𝐹𝑙𝑢𝑥78  is oxygen flux measured with invertebrates and 𝐹𝑙𝑢𝑥7:8 is oxygen flux measured 
without invertebrates. Values at or near 0 indicate minimal effects of invertebrates. Those 
above and below 0 indicate greater and lower fluxes, respectively, when invertebrates 
were present. 
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Figure 7. Coefficient estimates from the general linear model for invertebrate 
contribution to oxygen flux in interstitial spaces in the light and 0 cm s-1 flow as a 
function of algal branch density at five levels of invertebrate assemblage biomass. Points 
are coefficient estimates ± SE. SE that do not overlap zero are statistically significant.  
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CHAPTER IV 

Conclusions 

 Cryptofaunal communities are important to the maintenance of habitat quality on 

coral reefs but their abundance and effectiveness relies on physical and biological 

processes. Host or habitat physical structure and spatial differences in water flow have 

been implicated in the composition of cryptofaunal assemblages and the effects of 

associated taxa on host performance (Goldshmid et al. 2004, Holbrook et al. 2008, Stella 

et al. 2011a, Counsell et al. 2018). The present work demonstrates that tropical habitat-

forming CCA contribute to cryptofaunal communities in low- and high- flow 

environments, but the capacity of cryptofauna to facilitate CCA hosts, through the 

modulation of the algal diffusive boundary layer, is specific to highly-branched thalli in 

environments sheltered from flow.   

 Similar to temperate CCA and rhodoliths, I found variable densities of small 

invertebrates associated with tropical CCA thalli (Steller et al. 2003, Chenelot et al. 

2011). In Chapter 2, the relationship between partially dead or bleached CCA structure 

and cryptofaunal assemblages was explored for the first time. The low levels of algal 

partial mortality found on the north shore of Moorea (predominantly < 10%) did not 

affect the suitability of CCA as habitat. Rather, physical features of the thallus, i.e., 

interstitial volume, rugosity, and branch density, were important to the functional group 

composition of cryptofaunal assemblages. It is widely recognized that bioengineers, like 

CCA, protect associated fauna from adverse conditions such as water movement and 

predation (Bruno and Bertness 2001). Because algal morphology varied within flow 

environments, L. kotschyanum can serve as refuge for multiple size classes of 
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cryptofauna across coral reef habitats.  

 In return, small motile invertebrates can contribute to the formation of the algal 

host DBL and benefit more complex algal morphologies but these effects were context-

dependent. The chemical environment of the DBL is primarily controlled by water flow 

and algal metabolism, which reciprocally influences the supply of gases and nutrients 

available for algal uptake (Williams and Carpenter 1998, Hurd 2000, Mass et al. 2010, 

Cornwall et al. 2013). In Chapter 3, when DBL thickness was greater than the body sizes 

of the most abundant cryptofauna (within interstitial spaces in zero flow), cryptofauna 

reduced surface pH and increased oxygen flux. Further retention among highly branched 

spaces on algal thalli in combination with higher cryptofaunal biomasses magnified the 

positive effect of cryptofauna on net photosynthetic rates. Within host branches or tufts, 

water residence times can increase and lead to lower rates of gas/nutrient transfer but 

these spaces also create complex microhabitat for greater numbers of small crustaceans 

and echinoderms as shown in Chapter 2 (Pöhn et al. 2001, Goldshmid et al. 2004). 

Therefore, structurally-complex CCA are important for sustaining abundant and diverse 

motile cryptofaunal invertebrates, while the invertebrates involved in the associations 

likely facilitate the maintenance of structurally-complex hosts in low-flow environments 

where thick DBLs develop.  

 The relationships between structurally complex CCA and cryptofauna may have 

consequences on the broader coral reef communities they occupy and the human 

populations that depend on these communities. The taxonomic and size structure of 

associated invertebrate assemblages may represent different trophic guilds and food 

quality to larger consumers. The invertebrates found here range from detritivores and 
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suspension feeders to grazers and carnivores and their prey size often depends on the 

sizes of their bodies and mouthparts (Carpenter 1997, Glynn and Enochs 2011). Thus, 

small, motile invertebrates not only regenerate organic matter from the benthos and water 

column into nutrients that promote primary productivity but into energy and carbon for 

higher trophic levels, including many reef fishes (Stella et al. 2011a, Counsell et al. 2018, 

Moura et al. 2021). The services provided by invertebrates to CCA hosts, such as 

nutrients, grazing algal competitors, and as shown here contributing to the DBL, help 

CCA and their contribution to reef framework, coral settlement, storm protection, and 

carbon cycling persist. Associations between cryptofauna and CCA hence bolster reef 

biodiversity and help maintain sources of economically-valued goods and services like 

protein and ecotourism. 

 With increasing stressors in coastal marine ecosystems, such as decreases in 

oceanic pH (ocean acidification) concurrent with climate change, (Bellwood et al. 2004, 

França et al. 2020), the roles of these associations may become more important. In 

Chapter 3, the chemistry within the DBL around L. kotschyanum was extremely different 

from the surrounding seawater, and pH in between branches, where invertebrates 

remained during the light, increased to 0.2-0.3 pH units above ambient in zero flow.  

Photosynthesis-induced chemical changes can create a buffer against ocean acidification 

(Kaspar 1992, Kühl et al. 1995, Cornwall et al. 2014, Noisette and Hurd 2018). This 

chemical refuge will likely be important to the growth and maintenance of both 

calcifying hosts and associated small invertebrates on future reefs, but may be specific to 

low-flow environments where thicker host DBLs develop and chemical retention is 

higher (Cornwall et al. 2015, Hurd 2015, Guy-Haim et al. 2020).  
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 Currently, branch-forming CCA provide habitat and refuge to abundant and 

diverse cryptofauna in low- and high- flow reefs on the north shore of Moorea, French 

Polynesia. My research highlighted the roles of different physical features of CCA in 

cryptofaunal assemblage composition in a coral reef ecosystem. Additionally, current 

levels of CCA partial mortality were not high enough to discern shifts in associated 

invertebrate assemblages. Other factors likely contribute to assemblage patterns, 

including spatial differences in host and predator density and biotic interactions between 

CCA-dwelling taxa. The presence of cryptofauna disturbed the DBL around L. 

kotschyanum, and high biomass of invertebrates promoted metabolic rates of more 

structurally-complex hosts, but these effects were specific to the light condition when 

invertebrates remained within interstitial refuges.  The effect of invertebrates on the algal 

DBL and metabolism describes a previously overlooked relationship between CCA and 

associated taxa that benefits highly-branched CCA hosts in sheltered reefs.  

Future Directions 

 This work has prompted several questions worth investigating further.  

1. What sorts of interactions occur between CCA-dwelling taxa and how do these 

affect assemblage patterns? Territorial and mating behavior are likely important to 

the abundance and distribution of taxa associated with CCA thalli and could be 

explored in laboratory experiments.  

2. Do these interactions affect their movement and contribution to the DBL? The 

assemblages used here were not standardized in their composition but this may 

help to reduce among-sample variation in oxygen and pH profiles in future 

studies.  
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3. Invertebrates thinned the DBL, lowered maximum deviations from ambient pH, 

and enhanced photosynthesis of highly branched thalli but the mechanisms 

responsible for these effects are still unclear. Particle image velocimetry can track 

water movement generated by swimming fish and copepods (Stamhuis and 

Videler 1995) and may help elucidate whether invertebrates move within 

interstitial refuges during the day.  

4. It would also be important to understand if the effect of invertebrates on 

photosynthesis is coupled with algal growth or calcification. This could be 

accomplished by comparing differences in buoyant weight and linear growth 

between algal thalli maintained with and without associated invertebrates in 

aquaria over the course of a few weeks to months.  

5. Finally, the influence of small, motile invertebrates on DBL dynamics should be 

addressed under different environmental conditions. This study tested the 

contributions of invertebrates to the algal DBL under unidirectional water flow 

but oscillatory flow may be more relevant to the wave-induced flows occurring in 

coral reef-lagoon systems, such as Moorea. Furthermore, understanding how these 

effects change under warmer and/or more acidic seawater, will lend insight into 

whether the outcomes of this association can be expected to shift on future reefs.  
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