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ABSTRACT 

Rhodolith beds are highly diverse benthic ecosystems that are distributed 

worldwide and contribute significantly to global carbon budgets. Discovery of rhodolith 

beds in Newfoundland has stimulated research on Northwest Atlantic rhodolith 

(Lithothamnion glaciale) CaCO3 production and the factors that influence rhodolith beds. 

The present study estimated CaCO3 production rate in a rhodolith bed off the coast of St. 

Philip’s, Conception Bay, Newfoundland using compared methodological approaches of 

extension and weight change. This study also examined bioturbator influence on rhodolith 

extension and CaCO3 production rate. Applying weight change to rhodolith densities 

yielded gross and net CaCO3 production rates of approximately 806 and 196 g CaCO3 m
-2 

y-1, respectively. Applying extension to rhodolith biomass yielded a net CaCO3 production 

rate of 163 g CaCO3 m-2 y-1. Bioturbator presence did not impact extension or CaCO3 

production. Regarding the spatial distribution and abundance of rhodoliths, one prevalent 

paradigm is that rhodoliths occur in areas where water motion is strong enough to prevent 

burial by sediments, but not so strong as to cause fragmentation. A drop camera survey 

estimated rhodolith abundance in a Newfoundland bed and estimated the influence of 

several environmental parameters, including water motion. Rhodoliths were found to occur 

further south in St. Philip’s than previously reported. Rhodolith abundance was highly 

influenced by slope, temperature, and light where abundance increased with light, 

temperature and decreasing slope. Flow acceleration (water motion) did not vary with depth 

and remained low, challenging the long-standing paradigm that water motion is a main 

factor determining rhodolith bed boundaries.  
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1.1 Calcareous algae and rhodoliths 

Calcareous algae contribute significant amounts of carbonate to the world’s oceans, 

occurring globally from tropical to polar seas (Amado-Filho et al., 2012; Bracchi and 

Basso, 2012; Foster et al., 2013). This contribution stems from their ability to sequester 

carbon in their tissues (Cabioch, 1988; Gamboa et al., 2010; Milliman et al., 1971). As 

calcified algae develop, they form thin crusts comprised of connected cell filaments (Kerkar 

and Untawale, 1995; Woelkerling, 1988), in which the cell walls are entirely calcified, 

where calcite precipitates through the deposition of high-magnesium calcite (Mg-calcite) 

near the cell surface (Cabioch, 1988; Johansen, 1981). Calcareous alga includes red, green 

and brown algae that become hard by the addition of calcium. These algae deposit calcium 

carbonate into the cell walls of living tissue layers (Gamboa et al., 2010; Milliman et al., 

1971).  

One main group of red calcareous algae is crustose coralline algae. Coralline algae 

typically encrust rocky surfaces, but also occur as geniculate, and free-living, non-

geniculate (i.e., lacking flexible joints) forms, producing Mg-calcite spherical or ellipsoidal 

nodules known as rhodoliths (Adey et al., 2013; Steneck and Adey, 1976). Rhodoliths 

reproduce sexually with spores or asexually by fragmentation (Freiwald, 1998). They are 

slow growing and long-lived, expanding via linear apical extension at rates of  0.1 to 5 mm 

y-1 (Adey et al., 2013; Amado-Filho et al., 2012; Bosence and Wilson, 2003; Jørgensbye 

and Halfar, 2017). Rhodoliths also contribute significantly to global carbonate production, 

with the largest known bed off the coast of Brazil (20 900 km2) reportedly producing 0.025 

Gt CaCO3 y
-1 (Amado-Filho et al., 2012). The purpose of the present study was to estimate 

calcium carbonate production and spatial variation of a subpolar rhodolith ecosystem under 
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the influence of several abiotic and biotic factors to gain a better understanding of rhodolith 

carbonate budgets and the factors that influence them. 

All calcareous algae today face the ongoing challenge of climate change in which 

sea surface temperature is rising, frequency and intensity of storms are increasing, and the 

oceans are becoming more acidic (Erftemeijer et al., 2012; Harborne et al., 2017; Roth et 

al., 2018; Wismer et al., 2019). While marine calcifiers such as corals and rhodoliths can 

adapt to increases in temperature by controlling the pH of calcifying fluids (e.g. McCulloch 

et al., 2012), or using stored photosynthates (i.e., where growth and production are 

metabolically driven), there has been little research as to the extent of such adaptations 

(Cornwall et al., 2017; McCulloch et al., 2012; Williams et al., 2018). As well, while 

elevated temperatures have been shown to increase rhodolith metabolism, if temperatures 

exceed local summer maximums, rhodolith sensitivity can increase to the point of mortality 

due to reduction in calcification rates and photosynthesis (Adey et al., 2013; Schubert et 

al., 2019; Short et al., 2015). Furthermore, rising sea surface temperatures are not the only 

side-effect of climate change, possibly interacting with increasing frequency and intensity 

of storms. Frequent and severe storms can have detrimental effects as wave action is 

intensified, causing fragmentation of carbonates and sediment resuspension, possibly 

burying rhodolith beds and removing access to light energy (Barbera et al., 2003; Campos 

and Dominguez, 2010; Grall and Hall-Spencer, 2003; Sheehan et al., 2015; Villas-Bôas et 

al., 2014). Sediments can also be resuspended from dredging and trawling to extract 

economically important species such as scallops (Barbera et al., 2003; Coletti et al., 2017; 

Grall and Hall-Spencer, 2003). Rhodoliths themselves can be harvested commercially to 

be used in cosmetics, agriculture, and for their minerals (Grall and Hall-Spencer, 2003). 
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Continued destruction of rhodolith beds, coupled with the increasing effects of warming 

seas and intense, frequent storms threaten the structure and function of these biodiverse 

carbonate habitats. 

Perhaps the largest challenge faced by rhodoliths is ocean acidification. Magnesium 

calcite skeletons of rhodoliths are highly soluble, and thus highly susceptible to ocean 

acidification (Basso and Granier, 2012; Büdenbender et al., 2011; Erftemeijer et al., 2012; 

Gamboa et al., 2010; McCoy and Ragazzola, 2014). Rhodoliths form high Mg-calcite 

skeletons, with high Mg composition that is ~20% more soluble than aragonite 

(Büdenbender et al., 2011). Dissolution of rhodolith beds will be accelerated in polar and 

sub-polar waters considering that they have a naturally low calcite saturation state due to 

cold temperatures (Büdenbender et al., 2011). As such, rhodoliths could begin dissolving 

by 2040 as the calcite saturation state rapidly declines (Doney et al., 2009; Gunderson et 

al., 2016). Slow growth of rhodoliths, especially those in colder seas may lead to low 

resilience and inability to adapt to increasing ocean acidification (Barbera et al., 2003; 

Büdenbender et al., 2011; Martin and Gattuso, 2009; Noisette et al., 2013). Vulnerability 

of rhodolith beds further solidifies the need to research processes that influence the build-

up of these ecologically and economically important carbonate structures.  

1.2 Cold-water carbonate production 

Carbonate deposition has been researched extensively in tropical environments 

including coral reefs and rhodolith beds (Basso, 2012; Lees and Buller, 1972; Perez et al., 

2018; Perry et al., 2008). Chave (1967) was the first to report that calcium carbonate 

production could also take place in temperate and polar areas, predominantly in coastal 
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areas where terrigenous input can be low. Carbonates occurring in cold-water seas are 

mostly comprised of heterozoan skeletal remains including those of calcareous algae, 

molluscs, echinoderms, bryozoans, and cold-water corals (Bracchi and Basso, 2012; James, 

1997; James and Lukasik, 2010; Lees and Buller, 1972). Calcareous algae, coral reefs, and 

bryozoans form extensive and complex structures through deposition of calcium carbonate, 

creating a habitat that can support high species diversity (Bastos et al., 2018; Chave et al., 

1972; Kerkar and Untawale, 1995; Perry et al., 2008; Schäfer et al., 2011). In particular, 

rhodoliths form dense inter-locking aggregations known as “beds”. Rhodolith beds occur 

worldwide to depths exceeding 250 m, with over 1600 described species associated with 

such beds (Amado-Filho et al., 2012; Foster, 2001; Riosmena-Rodríguez et al., 2017; 

Teichert et al., 2012). Rhodoliths act as ecosystem engineers with their complex three-

dimensional lattice structure from the formation of their Mg-calcite skeletons (Bracchi et 

al., 2014; Foster et al., 2013; Tompkins and Steller, 2016). Such a structure houses a high 

biodiversity of taxa including economically and ecologically important species of fish, 

invertebrates and other types of algae (Bracchi and Basso, 2012; Coletti et al., 2017; 

Gagnon et al., 2012; Grall and Hall-Spencer, 2003).  

Rhodolith beds act as both a carbon sink and carbon source in the global carbon 

budget as living tissue layers of rhodoliths uptake CO2 through photosynthesis by 

converting HCO3
- within cells (sink), while releasing CO2 through calcification and 

respiration (source) (Martin and Hall-Spencer, 2017). Underlying rhodolith tissue layers 

and dead rhodoliths also act as a carbon source through the dissolution of their calcified 

structure (Basso, 2012; Martin and Hall-Spencer, 2017). If dissolution of dead rhodoliths 

exceeds production of live rhodoliths, net carbonate production becomes negative, resulting 
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in major marine carbon fluctuations that could expedite ocean acidification (Martin and 

Hall-Spencer, 2017).  

Rhodolith beds are major CaCO3 producers, contributing significantly to the global 

carbon budget with a production rate per unit area approaching that of coral reefs (Harvey 

et al., 2017; Stearn et al., 1977). This production varies latitudinally, likely because of 

differences in abiotic and biotic drivers and the different methods used to estimate CaCO3 

production rate (Bahia et al., 2010; Harvey et al., 2017; Jørgensbye and Halfar, 2017; Van 

Der Heijden and Kamenos, 2015). However, calcium carbonate production of rhodolith 

beds should be studied more intensively especially considering that rhodoliths are more 

vulnerable to ocean acidification (because of their high Mg-calcite skeletons) compared to 

aragonitic corals and other low Mg-calcite counterparts (Martin and Gattuso, 2009; 

Noisette et al., 2013).  

1.3 Spatial variation of rhodoliths and rhodolith beds 

Sea temperature and light are the main drivers of the formation and abundance of 

calcareous algae, often delineating where species colonize on a global scale (Chave et al., 

1972; Dutertre et al., 2015; McArthur et al., 2010; Melbourne et al., 2015). Indeed, 

distribution and abundance of rhodoliths is thought to be predominantly controlled by 

temperature and light, as well as hydrodynamic forces and sedimentation (Riosmena-

Rodríguez et al., 2017; Wilson et al., 2004). Warmer temperatures often accelerate growth 

and thus, calcium carbonate production of calcareous algae until a threshold is reached 

(McCoy and Kamenos, 2015; Muñoz et al., 2018; Perez et al., 2018; Short et al., 2015). 

Indeed, individual rhodoliths can extend and grow up to 5 mm y-1 in tropical seas (Steneck 
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and Adey, 1976), compared to <1 mm y-1 in temperate and polar areas (Edyvean and Ford, 

1987; Freiwald and Henrich, 1994). A similar trend is seen with light, where abundance 

and carbonate production often increase with light availability (Coletti et al., 2018; Connor 

et al., 2003; Sañé et al., 2016). However, too much light, often in coastal areas, can cause 

UV damage to photosynthetic tissue (Drollet et al., 1993). Rhodoliths in polar environments 

are tolerant to periods of low light and varying temperature conditions by using stored 

photosynthates and starch reserves to continuously grow and deposit calcium carbonate 

year-round (Weykam et al., 1997; Williams et al., 2018).  

Hydrodynamic forces also exert considerable influence on the distribution and 

structure of shallow marine communities, including those dominated by rhodoliths (Blain 

and Gagnon, 2013; Gaylord, 1999; Joshi et al., 2017a; Kraufvelin et al., 2010). The shallow 

subtidal zone experiences disturbance of wave action, where species can become dislodged 

(and carried to deeper depths) or fragmented, thereby driving species zonation (Eckman et 

al., 2008; Joshi et al., 2017b; Miller et al., 2007). Sediments are resuspended by waves in 

shallow water and carried to deeper/calmer waters where they settle on the seafloor 

(Campos and Dominguez, 2010; Griffin et al., 2008; Villas-Bôas et al., 2014). 

Sedimentation can smother rhodoliths, limiting gas exchange and light availability (Riul et 

al., 2008; Wilson et al., 2004). These processes may determine rhodolith bed limits, with 

the upper bed limit driven by wave action, and the lower, deeper limit shaped by 

sedimentation (Dutertre et al., 2015; Foster, 2001; Steller and Foster, 1995).   

Rhodolith beds in the northwest Atlantic were first discovered in the 1960s when 

Adey (1966) described several beds along the coast of Newfoundland and Labrador. Since 

then, few studies have investigated species of coralline algae and their distribution (Adey 
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et al., 2005; Adey and Adey, 1973; Adey and Hayek, 2011). Gagnon et al. (2012), carried 

out the first quantitative research about Newfoundland rhodolith bed structure and 

associated fauna. They studied two rhodolith beds in Conception Bay, Newfoundland off 

the coast of St. Philip’s and Holyrood (Figure 1.1), and found that the daisy brittle star 

(Ophiopholus aculeata) and the mottled red chiton (Tonicella marmorea) represented 82 

and 94% of total invertebrates, respectively. Green sea urchins (Strongylocentrotus 

droebachiensis) and the common sea star (Asterias rubens) were also commonly observed 

on the surface of the rhodolith beds (Gagnon et al., 2012). Millar and Gagnon (2018) 

continued research in the St. Philip’s area (Figure 1.1), challenging the paradigm that 

moderate hydrodynamic forces are needed to limit sedimentation in rhodolith beds. Instead, 

bioturbators, in this case, O. aculeata, A. rubens, and S. droebachiensis, facilitated removal 

of sediment from the rhodolith surface (Millar and Gagnon, 2018). Invertebrate 

bioturbators present among rhodoliths aid in protecting against sedimentation by mixing 

and stirring sediments, ventilating rhodoliths and preventing burial (Marrack, 1999; Millar 

and Gagnon, 2018). Calcium carbonate production and rhodolith abundance in this 

subpolar bed, as well as the effects of bioturbators on rhodolith proliferation and 

abundance, are unknown, yet worth studying to gain a better understanding of subpolar 

rhodolith bed calcium carbonate budgets and the abiotic and biotic factors that influence 

them. 

1.4 Thesis structure 

Spatial extent and factors limiting carbonate production and abundance of 

Newfoundland rhodolith beds has yet to be studied quantitatively. The goal of the present  
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Figure 1.1 Location of the two rhodolith beds previously studied in southeastern 

Newfoundland. Rhodolith beds are located off the coast of St. Philip’s and Holyrood 

(indicated by black circles) in Conception Bay, Newfoundland. Basemaps obtained from 

GEBCO. 
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study is to quantify rhodolith extension, CaCO3 production, as well as explore abiotic and 

biotic factors driving rhodolith abundance and distribution. Chapter II includes a one-year 

deployment of rhodoliths in a Newfoundland bed to 1) quantify CaCO3 production using 

varying methodologies of extension rate and weight change; and 2) assess the influence of 

bioturbators on rhodolith CaCO3 production rate and extension. Chapter III examines the 

distribution and abundance of rhodoliths in the same Newfoundland bed, and some of the 

abiotic (temperature, illuminance, slope, bottom type, and bathymetric position) and biotic 

(bioturbator and encrusting coralline algae presence) factors that contribute to the observed 

spatial variation in abundance. Chapter IV presents a summary of the main findings and 

their contribution to advancing knowledge about factors that drive CaCO3 production and 

the structure of rhodolith beds. Chapter IV also discusses future research directions in this 

area. 
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ABSTRACT 

Present estimates suggest that rhodolith beds are major CaCO3 producers, with 

production rates similar to those of coral reefs. Production rates vary latitudinally because 

of differences in abiotic and biotic drivers and, presumably, the different methods used to 

estimate CaCO3 production rate. We used a 378-d manipulative experiment in a subpolar 

rhodolith bed to test the hypothesis that bioturbators increase rhodolith apical extension 

(growth) and CaCO3 production, as well as to quantify and compare gross and net rhodolith 

CaCO3 production rates with the apical extension and weight change methods. We also 

reviewed published estimates of CaCO3 production rates in rhodolith-forming, red coralline 

algae from polar to tropical realms to situate the present study’s findings, while assessing 

global variability in production rates. Bioturbators did not affect apical extension 

(0.541 mm y-1) and weight change (1.64 g y-1; as averaged across sizes) rates of live, 

stained or unstained rhodoliths. Rhodolith age estimates ranged from 38 y (based on use of 

the gross weight change method) to 72 y (apical extension), to 115 y (net weight change), 

indicating that different methods can under- or over-estimate age by up to three times. 

Gross (806.1 g CaCO3 m
-2 y-1) and net (196.2 g CaCO3 m

-2 y-1) rhodolith CaCO3 production 

rates estimated from rhodolith weight change and rhodolith abundance (density) in the bed 

were similar to those in European beds and lower than in sub-tropical and tropical beds. 

The latter net production rate was also similar to that estimated from rhodolith age 

(calculated from apical extension rate and physical dimensions) and rhodolith abundance 

(biomass) in the bed (163 g CaCO3 m
-2 y-1). Our results imply that gross CaCO3 production 

by living rhodoliths is far greater than net estimates, in which dry weight loss by dead 

rhodoliths may account for as much as 75% of gross production. CaCO3 production rates 
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reported in the present study are similar to other polar and subpolar rhodolith beds, 

however, there is a clear discrepancy across studies due to the use of varying methods in 

estimation. 

2.1 INTRODUCTION 

Marine calcifiers such as hermatypic and cold-water corals, bryozoans, and 

calcareous algae are important to the oceans and atmosphere, playing a key role in the 

global carbon cycle (Kleypas et al., 2006; Perez et al., 2018; Perry et al., 2018). Corals and 

calcareous algae produce calcium carbonate (CaCO3) skeletons and build structurally 

complex habitats supporting high biodiversity (Basso, 2012; Harvey et al., 2017; Hibino 

and Van Woesik, 2000). Marine calcifiers face the mounting challenge of ocean 

acidification, which interferes with key basic life functions, including the deposition of 

CaCO3 in their tissues (Kleypas et al., 2006). This phenomenon and its synergistic effect 

with ocean warming are largely unexplored in rhodoliths (Basso, 2012; Cavalcanti et al., 

2014; dos Reis et al., 2016; Foster, 2001; James and Lukasik, 2010; Martin and Hall-

Spencer, 2017; Stearn et al., 1977).  

Rhodoliths are non-geniculate red coralline algae that form extensive, biodiverse 

communities known as “beds” in tropical to polar seas at depths down to several hundreds 

of meters (Amado-Filho et al., 2012; Bahia et al., 2010; Foster, 2001; Gagnon et al., 2012; 

Harvey et al., 2017; Matsuda and Iryu, 2011). Rhodolith bed size varies geographically, 

with the largest known bed (~20 900 km2) located off the coast of Brazil (Amado-Filho et 

al., 2012; Brasileiro et al., 2016; Pereira-Filho et al., 2012; Villas-Boas et al., 2014). Given 

their wide distribution, importance to biodiversity, and likely vulnerability to ocean 
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acidification and warming, it is important to measure and understand the contribution of 

rhodolith beds to global carbonate production (Basso, 2012; Kleypas et al., 2006; Perez et 

al., 2018; Perry et al., 2018). Yet, the diversity of approaches used to estimate CaCO3 

production in rhodolith beds, combined with geographic variation, yield significant intra- 

and inter-regional differences, making it difficult to compare rhodolith beds’ global 

carbonate production among global carbonate realms (Bahia et al., 2010; Jørgensbye and 

Halfar, 2017; Van Der Heijden and Kamenos, 2015; the present study). 

Present estimates suggest that rhodolith beds are major CaCO3 producers, with 

production rates similar to those of coral reefs (Harvey et al., 2017). Production rate varies 

latitudinally, likely because of differences in abiotic and biotic drivers, but possibly also 

due to different methods used to estimate CaCO3 production rate. Tropical beds, like those 

in Brazil, produce large amounts of CaCO3, with net rates ranging from 300 to 2700 g m-2 

y-1 (Amado-Filho et al., 2012). Temperate beds exhibit lower CaCO3 production rates, from 

200 to 1200 g m-2 y-1 (Bosence and Wilson, 2003). For example, rhodolith (Lithothamnion 

coralloides) beds in Europe have net and gross CaCO3 production rates from 84 to 876 g 

m-2 y-1 (Bosence, 1983; Potin et al., 1990). The latter rates mirror those of subpolar beds: 

in Norway, production rates of rhodolith (Lithothamnion glaciale) beds range from 420 to 

1430 g m-2 y-1 (Freiwald and Henrich, 1994).  

Gross CaCO3 production rate refers to the amount (mass) of new carbonate skeleton 

produced and added to the bed by rhodoliths, whereas net CaCO3 production rate accounts 

for carbonate skeleton losses to bioerosion, dissolution, and maceration (the process by 

which microbes break down a rhodolith’s organic matrix via enzymatic degradation of 

starch; Freiwald, 1998) (Chave, 1972; Schonberg et al., 2017). Effects of bioerosion, 
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dissolution, and maceration together with intra-bed variation in dead versus live rhodolith 

abundance, should be considered because 1) the rate of loss of calcified tissues in dead 

rhodoliths may approach or temporarily exceed the rate of CaCO3 production in live 

rhodoliths, with net estimates of production rate potentially below zero (i.e. a net loss, 

equivalent to a temporary state of net reef erosion in coral reefs  [Perry et a., 2008]); and 2) 

the proportion of dead versus live rhodoliths can vary spatially within a bed (Canals and 

Ballesteros, 1997; Savini et al., 2012; Schwarz et al., 2005).  

There are three methods used in estimating CaCO3 production rate of rhodoliths. 

The first method is the most common, relying on measurement of extension rates of 

rhodolith apices (Figure 2.1; Blake and Maggs, 2003; Caragnano et al., 2016; Figueiredo 

et al., 2012; Frantz et al., 2000; Noisette et al., 2013). Apical extension rates are often 

measured by staining rhodoliths with Alizarin Red, then measuring new tissue added 

beyond the stained layer over a known period of time (Blake and Maggs, 2003; Bosence 

and Wilson, 2003; Bosence, 1983; Freiwald, 1998). In general, extension rates of rhodoliths 

for the North Atlantic are between 0.2 and 3 mm y-1 (Blake and Maggs, 2003; Bosence and 

Wilson, 2003; Figueiredo et al., 2012), which is lower than the 0.8 to 5 mm y-1 range in 

tropical seas (Amado-Filho et al., 2012; Steller et al., 2007). Extension rate has been used 

to estimate net rhodolith CaCO3 production rate by incorporating rhodolith age and mass 

(Figure 2.1) (Amado-Filho et al., 2012; Bosence and Wilson, 2003; Nelson et al., 2012). 

The second method used less frequently is the weight change method (Figure 2.1), where 

rhodoliths are weighed before and after deployment in a rhodolith bed, measuring weight 

gain (in live rhodoliths) and/or loss (in dead rhodoliths) over time. This method often yields 

similar CaCO3 production rates to those obtained from apical extension rates (Potin et al., 
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1990). The third method is observing changes in total alkalinity (measuring the 

concentration of alkaline substances in seawater – namely carbonates) (Chisholm, 2000; 

Martin et al., 2006, 2007). This method sometimes yields higher CaCO3 production rate 

estimates than the weight change and extension methods, up to 10 300 g CaCO3 m
-2 y-1 

(Chisholm, 2000; El Haikali et al., 2004). These three methods have not been used 

simultaneously to calculate and compare CaCO3 production rates for the same rhodolith 

bed, therefore limiting the ability to compare their accuracy and consistency (Potin et al., 

1990). 

Rhodolith beds generally develop in habitats with moderate hydrodynamic forces, 

presumably because such forces limit the accumulation of sediment and move rhodoliths 

around, therefore exposing their surface to adequate levels of light for photosynthesis 

(Foster, 2001; Joshi et al., 2017; Marrack, 1999). Millar and Gagnon (2018) challenged this 

paradigm with a study of sedimentation patterns in a coastal rhodolith (Lithothamnion 

glaciale) bed located off the coast of St. Philip’s in Conception Bay, southeastern 

Newfoundland (Canada) that contains macroinvertebrate suspension feeders (e.g. the brittle 

stars Ophiopholis aculeata and Ophiura robusta), grazers (e.g. mottled red chiton, 

Tonicella marmorea; green sea urchin, Stronglyocentrotus droebachiensis), and predators 

(e.g. common sea star, Asterias rubens) (Gagnon et al., 2012). They concluded that 

hydrodynamic forces were insufficient to move rhodoliths and that resident bioturbators, 

in this case, O. aculeata, A. rubens, and S. droebachiensis, contributed to movement and 

dislodgement of sediment from the rhodoliths, and hence to the overall growth of the bed 

(Millar and Gagnon, 2018). CaCO3 production rate in this subpolar bed, and the effects of 

bioturbators on this production rate, are unknown, yet worth studying to gain a better 
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Figure 2.1 Schematic of methods used to estimate CaCO3 production rates in an in situ 

rhodolith bed (sensu Bosence, 1976) like that in the present study. Lower right-hand 

portion: live, un-attached rhodoliths form a top layer underneath which dead or dying 

rhodoliths fragment and accumulate over time, forming a compact foundation of fine-

grained, possibly anoxic sediment. Left vertical portion: CaCO3 production rates are most 

commonly estimated from rhodoliths’ apical extension rates. Rhodoliths grow 

predominantly spherically, adding a thin (millimeter scale) layer of new living tissue and 

CaCO3 matrix at their surface every year. Some of the inner CaCO3 matrix is also lost 

yearly to dissolution, bioerosion, and maceration, which is accounted for in measuring 

rhodolith biomass (in g m-2: bed scale – green rectangle). With this method, a bed’s net 

CaCO3 production rate is estimated by dividing rhodolith biomass by mean rhodolith age. 

A single rhodolith’s age is determined by measuring its longest (x), intermediate (y), and 

shortest (z) axes, then dividing mean axes length by extension rate (mm y-1). Right vertical 

portion: one less common method to estimate CaCO3 production rates is based on rhodolith 

weight change, which allows for the separation of gross and net estimates when both live 

and dead rhodoliths are considered. Gross CaCO3 production rate of an individual rhodolith 

(orange rectangle) is estimated by measuring the gain in weight over time caused mainly 

by the growth of the CaCO3 matrix. Net individual CaCO3 production rate (orange 

rectangle) is estimated by subtracting the mean loss of CaCO3 of dead rhodoliths from new 

CaCO3 added by live rhodoliths. On a rhodolith bed scale (green rectangles), CaCO3 

production rates are estimated by multiplying individual gross or net CaCO3 production 

rates by the density of rhodoliths in the bed (in individuals m-2).  
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understanding of local and global rhodolith bed carbonate budgets and the biological 

factors that influence them.  

 The present study uses a 378-d manipulative experiment in the rhodolith bed in St. 

Philip’s to (1) test the hypothesis that bioturbators increase rhodolith apical extension 

[growth] and CaCO3 production; and (2) quantify and compare gross and net rhodolith 

CaCO3 production rates with the apical extension and weight change methods. It also (3) 

reviews published estimates of CaCO3 production rates in rhodolith-forming, red coralline 

algae from polar to tropical realms obtained with the three methods outlined above to 

situate the present study’s findings, while assessing global variability. 

2.2 MATERIALS AND METHODS 

2.2.1 Study site 

The present study was carried out in a rhodolith bed located off the coast of 

St. Philip’s (47.592° N, 52.893° W), on the southeast shore of Conception Bay in 

Newfoundland, Canada (Figure 2.2A). The bed extends from depths of 8 to >25 m and is 

predominantly composed of largely spheroidal rhodoliths with an average diameter of ~6 

± 2 cm (Figure 2.3A) (Gagnon et al., 2012). Green sea urchins (Stronglyocentrotus 

droebachiensis), brittle stars (Ophiopholus aculeata and Ophiura robusta), common sea 

stars (Asterias rubens), and mottled red chitons (Tonicella marmorea) are common across 

the surface of the bed (Gagnon et al., 2012). Millar and Gagnon (2018) showed that this 

bed is exposed to chronic low hydrodynamic forces, which appear insufficient to overturn 

the rhodoliths.  
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Figure 2.2 Location of the rhodolith bed studied near St. Philip’s, Newfoundland (A) and 

experimental setup showing enclosures, each containing live-stained (n=3), live-unstained 

(n=10) and dead (n=10) rhodoliths (B) directly on the seabed (C) or raised 50 cm above it 

(D). One temperature and light (Lux) logger attached to the top of one of the enclosures 

(D).  
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Figure 2.3 View of the rhodolith (Lithothamnion glaciale) bed in St. Philip’s showing 

primarily spheroidal rhodoliths (A), image courtesy of David Bélanger. Portion of a 

rhodolith thallus where apical extension was measured from the purple coloured Alizarin 

Red stain line to the edge of the branch tip (B). 
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2.2.2 Rhodolith collection and staining 

 On 15 April, 2016, 276 spheroidal, L. glaciale rhodoliths (~4-6 cm in diameter) 

were hand collected by divers at a depth of ~16 m in the middle section of the bed where 

they are evenly distributed. Rhodoliths were transported to Memorial University of 

Newfoundland’s Ocean Science Centre (OSC) in plastic containers filled with seawater 

(see Appendix A for a complete timeline of the experiment). Upon arrival at the OSC, 

rhodoliths were dispatched equally into four 180-L glass aquaria supplied with flow-

through (1 L min-1) seawater. Seawater was pumped in from the adjacent embayment, Logy 

Bay, at a depth of ~5 m, and exposed to the natural photoperiod of sunlight entering the 

laboratory through three 1-m diameter circular windows. Rhodoliths were exposed to these 

environmental conditions until the onset of the field experiment. 

On 3 June, 2016, rhodoliths were individually inspected and cleaned of all visible 

epibionts with forceps and a smooth nylon brush. Small cryptofauna (e.g. amphipods, 

gastropods, chitons) and boring organisms (e.g. polychaetes, bivalves) located inside the 

rhodoliths were too difficult to remove without breaking some rhodolith tissue, and hence 

were not removed. Epibionts removed from rhodoliths before and after the field experiment 

(see below) were not quantified. On 14 June, 2016, each rhodolith was individually blotted, 

and weighed (initial wet weight) with a balance with a precision of 0.001 g (Mettler Toledo 

Classic plus PB503-S). Each rhodolith was identified with small plastic tags (~1 cm2) 

attached with fishing line. Rhodoliths were divided into three groups based on their 

biological status: 120 live-unstained rhodoliths, 120 dead rhodoliths, and 36 live-stained 

rhodoliths. Dead rhodoliths were live rhodoliths haphazardly selected from the aquaria, 

killed by exposing them to ambient air (~20°C) for seven days, and dry weighed (initial 
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dead dry weight: DDWinitial). Complete bleaching of rhodolith tissue caused by loss of 

photosynthetic pigments indicated that no live tissue remained at the surface of the dried 

thalli. 

For live-staining, rhodoliths were transferred to a separate tank filled with a solution 

of 8.5 g of Alizarin Red dissolved in 10 L (85 mg L-1) of seawater and stained for 48 h. 

Temperature was gradually increased from ~2°C to ~7°C over the first six hours and 

maintained at the latter temperature during the remainder of the staining period (Blakes and 

Maggs, 2003; Kamenos et al., 2008; Ragazzola et al., 2012). During staining, rhodoliths 

were exposed to artificial light from 61-cm long, actinic fluorescent tubes (Marine-GO T8, 

20W; Rolf C. Hagen) placed ~30 cm above the water surface and emitting ~20 µmol 

photons m-2 s-1 from 05:00 to 21:00 to mimic the natural photoperiod. Staining solution 

was aerated with a pump (Elite802; Rolf C. Hagen) delivering 1500 cm3 of air min-1 and 

maintained at ~7°C with one immersion probe cooler (IP-35RCL; PolyScience) throughout 

the staining process. At the end of the 48 h, a low seawater flow (250 ml min-1) was re-

established in the aquarium to flush the stain and gradually bring the temperature back to 

ambient (~4°C) over the course of 1 h (see Figure 2.3B for an example of a stained 

rhodolith). Water flow was increased to 1 L min-1 once ambient temperature was reached. 

2.2.3 Field experiment 

Two main objectives of the present study were to (1) test the hypothesis that 

bioturbators increase rhodolith apical extension [growth] and CaCO3 production; and (2) 

quantify and compare gross and net rhodolith CaCO3 production rates with the apical 

extension and weight change methods. These objectives were addressed with a field 
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experiment during which apical extension and weight change of live (stained or not) and 

dead rhodoliths placed in enclosures in the rhodolith bed in St. Philip’s (Figure 2.2B-D) 

were monitored over 365 d in the presence or absence of bioturbators, mainly S. 

droebachiensis and A. rubens. Live-unstained rhodoliths represented rhodoliths producing 

carbon in gross CaCO3 rate estimates (using the weight change method), and were used in 

conjunction with dead rhodoliths to estimate net CaCO3 production rate. Dead rhodoliths 

were used for net estimates, accounting for natural rhodolith weight loss. CaCO3 production 

rate depends on rhodolith tissue growth, which is in large part conditioned by the physical 

environment, including water temperature and irradiance (Adey, 1970, Blake and Maggs, 

2003, Kamenos and Law, 2010). Five branch tips from each of the live-stained rhodoliths 

were used to measure apical extension and apply this to net CaCO3 production rate 

estimates (Figure 2.3B). Live-stained rhodoliths were weighed to determine if CaCO3 

accumulation rate was comparable in stained and non-stained rhodoliths (i.e. to verify that 

there was no staining effect). 

 On 22 June, 2016, rhodoliths held in laboratory conditions were transported to the 

bed and manually introduced by divers inside 12 enclosures, each made of a rectangular 

metal frame (L x W x H: 26 x 18 x 7 cm) covered with 2-cm nylon polyester mesh. These 

enclosures were divided in two adjacent sections of equal size (Figure 2.2B) that were 

installed at the initial rhodolith collection site, ~5 m apart in a 6 x 2 grid. Six randomly 

chosen enclosures were installed directly on the seabed (Seabed enclosures) to allow free 

access of benthic fauna (namely O. aculeata, O. robusta, A. rubens, and T. marmorea that 

can enter the 2-cm mesh) are common across the surface of the bed to the rhodoliths inside 

the enclosures (Figure 2.2C). The other six enclosures (Raised enclosures) were anchored 
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to cinder blocks, at ~50 cm above the seabed by four stainless steel rods attached to each 

corner to limit access by benthic fauna (Figure 2.2D). 

Rhodoliths were transported by divers, from containers in a boat to the enclosures, 

inside pre-labeled, sealed plastic bags. There were three bags for each enclosure; one bag 

for each rhodolith biological state (dead, live-unstained, and live-stained). Bags contained 

either 10 (dead and live-unstained) or three (live-stained) specimens to allow fragment 

retrieval in case of thalli breakage during deployment. The 10 live-unstained rhodoliths 

were introduced in one section of each enclosure through a small aperture located on the 

top, whereas the 10 dead and three live-stained rhodoliths were introduced in the other 

section, for a total of 23 rhodoliths per enclosure. Live-stained rhodoliths were placed 

among the dead (bleached) ones to allow easy discrimination between the two in case 

identification tags were lost or damaged during the experiment. Each side of the enclosure 

could only accommodate a certain number of rhodoliths to ensure equal space for growth 

(10 live-stained rhodoliths would not fit with 10 live-unstained and 10 dead rhodoliths), 

and five branch tips from each of the three live-stained rhodoliths per enclosure was deemed 

sufficient to estimate apical growth (Teichert and Freiwald, 2014). 

Initial wet weight of each group of dead (DWWinitial), live-unstained (LUWWinitial), 

and live-stained (LSWWinitial) rhodoliths inside each enclosure was calculated by averaging 

the individual wet weight of each rhodolith prior to field deployment. In the three cases 

where fragmentation occurred during deployment (one group of each dead, live-unstained, 

and live-stained rhodoliths), initial wet weight was calculated by subtracting the weight of 

the fragments retrieved from the plastic bags from total rhodolith weight measured in the 

lab.  
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On 22 June, 2017, each rhodolith was manually removed from the enclosures by 

divers and placed into individual, pre-labelled sealed plastic bags to avoid loss of rhodolith 

fragments during manipulation. Bags were transported to the OSC, and rhodoliths were 

individually cleaned over the next five days from all visible epibionts with forceps and a 

smooth nylon brush. During cleaning, rhodoliths were exposed to near darkness to limit 

growth, and the water inside the bags was changed twice daily to limit the accumulation of 

CO2, a respiration by-product which can potentially cause CaCO3 dissolution. Final wet 

weight of each rhodolith was measured on 27 June, 2017, 378 d after measuring initial 

weight. Rhodoliths were oven dried at 40°C for 48 h and their final dry weight measured. 

The same balance was used to measure initial and final wet and dry weights. Measurement 

of both dry and wet weights were used to convert initial wet weights for live rhodoliths into 

dry weights for calculation purposes (eq. 3). Wet and dry weights of dead rhodoliths at 

depths of ~15-17 m were highly correlated (Dry weight = 0.83 x Wet weight; R2=0.99; 

p<0.001), therefore enabling estimation of initial dry weight in live-unstained and live-

stained rhodoliths.  

2.2.4 Temperature and light environment 

Sea temperature and illuminance were measured every five minutes throughout the 

365-d St. Philip’s deployment with one temperature and light logger (HOBO Pendant, 

Onset Computer Corporation) attached to the top of one randomly chosen enclosure (Figure 

2.2D). Daily mean temperature was calculated by averaging the 288 temperature values 

taken every day. Illuminance is a measure of the total light energy that hits a surface area. 

The sensor’s configuration determines the portion of the electromagnetic spectrum over 
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which the energy is measured; in the present study, 150 to 1200 nm. Photosynthetically 

active radiation (PAR), on the other hand, designates the range of the electromagnetic 

spectrum between 400 and 700 nm used by primary producers to carry out photosynthesis 

(McCree, 1973). PAR (in µmol photons m-2 s-1) is more appropriate than illuminance to 

characterize the light environment when addressing growth of photosynthetic tissue, like 

in the present study. Accordingly, illuminance values recorded on the top of the enclosure 

were converted to their PAR equivalents with the following equation (Long et al., 2012): 

  

PAR = I/CF                                                               (1) 

 

where PAR is the photosynthetically active radiation in µmol photons m-2 s-1, I is the 

illuminance in lux (lx) recorded by the logger, and CF is a lux to PAR conversion factor 

(23.5) in lx/µmol photons m-2 s-1 obtained from simultaneous measurement of illuminance 

and irradiance of sunlight at a depth of 15 m (Appendix B). Daily light integral (DLI) is a 

time integrated index of the total amount of PAR received by a surface of one square meter 

over 24 h. Assuming constant irradiance in between successive PAR readings, DLI was 

calculated for each of the 365 d with the following equation (from Korczynski et al., 2002): 

 

DLI = ∑
300𝑥𝑖

106
288
𝑖=1                                                              (2) 

 

where DLI is daily light integral in mol photons m-2 d-1, 288 is the number of PAR readings 

over 24 h, xi is the ith PAR value in µmol photons m-2 s- 1, 300 is the number of seconds 
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separating two consecutive readings (one reading every 5 min), and 106 is the µmol to mol 

scaling factor. 

2.2.5 Rhodolith apical extension 

At the end of the 365-d field deployment, rhodolith apical extension was calculated 

by averaging the tissue growth of five branch tips chosen haphazardly from each of the 

three live-stained rhodoliths from each enclosure (for a total of 15 branch tips per 

enclosure). Live-stained branch tips were sanded and chipped off manually with a speed 

rotary tool (Dremel 3000) equipped with fine sanding discs. Only branch tips with a clearly 

visible band of Alizarin Red stain were used to estimate extension (Figure 2.3B), which 

sometimes required sampling additional branch tips to obtain 15 tips of acceptable quality. 

Branch tips were magnified at 20X and imaged with a Nikon SMZ1000 stereomicroscope 

connected to a Nikon Coolpix 4500 camera. Branch tips were then placed individually in 

plastic bags labelled with proper information to trace back their biological state and 

enclosure from which they came. ImageJ was used to measure, on each image, the thickness 

of new rhodolith tissue added (i.e. the new growth) between the stain line and edge of 

branch tip, along the longest axis possible (Figure 2.3B). The longest axis was chosen from 

15 to 20 measurements per branch tip. 

2.2.6 Calcium carbonate production rate 

CaCO3 production rate estimates are typically reported in g CaCO3 m
-2 y-1 (Perry et 

al., 2018; Schafer et al., 2011; Stearn et al., 1977; Teichert and Freiwald, 2014). Estimates 

of rhodolith density and biomass for the bed in St. Philip’s were obtained from a companion 

study of the bed’s structure and biodiversity carried out in 2013 (Bélanger and Gagnon,
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unpublished data). In the latter study, average rhodolith density (d; 768 ± 61.6 [95% CI, 

unless otherwise stated] individuals m-2) and biomass (B; 11.7 ± 0.9 kg rhodoliths m-2) 

were estimated in winter, spring, summer, and fall from rhodoliths in 30 x 30-cm quadrats 

placed by divers every 5 m along one 40-m transect (9 quadrats per transect) at each of two 

depths, 15 and 17 m (roughly the centre of the rhodolith bed), for a total of 72 quadrats (9 

quadrats x 2 transects x 4 collections). The present study estimates rhodolith carbonate 

production under the methodologies of weight change and extension rate. Total alkalinity 

was not included due inaccessibility of incubation chambers to measure short term 

alkalinity changes. 

2.2.6.1 Gross CaCO3 production rate based on rhodolith weight change 

Gross calcium carbonate production rate based on the weight change method was 

first calculated in live-unstained rhodoliths from seabed cages. Live-unstained rhodoliths 

were chosen because they reflect natural rhodolith bed conditions with: 1) possible tissue 

loss from bioturbation/grazers, and 2) no possible biological alteration by the Alizarin Red 

stain. Given the short timescale of the experiment comparing live and dead rhodoliths, the 

potential unmeasured weight loss in live rhodoliths (from microbioerosion and dissolution) 

is negligible compared to measured weight loss in dead rhodoliths. This experimental 

design and terminology is analogous to the use of the terms gross and net carbonate 

production within tropical reef carbonate budget research (Perry et al., 2012, 2013). 

Because rhodolith wet and dry weights were measured on day 1 and day 378 respectively, 

absolute dry weight change (ADWC) was converted into a yearly rate with the following 

equation: 



37 

 
 

 

ADWC (g rhodolith y-1) = [(LUDWfinal – LUDWinitial)/378 d] x 365 d y-1          (3) 

 

Mean annual percent dry weight change (PDWC) in each enclosure was calculated with the 

following equation (adapted from Potin et al., 1990): 

 

  PDWC (% weight change y-1) = ADWC x 100% / LUDWinitial                (4) 

 

where LUDWfinal and LUDWinitial are respectively the final and initial dry weights of live-

unstained rhodoliths, in g. Mean gross calcification rate (GC) was then estimated with the 

following equation: 

 

 GC (g CaCO3 rhodolith-1 y-1) = PDWC x LUDWinitial                     (5) 

 

Gross CaCO3 production rate was further estimated by multiplying GC by average 

rhodolith density across all seasons (d, reported above): 

 

 Gross CaCO3 production rate (g CaCO3 m
-2 y-1) = GC x d                      (6) 

2.2.6.2 Net CaCO3 production rate based on rhodolith weight change 

Net CaCO3 production rate is the difference between gross carbonate deposition 

and carbonate loss from dissolution, bioerosion and maceration. Net CaCO3 production rate 

based on weight change was calculated using live-unstained and dead rhodoliths from 
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seabed cages. Live-unstained rhodoliths in seabed enclosures reflected natural rhodolith 

bed surface layer conditions, while dead rhodoliths (also in seabed enclosures) represented 

natural bed carbonate loss of thallus tissue in underlying dead rhodolith bed layers. Dry 

weight change was first converted into a yearly rate. Then PDWC was calculated based on 

yearly rate (g y-1) for both live-unstained and dead rhodoliths (% rhodolith weight change 

y-1) (see above). PDWC of dead rhodoliths (DDWfinal) in seabed enclosures (n=60) was 

subtracted from live-unstained rhodolith PDWC over the course of one year (L-D). Net 

PDWC was then multiplied by the net final mean dry weight of the same rhodoliths 

(LUDWinitial – DDWinitial: divided by 2 to account for both the live-unstained and dead 

rhodoliths) to estimate net calcification rate. Net calcification rate (NC) was determined 

with the following equation: 

 

NC (g CaCO3 rhodolith-1 y-1) = PDWC L-D x [(LUDWinitial – DDWinitial) / 2]          (7) 

 

Net calcification rate was then multiplied by previously measured rhodolith density (d, 

reported above) to estimate net CaCO3 production rate, in g m-2 y-1. 

2.2.6.3 Net CaCO3 production rate based on rhodolith extension rate 

Net CaCO3 production rate based on the extension rate method was calculated on 

the live-stained rhodoliths in all enclosures since enclosure location had no effect on apical 

extension rate (see results). Live-stained rhodoliths were chosen as thallus extension could 

easily be quantified by the distance between the Alizarin Red stain and the branch tip. 
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Extension, quantified on day 376, was converted to a yearly extension rate (ER) with the 

following equation: 

 

ER (mm rhodolith y-1) = (E/376 d) x 365 d y-1                              (8) 

 

where E is the apical extension, in mm. The age of each rhodolith was estimated from its 

ER and longest (x), intermediate (y), and shortest (z) axes measured to the nearest mm with 

calipers, after Edyvean and Ford (1987) and Nelson et al. (2012). Longest, intermediate, 

and shortest axes lengths were measured in all live-stained rhodoliths and averaged for each 

axis across all enclosures. There is only one layer of living tissue on the surface of a 

rhodolith, as the underlying layers undergo degradation through bioerosion, dissolution and 

maceration. Apical extension measures the addition of new hard (CaCO3 matrix) and soft 

(photosynthetic) rhodolith tissue at the surface. Measuring the total biomass (g m-2) of 

rhodoliths then accounts for the addition of living tissue on the surface layer, and the loss 

in internal tissue. By dividing rhodolith biomass by estimated rhodolith age, we can 

generate a net rate of carbonate deposition. Net CaCO3 production rate was obtained with 

the following equation: 

 

 Net CaCO3 production rate (g CaCO3 m
-2 y-1) = B / Age                                  (9) 

 

where B is the biomass of rhodoliths in the bed (reported above), in g m-2, and Age is the 

estimated age of rhodoliths, in year. Average age of rhodoliths was estimated first based on 

extension rate with the following equation:  
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 Age (y) = [µ(x, y, z)] / ER                                                                           (10) 

 

where µ is the mean length of all the live-stained rhodoliths along the longest (x), 

intermediate (y) and shortest (z) axes (in mm), ER is the mean extension rate of live-stained 

rhodoliths; in the present study, 0.541 mm y-1 (see results), which, as per Edyvean and Ford 

(1987) and Teichert and Freiwald (2014), was assumed to be constant throughout 

rhodoliths’ lifespan.  

For comparison purposes, rhodolith weight change data were also used to estimate 

rhodolith age. Because live rhodoliths grow more or less radially by adding new tissue 

superficially on all sides (with each rhodolith branch extending at a constant, linear rate), 

their weight should increase exponentially with age.  Accordingly, rhodolith age based on 

weight change can be determined by rearranging the following equation to solve for age 

(adapted from Yong et al., 2013):  

 

Weight (g) = (1 + PDWC L-D) Age(y)                                              (11) 

 

where weight is the average weight of live rhodoliths, across all enclosures; in the present 

study, 15.65 g, and net PDWC L-D is the percent dry weight change of deposition of tissue 

by live rhodoliths minus the dissolution, bioerosion and maceration of dead rhodoliths; in 

the present study, 2.42 % (gross PDWC was 7.53 %). Gross and net PDWC were pooled 

across raised and bottom enclosures because weight change was similar among enclosure 

type (see results). Then the equation was rearranged to solve for age: 
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Age (y) = (ln [Weight (g)]) / (ln [1 + PDWC L-D])                                 (12) 

2.2.7 Statistical analysis 

Four split-plot ANOVAs (Quinn and Keough, 2002) with the fixed between-plot 

factor enclosure Location (the two locations where enclosures were installed: on the seabed 

or raised above it), random factor Enclosure (the 12 enclosures used) nested within 

Location (six enclosures per Location), and fixed within-plot factor rhodolith State (the 

three rhodolith biological states examined: live-unstained, dead, and live-stained) were 

used to test individual and interactive effects of enclosure location and rhodolith biological 

state on rhodolith: 1) percent wet weight change; and 2) percent dry weight change. The 

expected mean square was used for the error term of mixed models (containing both fixed 

and random factors); i.e., adjusted p-values were determined from the corrected F-ratios 

based on expected mean squares as per Quinn and Keough (2002). One bag with three live-

stained rhodoliths was lost underwater before they could be introduced to one of the raised 

enclosures. This enclosure therefore contained 20 rhodoliths (10 live-unstained and 10 

dead) instead of 23 as in the other enclosures, reducing the overall sample size to n=35. 

The analysis was applied to the raw data. 

 A two-way ANOVA with the fixed factor enclosure Location (the two locations 

where enclosures were installed: on the seabed or raised above it) and the random factor 

Enclosure (the 12 enclosures used) nested within Location (six enclosures per location), 

was used to test the effect of enclosure location on rhodolith apical extension rate (n=11; 

12 enclosures, with one live-stained group lost). The analysis was applied to the raw data. 
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Two Pearson’s correlation analyses were used to determine if mean extension rates of live-

stained rhodoliths in seabed (n=6) and raised (n=5) enclosures were good predictors of dry 

weight gain (ADWC) and percent weight change. 

 In all ANOVAs, homogeneity of the variance and normality of the residuals were 

verified by examining the distribution of the residuals and the normal probability plot of 

the residuals (Snedecor and Cochran, 1994). In ANOVAs, Tukey HSD multiple 

comparison tests (comparisons based on least-square means; Sokal & Rohlf, 2012) were 

used to detect differences among levels within a factor. A significance level of 0.05 was 

used in all analyses. All analyses were carried out in RStudio Desktop 1.2 (R Core Team, 

2014). All means are presented with 95% confidence intervals (means ± 95% CI), unless 

otherwise stated.  

2.3 RESULTS 

Sea temperature and irradiance at the experimental site varied seasonally peaking 

respectively to ~16°C in late summer (August and September 2016), and to ~2.7 mol 

photons m-2 day-1 in early summer (July 2016 and June 2017) (Figure 2.4). In fall and 

winter, water temperature and irradiance dropped to nearly -1°C (February to mid-April, 

2017) and 0 mol m-2 day-1 (October 2016 to April 2017), respectively (Figure 2.4). 

2.3.1 Bioturbation and CaCO3 production rate  

Absolute and percent rhodolith wet weight increased for all rhodolith biological 

states (Figure 2.5). However, dead rhodoliths exhibited a dry weight loss of 0.73 (± 0.05 

[95% CI, unless otherwise stated]) g y-1 and 5.1 (± 0.33) % y-1. Wet weight change in live-

unstained and live-stained rhodoliths was respectively two and three times higher than in  
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Figure 2.4 Daily mean sea temperature (top panel) and daily light integral (DLI) of 

photosynthetically active radiation (PAR) at the surface of the rhodolith bed throughout the 

365-d field experiment. 
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Figure 2.5 Mean (±95% CI) absolute (AWC) and percent (PWC) wet or dry weight change 

of live-unstained (n=120), live-stained (n=33), and dead (n=120) rhodoliths (averaged per 

treatment and divided by number of rhodoliths per treatment; 10 live-unstained and dead 

rhodoliths and 3 live-stained rhodoliths) over the 365-d field experiment. Data are pooled 

across locations (seabed and raised enclosures). Bars not sharing the same letters or roman 

numerals are statistically different. 
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dead rhodoliths (Figure 2.5). Live-stained rhodoliths exhibited the highest increase in 

absolute wet (1.76 [± 0.27] g y-1) and dry (1.51 [± 0.36] g y-1) weight change, as well as in 

percent wet (7.03 [± 0.81] % y-1) and dry (7.1 [± 1.69] % y-1) weight change (Figure 2.5). 

Absolute wet (p=0.049) and dry (p=0.003) weight changes were both ~1.5 times greater in 

live-stained than live-unstained rhodoliths. However, there was no significant difference in 

percent dry weight change of live-stained and live-unstained, only in absolute dry weight 

change. There was no significant interaction between rhodolith biological state (live-

stained, live-unstained, and dead) and location (seabed and raised enclosures) on percent 

wet and dry weight change (Table 2.1A and B). Hence, percent wet and dry weight change 

did not differ between seabed (5.8 ± 2.0 % y-1 and 2.7 ± 5.9 % y-1) and raised (6.1 ± 2.1 % 

y-1 and 3.5 ± 6.7 % y-1) enclosures (Table 2.1B). 

2.3.2 Apical extension rate 

Apical extension rate of live-stained rhodoliths did not differ between seabed (0.536 

± 0.076 mm y-1) and raised (0.548 ± 0.062 mm y-1) enclosures (Table 2.2), averaging 0.541 

± 0.069 mm y-1 overall. There was also no significant relationship between extension rate 

of live-stained rhodoliths (pooled across seabed and raised enclosures) and their absolute 

or percent dry weight change (Figure 2.6). 

2.3.3 Carbonate production rate estimates  

Gross individual weight gain of live-unstained rhodoliths based on ADWC and 

PDWC was 1.08 ± 0.15 g CaCO3 y
-1 and 7.53 ± 2.37 % CaCO3 y

-1, respectively (Figure 

2.7A), translating into a gross bed scale production rate of 806.13 ± 25.05 g CaCO3 m
-2 y-

1 (Figure 2.7B). Net individual weight change of live-unstained rhodoliths based on ADWC   
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Table 2.1 Summary of split-plot ANOVA (applied to percent dry weight change data), 

testing the effects of rhodolith biological state (live-unstained, live-stained and dead), 

location (in seabed or raised enclosures) and enclosure on percent rhodolith wet weight (A) 

and dry weight (B) change over the 365-d field experiment.  

A. Wet weight 

Source df SS MS F p-value 

State 2 100.972 50.486 78.151 <0.001 

Location 1 1.109 1.109 0.3597 0.557 

Enclosure(Location) 10 30.835 3.083 NR*  

State*Location 2 1.990 0.995 1.540 0.240 

State(Enclosure(Location)) 19 12.266 0.646 NR*  

B. Dry weight 

Source df SS MS F p-value 

State 2 1326.63 663.31 398.519 <0.001 

Location 1 4.83 4.83 1.043 0.331 

Enclosure(Location) 10 46.31 4.63 NR*  

State*Location 2 6.43 3.21 3.0420 0.250 

State(Enclosure(Location)) 19 40.79 2.15 NR*  

*NR = value is not relevant to the present study.  
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Table 2.2 Summary of two-way ANOVA (applied to raw data), testing the effects of 

rhodolith location (seabed or raised enclosures) and enclosure on apical extension rate of 

live-stained rhodoliths over the 365-d field experiment.  

Source df SS MS F p-value 

Location 1 0.005 0.005 1.718 0.219 

Enclosure (Location) 10 0.030 0.003 NR*  

      

*NR = value is not relevant to the present study.  
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Figure 3.6 Relationship between absolute (ADWC: y = -3.818x + 3.472; R2 = 0.169; 

p=0.185) or percent (PDWC: y = -14.371x + 14.493; R2 = 0.109; p=0.292) dry weight 

change and mean extension rate of live-stained rhodoliths. Data are pooled across seabed 

and raised enclosures (n=11 for each type of enclosure). 
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Figure 3.7 Mean (±95% CI) gross and net absolute (ADWC) and percent (PDWC) dry 

weight change of live-unstained (gross and net) and dead (net) rhodoliths at the individual 

scale over the 365-d field experiment (A), and corresponding rhodolith bed CaCO3 

production rate estimates based on gross or net PDWC and extension rate (ER) (B). 

  



50 

 
 

and PDWC was 0.35 ± 0.05 g CaCO3 y
-1 and 2.42 ± 0.29 % CaCO3 y

-1, respectively (Figure 

2.7A), yielding a net bed scale production rate of 196.16 ± 7.31 g CaCO3 m
-2 y-1 (Figure 

2.7B).  

Mean rhodolith age based on mean physical dimensions of live-stained rhodoliths 

(x = 45.15 ± 5.27 mm, y = 38.72 ± 3.77 mm, z = 38.10 ± 4.06 mm) and mean extension 

rate of 0.541 mm y-1 (see above) was 71.6 ± 10.1 y. Age based on gross and net PDWC 

(exponential growth function, see section 2.2.6.3) was 37.9 ± 8.4 y and 115.0 ± 21.7 y, 

respectively. Net CaCO3 production rate based on rhodolith biomass in the bed and age 

estimates from extension rate (71.6 y) was 162.83 ± 8.40 g CaCO3 m
-2 y-1 (Figure 2.7B). 

2.4 DISCUSSION 

Our study aimed to (1) determine bioturbator effect on rhodolith [Lithothamnion 

glaciale] apical extension [growth] and CaCO3 production in a subpolar rhodolith bed; (2) 

quantify and compare gross and net CaCO3 production rates in that same bed with the apical 

extension and weight change methods; and (3) compare these CaCO3 production rates to 

those of rhodolith-forming, red coralline algae reported worldwide. Overall, location of 

enclosures (raised [deterring bioturbators] and seabed) had no effect on rhodolith apical 

extension and weight change. Our results imply that gross CaCO3 production by living 

rhodoliths is far greater than net estimates, in which dry weight loss by dead rhodoliths may 

account for as much as 75% of gross production. CaCO3 production rates reported in the 

present study are similar to other polar and subpolar rhodolith beds, however, there is a 

clear discrepancy across studies due to the use of varying methods in estimation.  
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2.4.1 Bioturbation effects, rhodolith extension rate, and weight change 

Bioturbation can remove sediment and debris from rhodolith surfaces, providing 

greater access to light for photosynthesis, and hence may facilitate rhodolith growth 

(Marrack, 1999; Millar and Gagnon, 2018; Rebelo et al., 2018). Interestingly, in the present 

study, extension rate (growth) and weight change of rhodoliths over one year was similar 

between seabed and raised enclosures. This finding suggests that the lack of bioturbator 

effect likely stems from similar abundances of benthic invertebrates inside seabed and 

raised enclosures noted on monthly site visits, including known bioturbators such as the 

common sea star (Asterias rubens), and green sea urchin (Strongylocentrotus 

droebachiensis) (Millar and Gagnon, 2018). The lack of a difference in rhodolith extension 

rate could also result from higher hydrodynamic forces in raised than seabed enclosures 

because of the former’s higher placement in the water column (Denny, 1988). Continuous 

exposure to higher water circulation may have contributed to clearing sediment off the 

surface of rhodoliths in raised enclosures (Joshi et al., 2017; Riul et al., 2008; Wilson et al., 

2004). Moreover, low sedimentation in this bed, with a maximum of ~2 mg cm−2 d−1 

throughout most of the year, may have been insufficient to affect rhodolith growth and 

weight change despite the presence or absence of bioturbators (Millar and Gagnon, 2018).    

Regardless of bioturbator effect, a rhodolith extension rate of 0.541 mm y-1 in the 

present study is low, reflecting the predominantly cold-water systems in which 

Newfoundland rhodolith beds develop. Sub-zero sea temperatures during winter and early 

spring, when irradiance was also lowest (Blain and Gagnon, 2013; Han et al., 2019), likely 

depress rhodolith metabolism, limiting growth to the energy available in stored 

photosynthates (Hofmann et al., 2018; Williams et al., 2018). Rhodolith apical extension is 
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therefore higher in summer and fall (Williams et al., 2018), when sea temperature and 

irradiance both increase to annual peaks. Likewise, seasonal variation in temperature and 

light regimes are common across the polar and subpolar realms, and there too rhodolith 

extension rates are similarly low, ranging for example from 0.5 to 2.7 mm y-1 in Northern 

Europe (Bosence and Wilson, 2003; Büdenbender et al., 2011; Schäfer et al., 2011; Steneck 

and Adey, 1976). In comparison to the present study, Freiwald and Henrich (1994) showed 

a slightly higher extension rate of 0.6 to 1 mm y-1 in rhodolith-forming L. glaciale in 

Norway, whereas Kamenos et al. (2008) found an even lower rate of 0.146 to 0.156 mm y-

1 in L. glaciale in Scotland. These interregional differences might be because of different 

environmental conditions or methods used to quantify growth. In tropical and sub-tropical 

seas, temperature and irradiance are typically much higher and more stable year round 

(Amado-Filho et al., 2012; Darrenougue et al., 2013; Foster, 2001; Frantz et al., 2000; 

Schäfer et al., 2011), resulting in higher rhodolith extension rates than in polar and subpolar 

beds (Freiwald and Henrich, 1994). For example, L. congestum in Bermuda (Steneck and 

Adey, 1976) and L. margaritae in the Gulf of California (Steller et al., 2007) can grow as 

fast as 5 mm y-1. 

Interregional differences are also observed in reported rhodolith weight change, 

directly related to the amount of rhodolith tissue added or lost. Weight loss in polar and 

subpolar systems can occur at a faster rate than in temperate and tropical ones because cold 

water can accelerate dissolution of carbonate skeleton or usage of starch reserves by 

rhodoliths (Foster, 2001; Freiwald and Heinrich, 1994). Without chemical composition 

analyses, we cannot distinguish loss from CaCO3 or organic components. Accordingly, 

rhodolith carbonate production rate typically decreases during winter, likely as a result of 
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seasonal decline in photoperiod and sea temperature (Freiwald and Heinrich, 1994; Han et 

al., 2019; Schafer et al., 2011). As predicted, in our study dry weight increased similarly in 

live-stained and live-unstained rhodoliths, by 1.64 g y-1, but decreased in dead rhodoliths, 

by 0.73 g y-1. Processes causing weight loss were not investigated but likely included 

microbioerosion, dissolution of carbonates, degradation of starch granules, and maceration 

of proteins by microorganisms as seen in other rhodolith beds (Bosence, 1983; Canals and 

Ballesteros, 1997; Freiwald, 1998; Halfar and Riegl, 2013; Krayesky-Self et al., 2016; 

Nitsch et al., 2015; Riosmena-Rodríguez et al., 2012; Schonberg et al., 2017). Abrasion 

and fragmentation of rhodolith tissue from wave- and current-induced displacement or 

rhodoliths can also cause weight loss (Nelson et al., 2012; New Zealand Department of 

Conservation, 2011). However, the bed studied is characterized by chronic low flow speeds 

of 0.001 to 0.301 m s-1 under normal sea conditions, which is insufficient to move 

rhodoliths (Millar and Gagnon, 2018). No rhodoliths in seabed or raised cages exhibited 

significant breakage, indicating that the bulk of observed weight loss in dead rhodoliths 

was caused by a combination of the biological and chemical processes mentioned above. 

2.4.2 Comparing CaCO3 production of St. Philip’s rhodoliths to worldwide estimates 

Gross and net rhodolith CaCO3 production rates in the present study are estimated 

to be 806.13 ± 25.05 and 196.16 ± 7.31 g CaCO3 m
-2 y-1, respectively, similar to those 

reported in European beds (Norway, UK, France) ranging from 84 to 1430 g m-2 y-1 

(Bosence, 1983; Freiwald and Henrich, 1994; Potin et al., 1990), and lower than reported 

sub-tropical and tropical beds (Table 2.3, Figure 2.8) (Amado-Filho et al., 2012; Edyvean 

and Ford, 1987; El Haïkali et al., 2004; Schäfer et al., 2011; Stearn et al., 1977; Teichert  
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Table 2.3 Comparison of gross and net CaCO3 production rates of rhodolith-forming, red 

coralline algae from polar to tropical realms as estimated with three different methods: 

apical extension, weight change, and total alkalinity. Carbonate realms are based on 

minimum local sea surface temperature (SST) as per James (1997) and James and 

Lukasik (2010).  Temperatures with an asterisk (*) were not available from the study. 

They were calculated with ArcGIS 10.5 from AVHRR Pathfinder SST data extracted 

from NOAA’s World Ocean Database 

(https://www.arcgis.com/home/webmap/viewer.html?webmap=bb7d1f1163724cdeae71fc

2cb665fdab&fbclid) for the year in which the study was carried out. Pathfinder SST 

reports monthly SST averages across the year that each study took place. In such cases, 

minimum and maximum SST represent the lowest and highest monthly averages over the 

year. 
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and Freiwald, 2014). In oligotrophic tropical waters such as in the Caribbean, Brazil, and 

Hawaii, CaCO3 production rates of coralline algae are highly variable, ranging from 167 to 

2700 g CaCO3 m
-2 y-1 (Amado-Filho et al., 2012; Gherardi, 2004; Riosmena-Rodríguez et 

al., 2017; Schäfer et al., 2011; Stearn et al., 1977). Such variation may be caused by 

increased turbidity and sediment cover in some areas (e.g. Brazil), reducing photosynthetic 

rates by up to 70%, (Amado-Filho et al., 2012; Gherardi, 2004). Indeed, CaCO3 production 

rates generally decrease with decreasing temperature and light availability, and hence with 

increasing water depth and turbidity (Bahia et al., 2010; Coletti et al., 2018; dos Reis et al., 

2016; Pascelli et al., 2013; Sañé et al., 2016). The study by Freiwald and Henrich (1994) 

exemplifies this, as L. glaciale CaCO3 production rate at greater depths of 18 m (895 g 

CaCO3 m
-2 y-1), was just over half that of shallower depth estimates (~7 m, 1423 g CaCO3 

m-2 y-1). These intra- and inter-regional differences are likely caused by differences in 

temperature and light regimes and/or the methods used to estimate CaCO3 production 

(Table 2.3, Figure 2.8). 

Our review of published estimates of CaCO3 production rates in rhodolith-forming, 

red coralline algae revealed high intra- and inter-regional variability, with differences of up 

to two orders of magnitude in estimates from the same algal species but different methods 

(Table 2.3). Rhodolith age and extension rates are relatively easy to obtain from the 

literature, yet there are only a handful of studies which have quantified and used weight 

change to estimate carbonate production or compared this production from two or more 

methods of assessment. In the present study, net CaCO3 production rate from the weight 

change method, 196.16 ± 7.31 g CaCO3 m
-2 y-1, is similar to that from the apical extension 

method, 162.83 ± 8.40 g CaCO3 m
-2 y-1. However, rhodolith age estimated from apical 
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extension (71.6 ± 10.1 y) was lower than the age derived from net weight change (115.0 ± 

21.7 y), and higher than that from measurement of gross weight change (37.9 ± 8.4 y). 

These differences could be caused by net dry weight loss, including the loss of starch 

granules (Weykam et al., 1997; Wiencke et al., 2009) and to wet weight change, including 

absorption of water by organic matter. Short-term weight change (as measured in our study) 

could then overestimate carbonate loss due to seasonal loss of starch granules being 

allocated for growth in the low-light winter and spring seasons (Wiencke et al., 2009). 

Considering that rhodoliths in our study were first collected in April, some stored starch 

reserves might have been present (Weykam et al., 1997; Wiencke et al., 2009), in which 

case rhodolith dry weight loss (i.e. the difference between gross and net weight change) 

may have been greater than strictly inorganic calcium carbonate loss (Hofmann et al., 2018; 

Weykam et al., 1997; Wiencke et al., 2009).  

Our rhodolith age estimates are comparable to those in subarctic Clathromorphum 

compactum, with 93-136 y (Adey et al., 2015, 2013) and S. durum, with ≤ 60 y (Goldberg 

and Heine, 2008). Yet, our different ages among rhodoliths from a same bed indicate that 

employing different methods, in occurrence apical extension and weight change, can under- 

or over-estimate age by up to three times. In fact, extension rate and weight change of live-

stained rhodoliths were not correlated in the present study. Likewise, the total alkalinity 

method (which we did not test) yielded consistently higher estimates than the extension and 

weight change methods, with tropical CaCO3 estimates of up to 10 300 g CaCO3 m
-2 y-1 

(Chisholm, 2000). One possible explanation for the typically higher CaCO3 estimates when 

using the latter method is that measurements from changes in total alkalinity (which are 

usually short-term) do not account for long-term seasonal variation in addition of carbonate 
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and sediment to marine systems, particularly in cold-water ones where a large portion of 

the carbonate that precipitates eventually dissolves (Chisholm, 2000; Smith and 

Mackenzie, 2016). Therefore, the method chosen largely drives disparity of worldwide 

rhodolith CaCO3 estimates (Walker and Woelkerling, 1988). More data, gathered with 

several methods, are required for better assessment and comparison of CaCO3 production 

rates to inform future rhodolith bed monitoring practices. 

A caveat in comparing worldwide estimates is the general assumption that different 

coralline species and their corresponding thalli deposit CaCO3 at the same rate, which is 

not often the case (Schäfer et al., 2017). Indeed, many reported species are encrusting (i.e. 

forming one continuous layer) and grow and calcify at lower rates than branched rhodolith-

forming species, with extension rates as low as 0.1 to 0.4 mm y-1 (Adey et al., 2013). Slower 

growth rates of encrusting species lead to lower CaCO3 production rates compared to 

branched rhodolith-forming species, like L. glaciale (Adey et al., 2013; Morgan and Kench, 

2018; Steneck and Adey, 1976). Furthermore, a single rhodolith bed may be composed of 

different growth forms and species (common in warm-temperate to tropical environments), 

including encrusting and geniculate or non-geniculate coralline algae (Amado-Filho et al., 

2012; Morgan and Kench, 2018; Pardo et al., 2017). Therefore, estimating CaCO3 

production rate of a multi-species rhodolith bed should consider the varying calcification 

rates of different morphologies and species. 

2.4.3 Rhodolith importance as CaCO3 bio-factories, and conservation implications 

Globally, CaCO3 production rate estimates of rhodolith beds are comparable to 

other large biogenic CaCO3 producers (Andersson and Gledhill, 2013). Because high-
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latitude rhodolith extension rates are low, particularly in L. glaciale, rhodoliths should be 

considered non-renewable ecosystem engineers, creating a complex habitat for a high 

biodiversity of species, similar to tropical coral reefs and cold-water coral forests (Basso et 

al., 2017; Coletti et al., 2017; Perry et al., 2018; Rossi et al., 2017). The high Mg-calcite 

skeleton of rhodoliths is more soluble than aragonite or low Mg-calcite, and thus even more 

vulnerable to ocean acidification (Basso and Granier, 2012; Comeau and Cornwall, 2017; 

Martin and Hall-Spencer, 2017; McCoy and Kamenos, 2015; Noisette et al., 2013).  

Recent studies estimate that rhodoliths and other crustose coralline algae may begin 

to dissolve by 2040, when calcite saturation is predicted to fall below one (Doney et al., 

2009), as calcification declines with increased acidification (Cornwall et al., 2017; James 

et al., 2014; McCoy and Ragazzola, 2014; Muñoz et al., 2018; Ragazzola et al., 2016). Slow 

growth of rhodoliths should lead to low resilience and inability to adapt to ocean 

acidification (Büdenbender et al., 2011; Martin and Gattuso, 2009). Cold-water corals 

compensate for ocean acidification by supplying metabolic energy to control internal pH 

(McCulloch et al., 2012), but their skeletons are affected post-mortem without metabolic 

influence. Williams et al. (2018) suggest a similar compensation may be possible in 

rhodoliths. Nonetheless, the large difference in gross and net CaCO3 production rates 

shown in the present study suggest that while rhodoliths may still be able to grow under 

acidified conditions, this habitat may not be stable because of accelerated rate of 

dissolution, causing net CaCO3 production rate to approach or exceed zero (Martin and 

Hall-Spencer, 2017). Future increased CaCO3 dissolution of rhodolith beds may cause 

severe habitat loss for several species that use such beds for settlement and spawning 

(Büdenbender et al., 2011; Coletti et al., 2017), including polychaetes, echinoderms, 
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crustaceans, molluscs and fish (Gagnon et al., 2012; Steller and Foster, 1995). Although 

the effects of ocean acidification cannot be managed at a small scale, rhodolith beds must 

be protected (as in New Zealand; Nelson et al., 2012; Riosmena-Rodríguez et al., 2017) 

from stressors such as trawling, extraction, dredging, etc., to aid in sustaining these CaCO3 

bio-factories and biodiversity hotspots. 
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ABSTRACT 

Rhodolith beds are internationally recognized as important benthic ecosystems, 

harbouring a large biodiversity of organisms. Rhodolith beds typically occur in areas with 

moderate hydrodynamic forces strong enough to remove sediment from rhodoliths, but not 

so strong as to cause fragmentation. Factors that drive rhodolith abundance have yet to be 

studied in Newfoundland rhodolith (Lithothamnion glaciale) beds. We quantified with a 

drop camera system, the abundance and distribution of rhodoliths and dominant 

bioturbators (Strongylocentrotus droebachiensis and Asterias rubens), along 

environmental gradients measuring depth, slope, and bottom type every 20 to 60 m over 

3432 m2 of seabed in southeastern Newfoundland, to gain knowledge about factors 

controlling distribution and abundance of rhodoliths in, and spatial limits of, rhodolith beds 

in subpolar systems. Sensors attached to the camera frame or at various locations on the 

seabed recorded light intensity, water temperature, current velocity, and water flow 

acceleration. Slope was the most influential factor driving rhodolith abundance, with high 

rhodolith abundances occurring on slopes below 7°. Rhodolith abundance increased under 

moderate light and temperature, being highest on bottoms composed of coarse sand, gravel, 

and dead rhodolith fragments. Flow acceleration did not vary significantly along a depth 

gradient, yet increased along a 610-m transect traversing the bed longitudinally at a depth 

of 15 m. However, rhodolith abundance did not increase with flow acceleration. 

Bioturbator abundance was generally low throughout the bed and unrelated to rhodolith 

abundance. Results challenge the long-standing paradigm that water motion is a main factor 

determining the spatial limits of rhodolith beds. 
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3.1 INTRODUCTION 

Local distribution of habitat-forming benthic communities such as kelp beds, coral 

reefs and rhodolith beds is determined by the interaction of several abiotic and biotic factors 

(McArthur et al., 2010; Peterson et al., 2018). Rhodolith beds are an important habitat-

forming benthic community in coastal waters, as rhodoliths form structurally complex 

habitats that house a large diversity of species (Foster et al., 2013; Gabara et al., 2018; 

Harvey et al., 2017; Matsuda and Iryu, 2011). Rhodolith beds consist of lattices of living 

and dead unattached thalli of crustose coralline algae that contribute significantly to the 

global carbonate budget by sequestering carbon while forming their Mg-calcite skeletons 

(Amado-Filho et al., 2012; Bahia et al., 2010; Copeland et al., 2013; Jørgensbye and Halfar, 

2017). Rhodolith beds have a worldwide distribution, and are generally found in the sub-

tidal zone to depths exceeding 200 m, in areas of coarse sand, gravel or shell debris 

(Amado-Filho et al., 2012; Foster, 2001; Gagnon et al., 2012; Moura et al., 2016; Nelson 

et al., 2012). In tropical environments, rhodolith beds can be found at depths exceeding 200 

m, while in temperate and polar areas, such as Europe and Eastern Canada, rhodoliths are 

mainly distributed at depths less than 30 m (Basso et al., 2017; Dutertre et al., 2015; Pereira-

Filho et al., 2012; Teichert et al., 2014). Rhodolith beds can contain several different 

rhodolith species that are adapted to specific environmental conditions (Dutertre et al., 

2015; Wilson et al., 2004). However, few studies have investigated the main drivers of 

rhodolith distribution and abundance within a bed (Dutertre et al., 2015; Foster, 2001; 

Melbourne et al., 2018; Steller and Foster, 1995). Limited knowledge on the subject has 

resulted in diverse and sometimes conflicting interpretations about rhodolith ecosystems.  
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The upper and lower bathymetric limits of rhodolith beds are thought to be driven 

by hydrodynamic forces, such as waves and currents. Hydrodynamic forces have 

substantial influence on the dynamics of shallow benthic communities, driving the zonation 

and distribution of subtidal species assemblages (Blain and Gagnon, 2013; Gaylord, 1999; 

Kraufvelin et al., 2010). Some species cannot withstand intense water motion, and can be 

dislodged or fragmented (Miller et al., 2007; Rebelo et al., 2018), while other species rely 

on fragmentation for transport and dispersal to enhance asexual reproduction (Freiwald, 

1998). Within a rhodolith bed, it is assumed that moderate water motion is required to 

move/turn rhodoliths, to give the entire rhodolith equal access to light energy (Foster, 2001; 

Joshi et al., 2017; Marrack, 1999). Hydrodynamic forces would then limit the upper 

boundary of a rhodolith bed, as rhodoliths occurring in very shallow, high wave action 

areas would not survive the frequent fragmentation and dislodgement (Marrack, 1999; 

Rebelo et al., 2018; Savini et al., 2012).  

Millar and Gagnon (2018) challenged the importance of current-driven water 

motion in the centre of a rhodolith bed through their study of sedimentation patterns in a 

Lithothamnion glaciale bed located in St. Philip’s, Conception Bay, southeastern 

Newfoundland (Canada). They concluded that hydrodynamic forces were insufficient to 

move rhodoliths and that resident bioturbators, namely the brittle star, Ophiopholus 

aculeata, common sea star, Asterias rubens, and the green sea urchin, Stronglyocentrotus 

droebachiensis, contributed to dislodgement of sediment from rhodoliths, and therefore to 

the stability of the bed (Millar and Gagnon, 2018). Bioturbation is broadly defined as 

sediment transport processes executed by animals that stir and mix sediments, allowing for 

ventilation (Kristensen et al., 2012; Marrack, 1999; Riosmena-Rodríguez et al., 2017). 
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Bioturbators therefore prevent burial or smothering of rhodoliths (Adler et al., 2001; 

Ceccarelli et al., 2005; Chen et al., 2016; Pereira-Filho et al., 2015). 

The lower rhodolith bed boundary is indirectly thought to be driven by 

hydrodynamic forces, through the process of sedimentation, combined with light 

attenuation. Wave-driven oscillatory water motion becomes diminished as depth increases, 

which causes sediment to settle on the seabed (Campos and Dominguez, 2010; Foster, 

2001; Steller and Foster, 1995; Villas-Bôas et al., 2014). If such sediment falls onto 

rhodoliths, they become smothered and buried. Grall and Hall-Spencer (2003) showed that 

re-suspended sediment from dredging practices smothered rhodoliths and led them to die 

from lack of light penetration through the sediment. Suspended sediment can cloud sea 

water, blocking light that these autotrophic organisms need to photosynthesize (Campos 

and Dominguez, 2010; Griffin et al., 2008; Steller and Foster, 1995; Villas-Boas et al., 

2014). Dense layers of fine sediment can also limit gaseous exchange occurring within 

rhodoliths, reducing their fitness (Riul et al., 2008; Wilson et al., 2004). Even though 

hydrodynamic forces, bioturbation, and sedimentation are thought to be the main drivers of 

vitality and boundaries of rhodolith beds, only a few studies have actually examined the 

relationships between abiotic and biotic factors and rhodolith bed structure (Dutertre et al., 

2015; Foster, 2001; Martin et al., 2014; Melbourne et al., 2018; Steller and Foster, 1995).  

To date, several abiotic and biotic factors other than hydrodynamic forces and 

sedimentation have been studied on how they affect different rhodolith species. For 

example, temperature often drives a rhodolith species’ distribution as high temperatures 

often accelerate growth until a threshold is reached, which is dependent on the species 

observed (McCoy and Kamenos, 2015; Muñoz et al., 2018; Short et al., 2015). Light is also 
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an important species distribution driver, especially in photosynthetic organisms that need 

access to light energy (Coletti et al., 2018; Sañé et al., 2016). However, too much light, 

often in shallow, coastal areas, can cause UV damage to photosynthetic tissue (Drollet et 

al., 1993). Temperature and light often interact to determine species distribution as they co-

vary with depth, where temperature and light diminish with increasing water depth. 

Characterized substrate or bottom type also varies with depth, with finer substrates like silt 

and mud often found at deeper depths, while bedrock and boulders are found in shallow 

depths (Brown et al., 2011; Copeland et al., 2013; Misiuk et al., 2018). Rhodoliths usually 

occur on finer substrates such as gravel, sand or mud, where the gravel is made up of live 

and dead rhodolith fragments (Sañé et al., 2016; Wilson et al., 2004). It is important to 

understand the factors that drive distribution and abundance as increasing climate change 

will highly influence rhodolith distribution in the near-future (Gabara et al., 2018; 

Melbourne et al., 2015; Perry et al., 2018; Peterson et al., 2018).   

From the increasing influence of climate change, rhodolith beds will be subject to 

more frequent storm events that will increase hydrodynamic forces and therefore, re-

suspend more sediment (Gunderson et al., 2016; Harborne et al., 2017; Nelson et al., 2012). 

In turn, stronger wave action would cause higher rates of abrasion and destruction of 

rhodoliths and rhodolith thalli, resulting in the deterioration or disappearance of rhodolith 

beds (Gabara et al., 2018; Hinojosa-Arango et al., 2009; Melbourne et al., 2018). Moreover,  

re-suspended sediment from storms will limit rhodolith access to light energy, leading them 

to die (Grall and Hall-Spencer, 2003; Hinojosa-Arango et al., 2009; Martin et al., 2014). 

As marine calcifiers, rhodoliths also face the challenge of ocean acidification, which could 

lead to high rates of dissolution in the future, as their Mg-calcite skeleton is relatively 
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soluble and thus highly vulnerable to ocean acidification (Basso and Granier, 2012; 

Büdenbender et al., 2011; McCoy and Ragazzola, 2014; Noisette et al., 2013). Future 

expedited rhodolith dissolution will destroy rhodolith habitats and the diversity among 

them (Doney et al., 2009; dos Reis et al., 2016; Kleypas et al., 2006; Nitsch et al., 2015).  

Another challenge rhodolith beds face is destructive fishing practices, such as 

dredging and trawling (Barbera et al., 2003; Grall and Hall-Spencer, 2003). Dredging and 

trawling along beds for economically important organisms like scallops and fish causes re-

suspension of sediments, which could lead to mass rhodolith death in areas where wave 

action and bioturbator presence is not sufficient enough to clear rhodoliths of sediment 

(Riosmena-Rodriguez et al., 2017). Studies that monitor rhodolith beds consistently 

subjected to dredging practices have shown little to no recovery over time, resulting in 

rhodolith bed loss (Barbera et al., 2003; Grall and Hall-Spencer, 2003; Riul et al., 2008; 

Sheehan et al., 2015). It is necessary for scientists to understand what drives rhodolith bed 

distribution to determine how climate change and destructive fishing practice stressors will 

impact these diverse ecosystems in the future.  

Rhodoliths in Canada have been scarcely examined to date, with knowledge of the 

location and extent of beds incomplete. The rhodolith bed off St. Philip’s, Conception Bay, 

southeastern Newfoundland has been studied intensively, using SCUBA-based detailed 

surveys over relatively small areas, but has yet to be mapped (Belanger and Gagnon, pers. 

comm.; Gagnon et al., 2012; Millar and Gagnon, 2018). The present study uses a drop 

camera survey, flow acceleration and temperature/illuminance loggers within and beyond 

the rhodolith bed in St. Philip’s to (1) test the hypothesis that hydrodynamic forces, water 

temperature and light are the main factors influencing rhodolith abundance; and (2) 
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examine other abiotic and biotic factors, as well as factor interaction, that may also play a 

key role in influencing rhodolith abundance. It also (3) presents rhodolith distribution 

within and beyond known bed limits.  

3.2 MATERIALS AND METHODS 

3.2.1 Study Site 

The study was carried out from March to November 2018 in a rhodolith bed 

(consisting of Lithothamnion glaciale) thought to occur at depths ranging from ~8 to 25 m 

off St. Philip’s, in Conception Bay, Newfoundland, Canada (47.592° N, 52.893° W) 

(Figure 3.1). The boreal coastal Newfoundland climate is characterized by cool surface 

water temperatures (reaching <0°C in the late winter, and a maximum of ~ 14°C in the late 

summer), with high rainfall, and strongest storm conditions associated with occasional 

post-tropical storms in fall (Environment and Climate Change Canada, 2018). St. Philip’s 

experiences moderate tidal currents and small amounts of fluvial discharge to the bay from 

the mouth of a river ~300 m away from the rhodolith bed. Conception Bay (Figure 3.1) is 

sheltered from south and east winds, however partially exposed to limited fetch northerly 

and westerly winds that demonstrate high variability over short time periods (Environment 

and Climate Change Canada, 2018; Millar and Gagnon, 2018). High wind variability makes 

Conception Bay an interesting site to investigate drivers of rhodolith distribution. Green 

sea urchins (Stronglyocentrotus droebachiensis [Figure 3.2A-B]), common sea stars 

(Asterias rubens [Figure 3.2C]), brittle stars (Ophiopholus aculeata and Ophiura robusta 

[Figure 3.2D]), and mottled red chitons (Tonicella marmorea) are common across the 

surface of the bed (Gagnon et al., 2012).  
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Figure 3.1 Map of a Newfoundland (A) rhodolith bed in St. Philip’s, Conception Bay (B). 

Rhodolith bed location is indicated with the black outlined polygon in B. C displays 

rhodoliths within the St. Philip’s rhodolith bed (photo by David Bélanger). Base maps 

obtained from GEBCO. 
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Figure 3.2 Dominant bioturbators in the St. Philip’s study area, including the green sea 

urchin (Stronglyocentrotus droebachiensis) within the rhodolith bed (A) and on bedrock 

(B), sea stars (Asterias rubens) on top of rhodoliths and encrusted boulders (C), and brittle 

stars (Ophiopholus aculeata and Ophiura robusta) embedded within a rhodolith (D). Image 

D is courtesy of Sean Hacker-Teper, all other images by Laura Teed. Any blurriness in the 

centre of the imagery (A-C) is due to condensation. 
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3.2.2 Factors driving rhodolith abundance  

3.2.2.1 Seafloor video 

 Drop camera surveys of the study area were conducted in Fall 2018 (October -

November) with a surface-based GitUp Git2 drop video camera positioned in a stainless 

steel 50 cm x 50 cm x 97 cm frame, in which the camera was positioned ~52 cm from the 

bottom of the frame (Figure 3.3). On the upper corners of the frame (~61 cm above the 

bottom of the frame), three marine grade Kraken LED torches, outputting 650 lumens, were 

installed and positioned at a ~32° angle towards the center of the frame (Figure 3.3). Latex 

gloves were wrapped around each Kraken light in order to diffuse the light equally across 

the 50 x 50 cm quadrat at the bottom of the camera frame. Weights of 0.9 kg were also 

installed on the outside of each bottom corner of the metal frame to prevent tipping and to 

help maintain the frame’s position once on the seafloor (Figure 3.3). The drop video camera 

was attached to a 121-m long cable reel (Shark Marine Technologies Inc.) attached to the 

boat and operated at the surface. The cable reel was then attached to the camera power 

source consisting of a 10-inch screen to observe video in real time.  Seafloor video surveys 

were conducted from a 6-m rigid inflatable boat (RIB) vessel. Position of the survey vessel 

during linear transects was recorded at every drop of the camera to the seafloor via a Garmin 

eTrex-30 hand-geld GPS with an estimated horizontal accuracy of <3 m. This method 

assumes the camera system remains directly under the vessel, which limited data collection 

to calm wind/weather conditions.  

Across the pre-determined polygon survey area (~3432 m2), 497 sample stations 

were identified (Figure 3.4). This polygon was drawn to sample known areas of the 
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Figure 3.3 Drop camera stainless steel frame (50 cm x 50 cm x 97 cm) equipped with a 

GitUp Git2 camera suspended ~52 cm above the base of the frame. A temperature and light 

logger is located directly beside the suspended camera. Light sockets are located in each 

upper frame corner to house LED Kraken lights, and 0.9 kg weights are attached to each 

bottom frame corner to help the camera frame remain upright. 
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Figure 3.4 Area sampled during drop camera survey in and beyond known limits of the St. 

Philip’s, Newfoundland rhodolith bed (~3432 m2). Each point within the polygon 

represents a location where the camera system was lowered to the seabed, where a still 

image was extracted (n = 497). 
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rhodolith bed off St. Philip’s (based on previous diver observations of rhodolith patches), 

as well as to explore beyond known rhodolith bed areas to determine if rhodoliths occur at 

greater depths and lateral gradients than previously observed. Linear transects ranged from 

~250 (corners of polygon) to 1000 m in length (full width of polygon) with ~60 m between 

adjacent transects. Along any given transect, 2 to 10 second video samples (allowing time 

for sediment to settle) were collected approximately every 20 m (Figure 3.4). 

From each underwater video segment where the camera frame was on the seafloor, 

a still image (.jpg) was extracted using Microsoft Photos at each sampling location. From 

each image, visible organisms were identified into groups for analysis including live 

rhodolith, dead rhodolith, encrusting coralline algae, urchin and sea star (combined to 

represent ‘bioturbator’ cover), as well as other not used in analysis (including bivalve, 

gastropod, crab, fish, as well as brown, red and green seaweed). Encrusting coralline algae 

was chosen to analyze effect on rhodolith abundance as the rhodolith form of L. glaciale 

often occurs from encrusting forms breaking off hard substrates to form rhodoliths. 

Therefore, an area of high encrusting L. glaciale abundance should correlate with high 

rhodolith abundance of the same species. Percent (%) cover was estimated using the point 

intercept method.  A 7 x 7 grid was overlaid onto each bottom photo in ImageJ and the 

biotic or abiotic element present underneath each grid intercept was recorded. Using the 7 

x 7 grid, 49 intercepts were recorded for each image, with each intercept accounting for 

~2.04% cover. The outline of the 50 x 50 cm stainless steel frame was referenced for scale. 

There was ~6.18 cm between each point-intercept, corresponding to previously measured 

sizes of rhodoliths (~6 cm) in the St. Philip’s bed (Gagnon et al., 2012). Dominant substrate 

of each image was also recorded for the seven most prevalent bottom types including: 
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bedrock, boulder, cobble, pebble, gravel, sand/silt (indistinguishable on seafloor video), 

and live rhodolith (patch so dense that underlaying substrate could not be differentiated) 

(Figure 3.5A-G). Percent cover of live rhodoliths, dead rhodoliths, bioturbators (urchins, 

sea stars), and encrusting coralline algae was determined for each sampling station and 

input into ArcGIS 10.5 according to the corresponding GPS coordinates matching the 

timestamp of each still image to characterize the sampling area. 

3.2.2.2 Characterization of benthic habitats 

 Temperature and light loggers (Onset HOBO UA-002-64 Pendant Data Logger) 

were attached to the camera frame (at a height of ~70 cm from the seafloor, directly to the 

right and left of where the camera was suspended; Figure 3.3), and recorded temperature 

(°C) and illuminance (lux) every 2 s. Temperature and light readings were then extracted 

at each sampling location according to the time of the still image taken from the recorded 

underwater video. Temperature and light were averaged between the two HOBO pendant 

loggers, and input into ArcGIS 10.5 according to the corresponding GPS coordinate of each 

sampling station in order to help characterize the sampling polygon.  

 The reel cable attached to the camera was marked every meter in order to 

approximate depth at each sampling location. Depth measurements were then input into 

ArcGIS 10.5 across the polygon sampling area to estimate seafloor bathymetry. Seafloor 

bathymetry of the entire study area (~3432 m2) was interpolated using the Empirical 

Bayesian Kriging tool (r2 = 0.99) under the Geostatistical Analyst extension in ArcGIS 

10.5. Geomorphometric variables (slope, and BPI – Bathymetric Position Index: inner  
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Figure 3.5 Bottom types observed in the St. Philip’s study area. Quantified bottom types 

include bedrock (A), boulder (B), cobble (C), pebble (D), gravel (E), sand (F) and live 

rhodolith (G); where rhodoliths were so densely packed that the underlying bottom type 

could not be determined. Gravel and sand were often seen mixed with live and dead 

rhodolith fragments. Any blurriness in the centre of the imagery is due to condensation. 
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radius of 1m and outer radius of 5m, given the small spatial scale of the study area) were 

calculated from interpolated bathymetry using the Benthic Terrain Modeler extension. 

Geomorphometric variables were chosen for inclusion to capture relevant terrain attributes 

and assist in classifying rhodolith patches. BPI is derived from Topographic Position Index 

on land which recognizes crests (BPI > 0) and troughs (BPI < 0) in a landscape and defines 

them by measuring differences in surrounding areas (Secomandi et al., 2017; Weiss, 2001). 

In the marine environment, crests and troughs found on the seafloor using BPI can be 

indicative of sediment transport (Downie et al., 2016; Misiuk et al., 2018). BPI should 

therefore be considered when observing abiotic influence on rhodolith abundance, as 

rhodolith distribution is known to be influenced by sedimentation (Joshi et al., 2017, 2014; 

Wilson et al., 2004). 

3.2.2.3 Waves and currents 

To measure hydrodynamic forces at various locations in St. Philip’s, modified 

underwater relative swell kinetic instruments (URSKIs) were used (Figurski et al. 2011; 

Figure 3.6). An URSKI is composed of a submersible accelerometer logger (Onset HOBO 

UA-004-64 Pendant G Data Logger) contained in a perforated cylindrical, 8-cm-long 

container positioned at one end of a sealed, positively buoyant, 90 cm ABS pipe (8 cm in 

diameter). The bottom end of the pipe was tethered with 18 cm twine to cinderblocks sitting 

on the rhodolith bed surface at depths of approximately 7 m, 15 m, and 22 m (approximately 

the upper, middle and lower limits of the St. Philip’s rhodolith bed; Figure 3.6). URSKIs 

were also deployed across a lateral gradient of ~ 15m at the four following locations: south 
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Figure 3.6 Location of deployed URSKIs (A) across lateral and depth gradients. B shows 

an URSKI deployed within the polygon (at the northeast location) attached to a cinderblock 

(photo by Patrick Gagnon). 
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of estimated rhodolith bed limits (i.e., beyond known bed limits), the previously estimated 

centre of the rhodolith bed, and north and northeast of bed limits (beyond known bed limits; 

Figure 3.6A).  URSKI positions along the lateral gradient were determined using previously 

mapped near-shore bathymetry in St. Philip’s during a small-scale multibeam survey 

(courtesy of K. Regular, unpublished data). In still water, URSKIs stand vertically in the 

water column with the accelerometer logger at the upper end, approximately 1.6 m above 

the seabed (19 cm-tall cinderblock, 18 cm twine, 1.25 m URSKI). If water is flowing, the 

upper/free end of the buoyant instrument (i.e. the accelerometer) will tilt at a speed, 

direction, and angle consistent with current water flow (Figure 3.6B). The accelerometer 

logger recorded instantaneous acceleration (m s-2) in the x- (vertical), y- (horizontal) and 

z- (horizontal) directions every 2 min. The y- and z-direction data were used to calculate, 

by trigonometry, instantaneous acceleration vectors indicative of the horizontal (parallel to 

seabed) flow acceleration to which rhodoliths were exposed. The vertical axis (x) was not 

included in the analysis because of lack of vertical movement. Instantaneous flow 

accelerations were calculated using the following formula: 

 

Flow acceleration (m s−2) =  √𝑦2 +  𝑧2 

 

From this data, mean hourly flow accelerations were calculated at each depth from 9 March 

to 17 July 2018. Laterally across the bed at a depth of ~15 m, mean hourly flow 

accelerations were calculated at each location (south, centre, north and northeast) from 12 

October to 11 November 2018.  
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Accelerometer loggers were switched out monthly until 17 July 2018, and then 

again from 12 October to 11 November 2018 as each accelerometer only contained 30.1 

days of memory (64 GB), recording at a 2-minute frequency. Due to weather and time 

constraints, accelerometer loggers across a depth gradient did not record continuously from 

9 March to 17 July 2018. Instead, data was collected from 9 March to 8 April in the first 

deployment, 18 April to 18 May in the second deployment, 28 May to 19 June for the third 

deployment, and 19 June to 19 July 2018 for the fourth deployment. On 12 October 2018, 

three URSKIs were relocated across a lateral gradient at a depth of ~15 m and recorded 

continuously from 12 October to 11 November 2018. 

Loggers were switched out with empty memory loggers by SCUBA divers. New 

loggers were attached to a second set of URSKI caps using a zip tie. The original set of 

URSKI caps with old loggers attached, were unscrewed from the URSKIs underwater, and 

collected in a plastic bag, labelled based on depth location (i.e., Shallow, Centre, and Deep). 

New caps, equipped with new loggers, were then removed from their respective plastic 

bags (labelled based on location), and screwed into the top of the URSKI. Once old loggers 

were removed, they were brought back to the Ocean Science Centre (OSC), where they 

were detached from URSKI logger caps and rinsed. Accelerometer data from the loggers 

was then acquired using HOBOwarePro, where data was readout in m s-2 and transferred 

into Microsoft Excel.  

Since accelerometer loggers were >1 m above the rhodolith-covered seabed, 

rhodoliths may have been affected by weaker water flows than those recorded by the 

URSKIs (Denny, 1988; Denny and Wethey, 2001). Any difference in flow regimes was 

deemed insignificant because the current study was concerned with relative effects of 
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hydrodynamic forces (not absolute). As well, all rhodoliths were on the seabed, and 

therefore under the influence of similar flow patterns. Lunar cycles (tidal) and storm events 

(bidirectional wave motion from high winds) were reported to examine causes of high flow 

acceleration (Environment and Climate Change Canada, 2018). 

To determine actual near-bottom current velocity, an Aquadrop acoustic Doppler 

current profiler (ADCP) was deployed in the previously identified center of the St. Philip’s 

rhodolith bed from 16 February to 18 April 2018 (with slight movement in location on 9 

March 2018 to match the centre URSKIS [Figure 3.6]). The ADCP recorded current 

velocity every 10 minutes for a 3-minute interval. ADCP data was extracted using MatLab. 

Current velocities (m s-1) were extracted at 1.5 m from the seabed (bin 3), to match with 

position of underwater accelerometers in the water column. Current velocity was filtered 

to only include data from 9 March to 7 April 2018, the days correlating with the centre 

URSKI logger in order to perform a regression analysis and determine if current velocity 

could be predicted based on flow acceleration (Appendix C). Daily mean current velocities 

were recorded in the North and East directions (Appendix C).  

3.2.3 Statistical analysis 

With proven high accuracy (Diesing and Stephens, 2015; Downie et al., 2016; 

Redding et al., 2017; Stock et al., 2018), machine learning techniques can be used to 

determine which abiotic and biotic factors drive rhodolith abundance. The machine 

learning technique of Boosted Regression Tree (BRT) was used to determine the influence 

of predictor variables of depth, temperature, illuminance, bioturbator abundance, 

encrusting algae abundance, slope, and BPI on the response variable, rhodolith abundance. 
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This analysis was chosen based on BRT’s ability to handle spatially autocorrelated data, 

which occurred in preliminary analyses based on a high number of data observations (497) 

occurring over a small spatial scale (~3432 m2). BRT is able to reduce variance by 

combining many regression trees (1000 – 50 000 trees), approximating the function to be 

learned (response variable). BRT often outperforms other modelling methods by being 

insensitive to outliers, removing the assumption of independent observations (spatial 

autocorrelation), and removing unimportant variables (Elith et al., 2008; Misiuk et al., 

2018; Stock et al., 2018). For live rhodolith abundance models, BRT models with a tree 

complexity of 5 were used, with a learning rate set to 0.005 and the bag fraction set to 0.5, 

as per recommended settings (Elith et al., 2008). All analyses were completed in RStudio 

Desktop 1.2 (R Core Team, 2014).   

Rhodolith abundance models were built from the drop camera data of 497 sampling 

sites. The full model for BRT analyses of rhodolith cover included depth, temperature, 

illuminance, substrate class, encrusting algae abundance, bioturbator abundance, slope, and 

bathymetric position index (BPI). If variables contributed little influence (<10%) in 

explaining rhodolith abundance, a simplified model analysis was conducted, where 

variables contributing <10% influence were dropped from the model and the change in 

predicted deviance was calculated. If BRT results indicated that certain variables could be 

removed from the model, such variables were removed, and the model was re-run. If the 

resultant simplified model was less accurate than the original/full model (higher deviance), 

then the full model (which could explain more of the variance) was used. The R packages 

gbm ((Ridgeway, 2006) and dismo (Elith and Leathwick, 2009)) were used for BRT 

modeling.   
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 For hourly means of flow acceleration (m s-2) across a depth gradient, a two-way 

ANOVA with the fixed factor Depth (three Depth treatments: shallow, centre, and deep) 

and the continuous factor Date/Time (across 4-5-month deployment) was conducted to test 

the effect of Depth on the response variable, flow acceleration. The same analysis was 

conducted for flow acceleration across a lateral gradient, with the fixed factor Location 

(four Location treatments: south, centre, north, and northeast) and the continuous factor 

Date/Time (across a one-month deployment). In all ANOVAs, homogeneity of the 

variance, independence, and normality of residuals were verified by observing the 

distribution of residuals and the normal probability plot of the residuals. In ANOVAs, 

Tukey HSD post-hoc comparisons were conducted to detect significant differences among 

levels of depth and location factors. A significance level of 0.05 was used in all analyses. 

All analyses were carried out in RStudio Desktop 1.2 (R Core Team, 2014). All means 

were presented with 95% confidence intervals (means ± 95% CI), unless otherwise stated. 

3.3 RESULTS 

3.3.1 Characterization of benthic habitats 

 Images extracted from the drop camera survey totaled 497, with rhodolith cover, 

bottom type, bioturbator cover, encrusting algae cover, depth, temperature, light, slope and 

BPI estimated for each image. Rhodolith cover varied from 0% cover to 92%, across depths 

ranging from 6 to 46 m (maximum depth). However, rhodolith cover observed at shallow 

(6 m) and deep (46 m) depths was less than 20%. Any rhodolith abundance above or equal 

to 10% cover (yellow and red map area, with the blue map area representing rhodolith cover 

<10%) was deemed as part of the rhodolith bed (as per Basso et al. 2015; Nelson et al. 
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2012). The resultant map (Figure 3.7A) showed rhodoliths to be mostly distributed from 

13.7 to 31.2 m depth (Figure 3.7B), with temperatures ranging from 6.22 to 9.76 °C (Figure 

3.7C), and moderate to high illuminance (300 to 1500 lx) (Figure 3.7D), in areas with slope 

ranging from a 1.5 to 7.3° angle (Figure 3.7E). BPI within the rhodolith bed ranged from -

22 to +10, with an average BPI of -2, indicating flat seabed (Figure 3.7F). Higher rhodolith 

cover was seen in areas with finer substrates, and encrusting algae seen in coarser substrates 

such as bedrock and boulders (Figure 3.7G). Encrusting coralline algae cover ranged from 

4 to 67% within the rhodolith bed, predominantly in the southern portion of the sample area 

(Figure 3.7H). Dominant bioturbators observed on the surface of the seafloor included the 

green sea urchin (Stronglyocentrotus droebachiensis) and the common sea star (Asterias 

rubens) (Figure 3.2A-C). Other known bioturbators such as brittle stars (Ophiopholus 

aculeata and Ophiura robusta), could not be seen/accounted for in the images, as they 

embed themselves into rhodoliths and blend in (Figure 3.2D and 3.7I).  

Rhodolith cover extended much further south than previously recorded, suggesting 

two separate rhodolith patches within the bed, with areas of moderate rhodolith cover in 

the south covering a 996 m2 area (Figure 3.7A). The estimated size of the previously studied 

rhodolith patch off the coast of St. Philip’s was 1005 m2, with rhodolith cover reaching as 

high as 92% (Figure 3.7A). Areas outside of the rhodolith bed (less than 10% rhodolith 

cover, encompassing ~1431 m2) extended from 4 to 114 m depth (Figure 3.7B), slope 

ranging from 0.004 to 63.37° (Figure 3.7E) temperatures ranging from 0.23 to 13.17 °C 

(Figure 3.7C), and illuminance approaching 0 at deep depths (Figure 3.7D). 
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Figure 3.7 Distribution of rhodoliths across the St. Philip’s survey area (3432 m2), showing 

rhodolith abundance (in percent cover: A), water temperature (C), illuminance (D), slope 

of the seafloor (E), BPI (F), substrate/bottom type (G), encrusting coralline algae 

abundance (H), and bioturbator abundance (I). BPI interpretation at deeper depths was 

grainy, and therefore deemed untrustworthy at deep depths. Interpolated data completed 

using the Empirical Bayesian Kriging tool in ArcMap 10.5. 
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BRT results show that slope had the highest relative influence on live rhodolith 

cover (22.4%), followed by temperature (20.5%) and light (16.9%), both highly correlated 

with depth (Figure 3.8). The original model included depth, however the final model 

removed depth due to high co-linearity and correlation with temperature and light (R2 > 

0.80; see Appendix D for temperature-depth profile as well as rhodolith abundance-depth 

profile). Furthermore, to reduce co-linearity of temperature and light, the residuals of 

temperature and illuminance were used. This increased model accuracy from 80 to 82%. 

As slope increased, rhodolith abundance decreased (Figure 3.9). Rhodolith abundance was 

highest in areas of moderate water temperature and illuminance. Rhodolith abundance 

increased in areas with negative BPI (indicating troughs), and as BPI approached 0 

(indicating a gentle slope) (Figure 3.9). Rhodolith abundance decreased as encrusting 

coralline algae cover reached above 80% (Figure 3.9). In terms of substrate class, rhodoliths 

were most abundant in areas of finer sediment; i.e., in rounded gravel (2-4 mm in size) and 

sandy (<2 mm grain size) areas as well as in areas where no other substrate except live 

rhodoliths were observed. Bioturbator cover (the percent cover of bioturbators that could 

be observed on the surface of the rhodolith bed) was found to have the lowest relative 

influence on rhodolith abundance with 4.5% influence (Figure 3.8). Rhodolith abundance 

increased with low cover of bioturbators and then levelled off as bioturbator cover exceeded 

13% (Figure 3.9). Even though bioturbator cover influence was low, it was kept in the 

model as the change in deviance once it was removed was high.  
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Figure 3.8 Relative influence (%) that each environmental variable (slope, temperature, 

light, BPI, encrusting algae percent cover, substrate class, and bioturbator percent cover) 

contributed to predicting live rhodolith cover. Model accuracy as presented by BRT is 82%. 
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Several environmental parameters were found to highly interact, with the most 

prominent interaction between BPI and temperature (1530.78; Table 3.1), suggesting co-

linearity. Other notable interactions include BPI and light (948.89) as well as BPI and 

encrusting algae cover (533.98; Table 3.1).  

3.3.2 Waves and currents 

 Flow acceleration did not vary with depth; however, flow acceleration did show a 

slight increase over time, peaking at 16.88 m s-2 on 26 July (Figure 3.10). Otherwise, flow 

acceleration remained consistent across depths with mean hourly flow acceleration mostly 

ranging from 0.1 to 1.3 m s-2 (Figure 3.10). Times of high flow acceleration were often due 

to lunar cycles (i.e., full and new moons). Other peaks of high flow acceleration were due 

to storm events causing high winds (Figure 3.10).  

 Flow acceleration did vary with location across a 15 m lateral gradient, as well as 

over time (Figure 3.11). Flow acceleration was consistently higher at the south location, 

peaking at 16.04 m s-2 on 04 November. This was followed by the centre URSKI logger 

location which peaked at 9.72 m s-2 also on 04 November. Flow acceleration at the north 

and northeast URSKI did not significantly vary from each other but were weaker than flow 

acceleration at the south and centre location, peaking at 2.19 m s-2 on 04 November (Figure 

3.11). Regarding time, flow acceleration displayed peaks on 16 October and 04 November 

in the south and centre location. These peaks of high flow acceleration are due to storm 

events causing high winds. Lunar cycles did not influence flow acceleration laterally 

(Figure 3.11). Other than these peaks, flow acceleration mostly ranged from 0.1 to 3.2 m s-

2 over the course of the field deployment (Figure 3.11).  
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Table 3.1 Pairwise interactions (from BRT) of all environmental variable influence on live 

rhodolith cover. Numbers approaching 0 indicate no interaction of variables, while numbers 

approaching or above 1000 indicate very high interaction. The three most important 

pairwise interactions are presented in bold. 

Variable  Temp Light BPI Crust Substrate Bioturbator 

Slope 176.98 9.01 23.04 71.43 34.91 26.50 

Temp - 416.7 1530.78 161.69 279.91 160.05 

Light  - 948.89 21.92 194.76 0.96 

BPI   - 533.98 484.67 20.25 

Crust    - 38.21 31.89 

Substrate     - 30.76 
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Figure 3.10 Hourly mean flow acceleration (m s-2 ±95% C.I.) in the rhodolith bed off the 

coast of St. Philip’s across three depths: shallow (~8m, dark grey), centre (~15m, black) 

and deep (~20m, light grey), from March to July, 2018. New moons are marked by black 

stars and full moons are marked by white stars above error bars. Major storm events with 

high winds and precipitation are marked with closed circles. 
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Figure 3.11 Hourly mean flow acceleration (m s-2 ±95% C.I.) across a lateral gradient of 

~15m in the rhodolith bed off the coast of St. Philip’s at four locations: south (dark grey), 

centre (black), north (light grey) and northeast (dashed), from October to November, 2018. 

New moons are marked by black stars and full moons are marked by white stars above 

error bars. Major storm events with high winds and precipitation are marked with closed 

circles. 
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Depth and date displayed no interactive effects on mean hourly flow accelerations 

(p = 0.143, Table 3.2A). However, flow acceleration did vary significantly according to 

date (across five months) (p <0.001, Table 3.2A). Flow acceleration did not vary across the 

three measured depths (p = 0.499, Table 3.2A). Comparatively, lateral location (four 

locations across a lateral gradient at 15 m depth) and date did display interactive effects on 

mean hourly flow accelerations over the course of one month (p <0.001, Table 3.2B).  

3.4 DISCUSSION 

The objectives of this study were to characterize a Newfoundland rhodolith bed to 

(1) test the hypothesis that hydrodynamic forces, water temperature and light are the main 

factors influencing rhodolith abundance; and (2) examine other abiotic and biotic factors 

that may also play a key role in influencing rhodolith abundance. Rhodoliths were found 

further south than anticipated, suggesting that the rhodolith bed present along the coast of 

St. Philip’s is larger than previously thought. Slope, temperature, and illuminance were the 

most influential factors explaining variation in rhodolith distribution and abundance, while 

flow acceleration did not vary across depths. Our results challenge the long-standing 

paradigm that hydrodynamic forces are a main driver of rhodolith abundance. 

3.4.1 Factors driving rhodolith abundance in St. Philip’s 

Slope of the seafloor had the highest influence on rhodolith abundance at 22.4%, 

where rhodolith abundance decreased with increasing slope. Increasingly sloped ridges are 

likely the cause of separation between the northern and southern rhodolith patches (patches 

of high rhodolith abundance; >10%) that make up the rhodolith bed off the coast of St. 
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Table 3.2 Summary of a two-way ANOVA with interaction (applied to hourly means of 

flow acceleration), testing the effects of depth location (A) (shallow, centre and deep), 

lateral location (B) across 15m depth (south, centre, north and northeast), and date 

(continuous variable) on mean hourly flow acceleration (m s-2). N=2542 for depth gradient 

analysis, α=5%. N=716 for lateral gradient analysis, α=5%. 

 A. Depth gradient 

Source df SS MS F p-value 

Depth 2 2.7 1.325 0.696 0.499 

Date 1 19.4 19.407 10.192 <0.001 

Depth*Date 2 7.4 3.706 1.946 0.143 

 B. Lateral gradient 

Source df SS MS F p-value 

Location 3 375.5 125.158 88.250 <0.001 

Date 1 140.3 140.327 98.946 <0.001 

Location*Date 3 72.9 24.309 17.140 <0.001 
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Philip’s. The relationship between rhodolith abundance and seafloor slope has scarcely 

been examined to date, however, in Italy, L. valens and L. minervae rhodoliths were absent 

on slopes exceeding 6° (Sañé et al., 2016). Furthermore, only encrusting growth forms of 

the same species were found on steeper slopes (Sañé et al., 2016). In the Tyrrhenian Sea, 

L. coralloides were only present on gentle slopes, with the highest rhodolith abundance 

from 0 to 2°, and low abundance from 6 to 8° (Savini et al., 2012). In Svalbard, only 

encrusting coralline algae (L. glaciale) was found on steeper slopes up to 32°, while 

rhodolith forms occurred on gentle slopes (Teichert et al., 2012). Similar trends were 

observed in St. Philip’s, where rhodoliths (L. glaciale) were scarcely found in areas with 

slopes larger than 7°. It is likely that because rhodoliths are free-living, they would roll 

down steep slopes to deeper depths where temperature and light are diminished, and burial 

is enhanced (Pascelli et al., 2013; Sañé et al., 2016; Savini et al., 2012). Moreover, highly 

sloped areas are usually correlated with hard substrates in which rhodoliths do not often 

associate (Riosmena-Rodríguez et al., 2017). If this is the case, rhodoliths would indeed 

not be found on steep slopes.  

 Water temperature was the second most influential factor in driving rhodolith 

abundance, followed by illuminance, where rhodolith abundance was highest in areas of 

moderate water temperature (6.2 to 9.8°C) and illuminance (300 to 1500 lx). L. glaciale are 

known to occur from cold-temperate to polar realms on both sides of the North Atlantic 

and in the Northwest Pacific (Adey, 1970; Adey et al., 1976; Bosence and Wilson, 2003). 

L. glaciale is therefore confined to cold-water temperatures, were reproductive 

conceptacles are only produced in temperatures less than 9°C (Hall-Spencer, 1994; Teichert 

et al., 2012; Wilson et al., 2004). The St. Philip’s site exhibited temperatures approaching 
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0°C, however rhodoliths were not found abundantly in temperatures below 6°C, likely due 

to the interaction of other factors such as slope, illuminance or sedimentation. Rhodolith 

growth has been found to respond to seasonal variations in water temperature and light 

cycles by accelerating growth in the warmer summer temperatures coupled with longer 

periods of daylight (Adey, 1970; Kamenos and Law, 2010). Rhodoliths can still grow 

throughout the winter however, relying on stored starch and photosynthates (Hofmann et 

al., 2018; Weykam et al., 1997; Wiencke et al., 2009; Williams et al., 2018). High 

illuminance can induce photodamage and increase photoinhibition of rhodoliths (Wilson et 

al., 2004). This could explain why rhodoliths in St. Philip’s are not found in areas of 

illuminance above 1500 lux.  

Illuminance and sea temperature co-vary with depth. L. glaciale has been found in 

polar and subpolar seas at depths exceeding 60 m (Adey et al., 1976). However, L. glaciale 

can only occur at this depth in clear waters (i.e., deeper photic limit), allowing access to 

light energy. Indeed, in more turbid environments such as off the coast of Brittany, France 

(which is not as limited by temperature), where rhodolith beds are subjected to dredging 

activities, rhodoliths are most abundant at depths less than 30 m (Barbera et al., 2003; 

Dutertre et al., 2015; Grall and Hall-Spencer, 2003). This is reflected in the St. Philip’s site 

of the present study, where rhodolith abundance was highest at depths ranging from 13 to 

31 m. Rhodoliths are likely uncommon at depths exceeding 31 m because of the interaction 

of abiotic factors such as slope, light, and sedimentation. 

Bathymetric position index (BPI) was the fourth most influential factor influencing 

rhodolith abundance, at 15.9%. Research has yet to be conducted on BPI influence on 

rhodolith abundance, yet it should be considered as BPI can identify small- and large-scale 
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crests and troughs on the seafloor indicative of bottom currents and sediment transport that 

could hinder rhodolith growth (Downie et al., 2016; Martin et al., 2014; Misiuk et al., 2018; 

Secomandi et al., 2017). In St. Philip’s, rhodoliths occurred in areas with negative BPI 

values, approaching 0 indicating higher rhodolith abundance in slight trough/depression 

areas on gentle slopes (Secomandi et al., 2017; Weiss, 2001). Rhodoliths observed in 

troughs and depressions were seen in shallower depths, likely between coarser substrates 

of boulders and cobbles. L. glaciale at deeper bed depths (up to ~31 m) occurred on a gentle 

slope, resulting in BPI values approaching 0. BPI highly interacted with water temperature 

and light, where temperature and light decreased with increasing BPI. This suggests that 

low BPI values were correlated with warmer, well-lit areas along with higher rhodolith 

abundance. No conclusions could be drawn on BPI at deeper depths within the study area, 

as BPI results here were likely influenced by interpolation artefacts and deemed 

untrustworthy. 

Encrusting coralline algae cover was responsible for 12.2% influence on rhodolith 

abundance, displaying a negative relationship (i.e., as rhodolith cover increased, encrusting 

algae cover decreased). In St. Philip’s, encrusting algae consists of the same species that 

forms rhodoliths, L. glaciale. As such, rhodoliths often form via fragmentation of 

encrusting forms (Foster, 2001; Wilson et al., 2004). Likewise, high rhodolith abundance 

should correlate with high cover of encrusting algae that would break off and form 

rhodoliths. Indeed, rhodoliths in St. Philip’s were found abundantly with moderate crust 

cover, up to ~55%. However, this could be an underestimate as encrusting algae could be 

obscured by overlaying rhodoliths. Areas containing above 55% encrusting algae cover 

occurred in shallow, near-shore areas. Rhodoliths likely do not occur so close to shore due 
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to higher temperatures, illuminance, and wave action (Foster, 2001; Melbourne et al., 2018; 

Steller and Foster, 1995). Furthermore, encrusting algae commonly occur on coarse, hard 

substrates, and reports of rhodoliths on hard bottoms are rare because they easily roll away 

and are more subject to abrasion and competition with kelp, seaweeds, bryozoans and 

encrusting algae (Foster, 2001; Foster et al., 2013). Indeed, rhodoliths are known to be 

distributed across finer sediments/bottom types including sand and gravel substrates (De 

Grave, 1999; Joshi et al., 2017; Martin et al., 2014). This trend is also observed in St. 

Philip’s with higher rhodolith abundance across finer substrates, resulting in a 7.6% 

substrate influence on rhodolith abundance. 

Bioturbator cover had the lowest influence on rhodolith abundance, at 4.5%, where 

rhodoliths were mostly distributed in areas of low bioturbator cover (up to 13% cover). 

Rhodolith abundance within a bed is thought to be heavily influenced by the presence of 

bioturbators that aid in rhodolith movement/rolling and sediment eradication when currents 

and waves are too weak to do so (Foster, 2001; Foster et al., 2013; Marrack, 1999; Millar 

and Gagnon, 2018). Indeed, resident bioturbators in St. Philip’s such as O. aculeata, A. 

rubens, and S. droebachiensis, have been shown to contribute to the dislodgement of 

sediment from rhodoliths (Millar and Gagnon, 2018). However, in the current study, 

bioturbator estimation was limited by what could be observed on the surface of rhodoliths, 

in this case, only larger A. rubens, and S. droebachiensis. Therefore, influence of 

bioturbators on rhodolith abundance in the current study could be underestimated. 

Moreover, this underestimation could also be related to the fact that A. rubens, and S. 

droebachiensis were abundant in near-shore bedrock outcrops where rhodoliths were 

absent (i.e., bioturbators were also abundant beyond rhodolith bed limits).  
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A key factor thought to influence rhodolith abundance (not included in the BRT 

model) is hydrodynamic forces. Rhodolith beds are commonly found in areas with 

moderate wave action and currents strong enough to prevent burial of rhodoliths, but not 

so strong as to cause fragmentation or abrasion (Dutertre et al., 2015; Foster, 2001; Hall-

Spencer, 1998). Rhodolith beds in Brittany (France) commonly occur in areas where mean 

current velocity ranges from 0.02 to 0.73 m s-1, with rhodolith cover decreasing in current 

velocities exceeding 0.5 m s-1 (Dutertre et al., 2015). In the Gulf of California, current 

velocities estimated between 0.2 and 0.8 m s-1 were required to move L. coralloides, L. 

margaritae and P. calcareum, as they were found to have a high drag coefficient 

(Melbourne et al., 2018). Current velocity in St. Philip’s was considerably lower than this, 

peaking at 0.09 m s-1 (Appendix C), within range of those in European rhodolith beds 

(Dutertre et al., 2015; Foster, 2001; Joshi et al., 2017). Occurrences of high flow 

accelerations in St. Philip’s were caused by lunar cycles and storm events, indicating 

bidirectional oscillatory wave motion (Harris et al., 1996; Nelson et al., 2012). In the Gulf 

of California, maximum oscillatory motion was not strong enough to move rhodoliths 

(Harris et al., 1996; Marrack, 1999). Likewise, in our study, flow acceleration only varied 

across a lateral gradient, but is not thought to influence rhodolith abundance (which was 

highest at the centre and north URSKI location) as currents are likely not strong enough to 

remove sediments or cause fragmentation. Bioturbator influence is likely more important 

in the removal of sediments (Marrack, 1999; Millar and Gagnon, 2018; Rebelo et al., 2018). 

However, previously reported sedimentation rates in St. Philip’s were low, ranging from 

0.19 to 2 mg cm-2 day-1, likely too low to bury rhodoliths even in the absence of bioturbators 

(Millar and Gagnon, 2018). 
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Other factors could be at work in driving rhodolith abundance that are not 

mentioned in the current study including salinity and nutrient concentration (Dutertre et al., 

2015; Martin et al., 2014; Savini et al., 2012; Schoenrock et al., 2018). Metabolic processes 

in L. glaciale have been shown to be negatively influenced by low salinity, caused by close 

proximity to freshwater input (Dutertre et al., 2015; Schoenrock et al., 2018). As well, 

increases in nutrient concentration from river input/land-based discharge has been found to 

inhibit productivity and calcification (McConnico et al., 2017; Schubert et al., 2019). 

However, even though the St. Philip’s rhodolith bed is located approximately 300 m from 

a river mouth, salinity and nutrient concentration does not significantly differ (S. Hacker-

Teper and P. Gagnon, unpublished data).  

3.4.2 Challenging rhodolith bed driver paradigms  

Growth of benthic communities is thought to be driven by light and temperature 

while community stability is driven by hydrodynamic forces and sedimentation (Kostylev 

and Hannah, 2007). Indeed, temperature and light drive growth and species distribution of 

rhodoliths, where growth often increases with temperature and light until a threshold is 

reached (Bosence and Wilson, 2003; Foster et al., 2013). Temperature and illuminance 

were the second and third most influential factors influencing rhodolith distribution and 

abundance in the current study, supporting the hypothesis and long-standing paradigm that 

temperature and light are two of the main factors driving rhodolith abundance. 

The other long-standing paradigm is the influence of hydrodynamic forces driving 

rhodolith bed limits and the stability of beds. High currents and wave action dislodge and 

fragment rhodoliths, inhibiting abundance in shallow, intertidal areas, while low currents 
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permit sediments to settle on rhodoliths (Foster, 2001; Steller and Foster, 1995). The 

current study challenges this hypothesis and paradigm, as current velocity was consistently 

low, and there was no difference in flow acceleration between upper and lower rhodolith 

bed limits. Instead, this study introduces the significance of slope as a main driver, where 

rhodolith abundance increases with decreasing slope. Moreover, factors examined in this 

study are not independent, signifying the importance of examining how factors interact to 

drive rhodolith abundance. Furthermore, it is crucial to examine rhodolith drivers at 

regional scales because small, sheltered bays may be more influenced by factors such as 

temperature and slope, whereas rhodolith beds located elsewhere may be subject to stronger 

hydrodynamic forces or nutrient input/turbidity from nearby rivers.  

3.4.3 Conclusions 

The research presented here demonstrates the effectiveness of using drop camera 

surveys to characterize nearshore habitats. Moreover, the present study can act as a baseline 

assessment of conditions in which Newfoundland rhodolith beds thrive and can help define 

environmental conditions correlated with rhodolith presence in Newfoundland, aiding in 

predicting other Newfoundland regions that likely contain rhodoliths.  

Although degradation of Newfoundland rhodolith beds via dredging and land-based 

pollution is low, spatial variation can occur from climatic events such as increased water 

temperatures, ocean acidification, and more intense storm events (Büdenbender et al., 2011; 

Kamenos et al., 2013; McCoy and Kamenos, 2015; Nelson et al., 2012). Continued efforts 

to locate and better understand rhodolith habitats that house a high diversity of ecologically 
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and economically important species are crucial to developing successful conservation and 

management strategies.  
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4.1 Overall objective of the study 

Rhodolith beds are globally distributed benthic ecosystems that house a large 

diversity of flora and fauna (Foster, 2001). Yet, few studies examine carbonate production 

of these beds, with no studies comparing methods used to do so. As well, it is thought that 

hydrodynamic forces and sedimentation delineate upper and lower bed limits, respectively. 

However, few studies examine slope influence on rhodolith abundance, or the interaction 

of several factors that together determine distribution and abundance of rhodoliths. 

The present study estimated CaCO3 production in the presence and absence of 

bioturbators, as well as factors driving rhodolith abundance in southeastern Newfoundland. 

Specifically, (1) net and gross CaCO3 production rate of L. glaciale was estimated in the 

presence and absence of bioturbators using the varying approaches of weight change and 

extension rate; and (2) abiotic and biotic factor influence on rhodolith abundance was 

determined through a drop camera survey covering areas of known rhodolith cover, and 

beyond. The study took place in a rhodolith bed off the coast of St. Philip’s, Newfoundland. 

4.2 Significance of the study 

Chapter II demonstrated that carbonate production of a Newfoundland rhodolith 

bed was similar to other beds occurring from cold-temperate to polar seas (Bosence and 

Wilson, 2003; Teichert and Freiwald, 2014). Any large differences in carbonate production 

estimates was likely caused by the method chosen to do so. Estimating carbonate 

production and factors that may influence this production of a Lithothamnion glaciale 

rhodolith bed further exemplifies the importance of rhodolith bed contribution to the global 

carbon budget. Moreover, examining discrepancies among methodologies of estimating 
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carbonate production demonstrates the necessity of introducing a more universal approach. 

The present study is the first to directly compare weight change and extension rate methods 

used in calculating carbonate production, as well as the first to demonstrate the lack of 

bioturbator effect on rhodolith extension and carbonate production.  

Chapter III demonstrated that abiotic factors, namely slope of the seafloor, water 

temperature and illuminance, play key roles in determining rhodolith abundance and 

distribution in southeastern Newfoundland. L. glaciale displayed the highest abundance in 

gently sloped areas (<7°), with moderate temperatures (6.2 to 9.8 °C) and illuminance (300 

to 1500 lux). Water flow acceleration did not vary across a depth gradient, with current 

velocities too low to cause rhodolith movement. By challenging the importance of 

hydrodynamic forces and bioturbation as main drivers regulating Lithothamnion glaciale 

abundance, and introducing that of seafloor slope, the present study fuels the debate on 

abiotic and biotic factors influencing rhodolith bed abundance and function. The present 

study provides the first demonstration of slope importance in regulating rhodolith 

abundance, as well as examining the interaction of key abiotic and biotic drivers in 

determining L. glaciale distribution in Newfoundland rhodolith systems. This study 

questions previous assumptions about factors influencing rhodolith beds and introduces 

questions as to how drivers interact and may change on temporal and spatial scales. 

4.3 Future directions 

The present study provides a framework for further research into the CaCO3 

production of rhodoliths beds, and the environmental components that drive rhodolith 

distribution. Future studies should focus on predicting rhodolith bed occurrences in 
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Newfoundland based on the environmental conditions described here. Water flow 

acceleration in this study gave a good indication of conditions above the surface of the 

rhodolith bed, as well as beyond bed limits, however, using equipment able to distinguish 

between oscillatory and unidirectional flows would aid in understanding the insignificance 

of water flow acceleration in this study, since rhodoliths are more easily displaced under 

oscillatory movement. Additional factors such as seasonality, salinity, and nutrient content 

should also be evaluated as they may influence rhodolith abundance and distribution. 

Furthermore, once rhodolith presence is detected, methodology outlined in this study can 

be employed to determine each rhodolith bed’s contribution to the global carbon budget. 

Most of what we know about the distribution and stability of rhodolith beds is a 

‘snapshot’ through time, derived from short-term research. These ‘snapshots’ lack 

continuity that could aid in managing and monitoring the stability of rhodolith beds. 

Research of rhodolith beds should move from short-term studies to long-term studies in 

order to better understand factors influencing rhodolith bed distribution and dynamics, as 

this work has done. The current study, while also a ‘snapshot’, can act as a baseline 

assessment of environmental conditions in which Newfoundland rhodolith beds thrive, 

informing future monitoring practices observing declines in rhodolith carbonate production 

and abundance with increasing climate change. Repeated surveys over many years within 

the same rhodolith system will expand our knowledge of how environmental conditions 

may change over time and under the influence of climate change.  

Because rhodoliths are comprised of a Mg-calcite skeleton, they are at high risk of 

dissolution under current ocean acidification conditions and those predicted for the future 

(McCoy and Ragazzola, 2014). Moreover, increasing storm events derived from climate 
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change could cause mass destruction of rhodolith beds from high fragmentation or abrasion 

under high wave action conditions, as well as smothering or burial of rhodoliths from 

resuspended sediments (Grall and Hall-Spencer, 2003). As rhodoliths become buried and 

increasingly dissolve from climate change conditions, rhodoliths will no longer be able to 

grow and deposit calcium carbonate needed to form their complex three-dimensional 

skeleton. Without their complex structure, rhodoliths will not be able to support such a high 

biodiversity of ecologically and economically important species that use rhodolith beds to 

spawn and settle. Future long-term management and monitoring of vulnerable rhodolith 

habitats is necessary, as resilience capability of rhodolith beds under changing ocean 

climate conditions is limited by baseline knowledge.  

4.4 LITERATURE CITED 

Bosence, D., Wilson, J., 2003. Maerl growth, carbonate production rates and 

accumulation rates in the northeast Atlantic. Aquat. Conserv. Mar. Freshw. Ecosyst. 

13, S21–S31. https://doi.org/10.1002/aqc.565 

Foster, M.S., 2001. Rhodoliths: Between rocks and soft places. J. Phycol. 37, 659–667. 

https://doi.org/10.1046/j.1529-8817.2001.00195.x 

Grall, J., Hall-Spencer, J.M., 2003. Problems facing maerl conservation in Brittany. 

Aquat. Conserv. Mar. Freshw. Ecosyst. 13, S55–S64. 

https://doi.org/10.1002/aqc.568 

McCoy, S.J., Ragazzola, F., 2014. Skeletal trade-offs in coralline algae in response to 

ocean acidification. Nat. Clim. Chang. 4(8), 719-723. 

https://doi.org/10.1038/NCLIMATE2273 

Teichert, S., Freiwald, A., 2014. Polar coralline algal CaCO3-production rates correspond 

to intensity and duration of the solar radiation. Biogeosciences 11, 833–842. 

https://doi.org/10.5194/bg-11-833-2014 

 

 

 

  



130 

 
 

APPENDIX A 

 

Experiment Timeline 
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APPENDIX B  

Determination of lux to PAR conversion factor  

The following procedure was applied to convert the illuminance values (in lux) of 

sunlight recorded in the field experiment to irradiance (PAR) values (in µmol photons m-2 

s-1). Illuminance and irradiance were recorded simultaneously for 15 min at a depth of 15 

m on a partly cloudy day, with low winds in April and August, when phytoplankton density 

was respectively high (during spring bloom) and low (after spring bloom) (Parrish et al., 

2005). Illuminance was recorded once per second with the same model of temperature and 

light logger (HOBO Pendant; Onset Computer Corporation) used in field experiment. 

Irradiance was recorded 240 times min- 1 with a quantum sensor (LI-192; LI-COR). Both 

instruments were mounted next to each another on a metal frame placed on the surface of 

the rhodolith bed with the light sensor of each instrument pointing towards the sea surface. 

One conversion factor was calculated for each sampling day by averaging illuminance and 

irradiance data for each of the 15 min that each trial lasted, and then by dividing each mean 

illuminance by corresponding mean irradiance. Means of the resulting 15 conversion 

factors (one per minute for each day) were averaged, yielding one overall conversion factor 

of 23.5 (Table B.1). 
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Table B.1 Mean (±SD) illuminance to PAR conversion factors (in lux/µmol photons m-2 s-

1) at a depth of 15 m on a partly cloudy day with low winds in both April and August, when 

phytoplankton density was respectively high and low (n=15 for each factor per day, and 30 

for the overall factor pooled across days). *Overall factor used to convert sunlight 

illuminance values to PAR values during field deployment. 

Sampling day Conversion factor 

1 (April)  25.0 (0.1) 

2 (August) 21.9 (0.5) 

  

Days pooled *23.5 (1.6) 
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APPENDIX C 

Regression analysis of flow acceleration and current velocity 

Flow acceleration variance of the centre URSKI logger from 9 March to 7 April 

2018 was extracted to match the timestamp of ADCP current velocities (as in Figurski et 

al., 2011). To determine if current velocity could be predicted based on flow acceleration, 

a regression analysis was conducted. Standard deviation of daily flow acceleration resultant 

vector was used against daily average ADCP current velocity to perform the regression. 

Standard deviation was used in order to highlight differences in URSKI accelerometer 

locations, as was recommended by Figurski et al. (2011) and Evans and Abdo (2010). If 

the overall relationship was significant (high r2, and p<0.05), then the equation of the 

regression line would be used to estimate the current velocity for all collected URSKI data 

across depth and lateral gradients. If regression was not significant, current velocity could 

not be determined for URSKI logger data, and only flow acceleration could be used for 

relative differences in hydrodynamic forces across depth and lateral gradients. 

Mean hourly current velocity from the ADCP at depth and time matching the 

URSKI deployment in the centre of the St. Philip’s rhodolith bed, ranged from -0.092 m s-

1 east velocity on 2 March to 0.056 m s-1 north velocity on 05 April 2018 (Figure C.1). 

Mean daily current velocity and the mean daily vector standard deviation of flow 

acceleration from the centre URSKI were weakly negatively correlated (r=0.37) (Figure 

C.1), and the regression analysis was not highly significant, implying a weak predictive 

power (p=0.04; Table C.1). This suggests that the equation of the line of the regression 

analysis should not be used in order to infer current velocity of all URSKI loggers at all 

deployments. Furthermore, current velocity and flow acceleration in the centre of rhodolith 
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bed did not align in time; peaks of high current velocity did not match in time with those 

seen in flow acceleration (Figure C.1). This suggests that URSKIs recorded wave-driven 

oscillatory motion rather than unidirectional currents as measured by the ADCP. 
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Figure C.1 Mean hourly current velocity (m s-1) in the east (blue) and north (orange) 

direction recorded from ADCP at approximately 15m depth (left axis), and flow 

acceleration (m s-2; right axis, grey) in the centre of the St. Philip’s rhodolith bed. Current 

velocities were extracted at a depth of 1.5m from the seabed to match height of URSKI 

accelerometer loggers. Velocities from 09 March to 07 April, 2018.  
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Table C.1 Summary of regression analysis, testing if mean daily current velocity (m s-1, 

from ADCP) can be predicted by the standard deviation of the mean daily resultant vector 

(data from URSKI flow accelerometer loggers). R2 = 0.1395. N = 29, α=5%. 

 

Source df SS MS F p-value 

Regression 1 0.0016 0.0016 4.634 0.041 

Residual 27 0.0093 0.0003   
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APPENDIX D 

 

Temperature, depth, and rhodolith abundance profiles 

 

 

Figure D.1 Temperature (A) and rhodolith abundance (B) profiles of all 497 sample 

stations off the coast of St. Philip’s according to depth. 


