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I. Abstract 

Crustose coralline algae (CCA) are calcifying marine red macroalgae that play key 

ecological roles in building and cementing reef structures, and contribute significantly to 

the coastal marine carbon cycle. Anthropogenic global change is advancing rapidly and its 

two main threats in the marine realm, ocean acidification (OA) and ocean warming, have 

been empirically shown to impair the physiology of CCA. However, the presence of CCA 

in the geological record dates back to more than 180 million years ago, indicating that 

CCA have endured periods of substantial fluctuation in oceanic temperature and pCO2. 

CCA taxa comprise three lineages: Corallinales (most recently evolved), Hapalidiales 

(intermediate/more basal), and Sporolithales (most basal). Yet, it is still not well 

understood how their distinct evolutionary histories may have affected selection for certain 

physiological strategies and how this may shape trends in their responses to OA and 

warming.  

Two key carbon physiological processes in CCA are photosynthesis and 

calcification, and due to their variable and interdependent nature, the observation of a 

singular physiological response may not suffice in predicting the long-term survival of 

these reef-building macroalgae. Gaps exist in the knowledge of mechanisms that underpin 

carbon fixation and biomineralisation across lineages that would ultimately elucidate the 

fate of CCA taxa under global threats. Thus, I aimed to identify the strategies that exist 

across various carbon physiological processes: inorganic carbon uptake, carbon 

partitioning, carbon release, and cell wall organic matrix composition, which allow the 

movement of carbon into, within, and out of the CCA thallus. 

I examined six common CCA species from the northern Great Barrier Reef that 

belong to lineages with distinct evolutionary histories (time and environmental conditions 

endured). I chose three dominant taxa that pertain to the more basal lineages and occupy 

low-light habitats, and three dominant taxa that belong to the most recently evolved 

lineage and occupy high-light environments. I conducted experiments where OA and 

warming scenarios (largely IPCC 8.5) were simulated in a flow-through mesocosm system, 

CCA fragments were subjected to treatment for 1-2 months, and physiological strategies 

and their responses to treatment were quantified. First, to establish the extent of diffusive 

CO2 and/or HCO3
- use, inorganic carbon uptake was characterised by measuring the stable 

carbon isotope ratio of surficial CCA tissue (Chapter 2). Second, I determined patterns in 
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the quantity of carbon partitioned to surficial organic tissue and inorganic skeleton, as well 

as the amount of carbon released as dissolved organic carbon (DOC) (Chapter 3). Finally, I 

examined strategies of the monosaccharide composition of polysaccharides that compose 

the cell wall in surficial organic tissue, and its relationship with biomineralisation capacity 

(Chapter 4). 

The results indicated that CCA possess a range of strategies within each 

physiological process. In Chapters 2 and 3, I found that CCA from basal lineages that 

evolved to occupy low-light environments largely possess strategies of greater diffusive 

CO2 uptake, lower organic:inorganic biomass ratios, and from a zero to positive net efflux 

of DOC. On the other hand, CCA from the more recently-evolved lineage that occupy 

high-light environments largely possess greater HCO3
- uptake, higher organic:inorganic 

biomass ratios, and a net DOC influx. Results from Chapter 4 suggest variability in 

abundance of cellulose, mannan, alginate, and galactan across taxa. Patterns in the 

abundance of a monomer of alginate indicate a positive correlation between alginate 

abundance and biomineralisation potential. However, composition is largely not predicted 

by evolutionary history. In response to OA and warming, Chapter 2 results indicate that 

CCA largely increase HCO3
- uptake across strategies, which is associated with maintained 

or increased metabolic performance. Chapter 3 results suggest that while low-light CCA 

tend to retain carbon content in their surficial thallus and switch to a net influx of DOC 

under global change, high-light taxa largely decrease surficial carbon content and release 

more DOC. Chapter 4 results demonstrate that monosaccharides were differentially 

modulated across CCA taxa under OA and warming. Changes in the monosaccharides of 

the important reef-builder P. cf. onkodes were correlated with lower biomineralisation 

capacity.  

Overall, these findings provide a framework for characterising the distinct 

strategies of carbon acquisition, partitioning, release, and organic matrix composition 

across dominant reef-building CCA of the Great Barrier Reef. The data suggest that some 

physiological strategies may be specific to high- or low-light reef environments, showing 

the importance of the relationship between light availability and carbon fluxes. The data 

also indicate that the distinct environmental conditions during which each CCA lineage 

evolved may have played a role in the diversity of carbon physiologies across CCA. 

Ultimately, the carbon physiological responses of some species were more suitable to 
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maintain metabolic performance, and may potentially be more adaptable to global change 

than others. These findings suggest that if less robust CCA are not capable of 

acclimating/adapting relatively quickly, there may be serious repercussions for the 

integrity and ecology of certain reef environments into the Anthropocene. 
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In particular, CCA are critical for the ecology and functioning of tropical coral reefs. 

They encrust solid benthic substrate, such as dead coral, rocks, and shells, thus 

contributing to reef growth and consolidation of loose substrate (Adey, 1998; Steneck, 

1986). They play an important role in the marine carbon cycle by contributing significantly 

to reef primary productivity (Chisholm, 2003), storing carbon in their skeletons as CaCO3, 

and releasing carbon dioxide (CO2) to the environment (Adey and Macintyre, 1973; 

Cabioch and Giraud, 1986). In addition, CCA induce settlement and metamorphosis of 

corals and other economically valuable invertebrates on their thallus surface (Harrington et 

al., 2004). The niches that CCA occupy in coral reefs not only contribute to the health of 

many complex biological and chemical interactions, but alongside that of many other 

organisms, they also contribute to the numerous ecosystem services that coral reefs 

provide. Coral reefs provision food (especially as the sole nutrition source of many 

developing island nations; Newton et al., 2007), coastal protection from extreme weather, 

oxygen production, recreation, and pharmaceuticals, among many other benefits to the 

ecosystem (Hoegh-Guldberg et al., 2017). However, many key reef builders are expected, 

and already observed, to face decreased metabolic performance (i.e. photosynthesis and 

calcification rates) due to ongoing anthropogenic environmental change, such as ocean 

acidification (OA) and warming, which is altering the integrity of coral reefs at 

unprecedented rates (Hughes et al., 2003). Greater than 60% of corals on the Great Barrier 

Reef (GBR) were bleached in 2016 alone due to excessive, prolonged temperature 

increases (Hughes et al., 2018), and coral growth has reduced in many regions globally 

(Hoegh-Guldberg et al., 2007). Similarly, many coralline algae have been shown to slow 

calcification and are projected to face net dissolution by the end of the century (Anthony et 

al., 2008; Cornwall et al., 2019; Diaz-Pulido et al., 2012; Diaz-Pulido et al., 2014; 

Hofmann and Bischof, 2014; Johnson et al., 2014; Koch et al., 2013; Kuffner et al., 2008, 

Martin and Gattuso, 2009; McCoy et al., 2015; McNicholl et al., 2019). Without CCA, the 

structural integrity of coral reefs would be compromised and the aforementioned 

ecosystem services could be degraded. Therefore, an in-depth understanding of the factors 

and processes that control and modulate the physiology of coralline algae is critically 

important.  
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1.2 Carbon physiology  

The health of CCA is reliant on two major physiological processes: photosynthesis 

and calcification. Photosynthesis assimilates inorganic carbon and converts it into organic 

biomass with the help of incident light, while calcification uses some of the same active 

transport components to assimilate inorganic carbon (Comeau et al., 2013; Hofmann et al., 

2016) and subsequently precipitate CaCO3 crystals in the cell wall. Photosynthesis is 

sensitive to the concentration of CO2 in the stroma of chloroplasts (Raven et al., 2008), and 

calcification is responsive to the carbonate chemistry at the cell wall calcification site 

(Comeau et al., 2018). Photosynthesis and calcification rates across a number of CCA taxa 

and in response to climate change stressors have been documented, yet the variability of 

the responses does not offer a clear prediction of the trajectory of reef-building CCA health 

on future reefs. 

An area in CCA physiology that has not been studied appreciably is the 

characterisation of the movement of carbon into, within, and out of the thallus. Carbon 

acquisition in CCA includes the uptake of both CO2 and bicarbonate (HCO3
-) (Cornwall et 

al., 2012; Diaz-Pulido et al., 2016), yet it is unclear whether carbon assimilation is affected 

by concomitant OA and warming, and whether adaptive strategies exist. Moreover, 

fundamental information regarding the partitioning of carbon within the CCA thallus has 

also not been mapped across relevant reef-building taxa as a means to better understand the 

resource partitioning dynamics amidst environmental change. Although it is known that 

carbon partitioned to organic compounds in the cell wall organic matrix plays a 

fundamental role in CCA biomineralisation, it is still not clear how the composition of 

these organic compounds varies across taxa with different calcification capacities. 

Additionally, no data exist that indicate how organic matrix composition may shift due to 

OA and warming, and how that may be influencing calcification responses across taxa. In 

turn, photosynthesis does not function at 100% efficiency, which can result in the release 

of organic compounds to the surrounding environment. However, little is known about 

release patterns in CCA and whether they are indicative of stress responses or adaptive 

strategies under environmental change. Similarly, dissolution in CCA is a process in which 

high-Mg CaCO3 (and other forms of CaCO3) dissociates into CO3
2-, Ca2+, and Mg2+, often 

due to decreased pH (Raven et al., 2005), thus releasing inorganic carbon to surrounding 

cells and the environment. The characterisation of DIC release from CCA is 
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uncharacterised due to the complexity of distinguishing DIC produced from dissolution 

from seawater DIC, among DIC from other sources. Future research on this topic will be 

key to understanding the role of dissolution and DIC release in patterns of carbon flux in 

CCA, however, it was beyond the scope of this thesis. By characterizing carbon flux and 

the mechanisms by which it occurs, greater understanding can be reached regarding the 

responses of CCA to environmental fluctuations.  

1.3 Threats to CCA and coral reefs in the Anthropocene 

Since the industrial revolution, the burning of fossil fuels has increased CO2 

emissions measurably (Vitousek et al., 1997). In the marine realm, OA is the decrease in 

pH of the oceans due to the absorption of CO2 from the atmosphere, and ocean warming 

results from absorption of the heat that is trapped by CO2 in the atmosphere. As emissions 

increase, the partial pressure of CO2 and sea surface temperature (SST) are expected to 

surpass 1000 µatm and 2 °C, respectively, by the end of the century (Pachauri et al., 2014). 

As a result, each year, an additional 2 Gt of carbon is introduced into the marine 

hydrosphere (Raven et al., 2005). Excess CO2 reacts with seawater and alters its carbonate 

chemistry by shifting the availability of CO3
2- and HCO3

-. However, the rate at which CO2 

is being absorbed into the surface layer of the ocean is faster than that at which it can be 

exported to deeper waters via the natural “biological pump” (Hofmann and Schellnhuber, 

2009), leaving the surface saturated and the ocean as a whole unable to self-regulate. 

Consequently, shallow and deep-water marine ecosystems are exposed to changes in 

carbonate chemistry, which are well known to impact the biology, physiology, and ecology 

of the organisms inhabiting these systems, as well as systemic functions (Doney et al., 

2012).   

There is a lack of knowledge about the mechanisms behind physiological processes 

that CCA use to respond to changes in seawater conditions, particularly to OA and 

warming (Cornwall et al., 2017a). Based on recent OA experimental studies, CCA 

mortality or severe physiological compromise is generally the observed response to 

exposure to CO2 concentrations estimated for the year 2100 (Diaz-Pulido et al., 2012; 

Johnson et al., 2014; Martin and Gattuso, 2009). However, there are a number of studies 

suggesting crustose and articulated coralline algae will experience mixed effects (positive, 

negative, non-deleterious negative consequences, or neutral) across physiological 
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processes, revealing a species-specific nature of the gradient of responses to OA (Johnson 

et al., 2014; Ries et al., 2009). Moreover, it is probable that these responses to OA are 

associated with the uptake of inorganic carbon (Hepburn et al., 2011) and the subsequent 

flux of carbon throughout the thallus. When the carbon speciation of bulk seawater is 

altered, as occurs with OA, properly understanding its effects involves addressing the 

physiological pathways that directly rely on dissolved inorganic carbon (DIC). 

Photosynthesis and calcification are metabolic processes used to indicate the effects of 

climate changes in CCA and other calcifying primary producers (Kroeker et al., 2013), due 

to their dependence on the assimilation of DIC and importance in the allocation and 

partitioning of carbon. Various studies have measured general responses of metabolic 

rates, which are of great academic value (Anthony et al., 2008; Diaz-Pulido et al., 2012; 

Martin and Gattuso, 2009; Noisette et al., 2013; Vásquez-Elizondo and Enríquez, 2016). 

However, gaps in knowledge about the mechanisms that underpin the carbon physiology of 

CCA must be filled via more detail-oriented and integrated methodologies in order to gain 

a more holistic understanding of how and why CCA respond to environmental changes. 

The following three aspects of the carbon physiology of tropical coral reef-building CCA 

are of particular interest in deciphering this mechanistic detail and are the key aspects to be 

addressed in this thesis: 1) the diversity of DIC uptake strategies across CCA and their 

ability to change/modify their strategy under environmental changes, 2) carbon partitioning 

patterns to organic tissue and inorganic skeleton, carbon release, and their plasticity, and 3) 

the diversity in monosaccharide composition of polysaccharides that compose the cell wall 

organic matrix, which is known to be linked to biomineralisation potential, and whether it 

shifts under changing environmental conditions. The inability to draw conclusions 

regarding the fate of CCA using variable general responses of CCA to OA and warming 

highlights the need for more information on the mechanistic detail behind physiological 

processes. This is particularly important since coralline algae are a diverse group with 

multiple evolutionary histories. 

1.4 Evolutionary history of CCA lineages 

CCA presence in the geological record dates back to before the Cretaceous period, 

with a comprehensive fossil record indicating their dominance on reefs for upwards of 137 

million years (Aguirre et al., 2010; Peña et al., 2020). During this extensive history, many 
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There are three CCA lineages that occupy different habitats and have endured 

different evolutionary time periods, thus it is predicted that their representative taxa may 

possess differing strategies that influence their responses to OA and warming, and which 

would likely be reflected in their carbon physiologies. CCA are composed of three orders: 

Sporolithales, Hapalidiales, and Corallinales, all of which have distinct evolutionary 

histories (Fig. 2). Sporolithales is the most basal, which diverged from its sister clade ca. 

137 Ma (Aguirre et al., 2010; Peña et al., 2020) when pCO2 and temperature were higher 

than projected end-of-century levels (Hönisch et al., 2012; Royer et al., 2004). 

Lithothamnion and Mesophyllum are taxa of Hapalidiales that diverged ca. 65-117 Ma 

(Aguirre et al., 2010; Peña et al., 2020) when pCO2 was declining, but still higher than the 

present (Hönisch et al., 2012), and temperatures were even higher (Hansen et al., 2013). 

Lithophyllum, Porolithon, and Neogoniolithon are taxa from the most recent order 

Corallinales, that diverged ca. 22-105 Ma (principally ca. 30 Ma; exact divergence times 

are still a matter of discussion) (Peña et al., 2020; Rösler et al., 2017), when pCO2 and 

temperature were more comparable to pre/early-industrial levels (Hansen et al., 2013; 

Hönisch et al., 2012). Although pCO2 and temperature have reached exceedingly high 

values during these periods, they are a product of gradual processes (e.g. tectonics and 

biological evolution) that took place over millions of years (Caldeira and Wickett, 2003). 

The gradual exposure to elevated conditions over such a magnitude of time can be 

sufficient to allow for physiological adaptations in some taxa. Current OA is due to 

anthropogenic CO2 emissions and is happening ten times faster than any other acidification 

in the last 300 million years (e.g. the PETM; Caldeira and Wickett, 2003; Pachauri et al., 

2014). Thus, there is a contrast between what the dynamic, yet gradual geological history 

of CCA suggests their physiology is capable of withstanding and their measured responses 

to acute increases in pCO2 from contemporary acidification simulations.  

Furthermore, factors such as light incidence, wave action, water clarity, 

sedimentation, and grazing by herbivores have modulated CCA distribution (Adey and 

Macintyre, 1973; Fabricius and De'ath, 2001; Steneck, 1982), and over time, they have 

influenced these lineages to inhabit distinct, yet largely tropical reef environments (Fig. 3; 

Aguirre et al., 2000). Hapalidiales and Sporolithales are presently found in deeper or 

cryptic low-light crests or slopes, and Corallinales are found in more shallow, high-light 

flats (Fig. 3; Aguirre et al., 2000; Dean et al., 2015). It is still not understood, however, 
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exactly how the evolutionary history of coralline algae may be shaping trends in responses 

to climate changes, and if any adaptive mechanisms to climate changes exist amongst 

lineages and will suffice under such rapid rates of anthropogenic change. 

 

 
Figure 3. Present habitat domains that CCA lineages have largely evolved to occupy over time (adapted from 
Aguirre et al., 2000). Created with BioRender.com. 
 

1.5 Carbon acquisition 

Ambient seawater DIC is composed of 92% HCO3
-, 7% CO3

2-, and 1% CO2 (Zou et 

al., 2011). CO2 is the substrate fixed by RuBisCO that powers photosynthesis, yet HCO3
- 

is much more readily available. Many plants have adapted CO2-concentrating mechanisms 

(CCMs) so that they can take up HCO3
- and convert it to CO2 via external/internal carbonic 

anhydrase or internal exchange proteins in order to maximize photosynthetic rates 

(Giordano et al., 2005; Raven and Beardall, 2014). HCO3
- uptake is an active process, 

meaning it comes at an energetic cost, whereas CO2 uptake is mostly passive, i.e., via 

diffusion (Giordano et al., 2005). Marine plants have adapted differing strategies of DIC 

use based on their environment, some solely relying on HCO3
-, some only using CO2, and 

others being capable of using both HCO3
- and CO2 (Ho et al., 2020; Koch et al., 2013). 

OA, however, modifies the proportions of DIC species in seawater, where there is 

expected to be a 190% increase in CO2 versus a 14% increase in HCO3
- by year 2100 

(Raven et al., 2005). Although some fleshy macroalgae are expected to capitalize on the 

increased availability of CO2 (Kroeker et al., 2013), such alterations are expected to have 

profound effects on the metabolism of sensitive species, which in turn will affect future 

macroalgal assemblages (Diaz-Pulido et al., 2016; Fabricius et al., 2015).  

Shifts in macroalgal abundance are shown to be related to inorganic carbon 

physiology (Cornwall et al., 2017a). In a DIC-use template (van der Loos et al., 2019) 
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readapted by Cornwall et al. (2017a), macroalgae are placed in groups based on their 

capabilities of using DIC species: 1) non-CCM species, 2) CCM species capable of using 

additional CO2, and 3) CCM species not capable of using excess CO2. Group 2 

encompasses species that either have low affinities for HCO3
- or have CCMs that can be 

down regulated. Group 1 and low affinity CCMs from Group 2 are expected to increase 

growth rates and/or resource allocation under OA (Cornwall et al., 2017a). CCA are placed 

in a separate group due to their concurrent dependence on calcification, which also requires 

DIC assimilation. In a recent study, free-living coralline algae showed plasticity in their 

use of DIC along a temperate latitudinal gradient (Hofmann and Heesch, 2018). These 

findings indicate that non-geniculate coralline algae may possess physiological 

mechanisms that adjust to changes in seawater DIC and temperature. However, no data 

exist that indicate the extent to which this plasticity can withstand projected levels of 

acidification and warming for the end of the century.  

Measurement of the stable carbon isotope ratio, 13C/12C (conventionally δ13C), has 

been developed as a means for quantifying the magnitude of plasticity of plant inorganic 

carbon physiology. The δ13C value of macroalgal tissue can be used to identify CCM 

presence and capacity, and the extent to which CCA assimilate CO2 via diffusion (Raven et 

al., 2002). Values more negative than -30 indicate sole diffusive CO2 use (no CCM), 

values from -10 to -30 denote CO2 and HCO3
- use (CCM present), and values less negative 

than -10 indicate sole HCO3
- use (CCM present) (Raven et al., 2002). Pairing the guidance 

of the DIC-use template with δ13C values of CCA will allow us to identify whether CCA 

change their CCM capacity and/or diffusive CO2 use in response to elevated temperature 

and CO2-enriched seawater, and to what degree. Uncovering the extent of CCM capacity 

and CO2 use will provide pertinent perspective regarding the carbon physiologies of CCA 

when predicting the fate of CCA taxa for year 2100. 

1.6 Carbon partitioning and release 

In higher plants, carbon partitioning is defined as the division of carbon into 

structural, metabolic, or storage pools, and is distinct from carbon allocation, which is the 

distribution of photosynthate to different plant parts (Dickson and Isebrands, 1993). Unlike 

higher plants CCA do not possess organs, thus upon assimilation of DIC, carbon fluxes to 

organic and inorganic fractions within the thallus can be most adequately characterised as 
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carbon partitioning. In CCA, carbon fixed photosynthetically via the Calvin cycle becomes 

organic tissue, whereas carbon precipitated as CaCO3 via calcification is destined as 

inorganic skeleton (Goreau, 1963). CCA are ecologically significant in terms of organic 

production and inorganic reef accretion, contributing 0.9–5 g organic carbon (net) m-2 d-1 

(Chisholm, 2003) and 9.1 g CaCO3 m-2 d-1 (Chisholm, 2000). Both the organic and 

inorganic fractions are further made up of multiple components. The inorganic fraction is 

composed of CaCO3 (Chisholm, 2000), epithelial sloughing (Steneck, 1986), and DIC. The 

organic fraction consists of biomass, metabolites (e.g. carbohydrates, proteins, lipids, and 

organic acids), dissolved organic carbon (DOC), poorly dissolved organic matter (e.g. 

particulate), storage compounds (e.g. starch), and reproductive structures (e.g. spores) 

(Chiariello et al., 1989; Goreau, 1963). There is a lack of fundamental information about 

the extent to which carbon partitioning patterns vary across CCA taxa and how these 

patterns reflect the prioritisation of resources, which must be further explored. 

Movement of carbon is directly related to the energetics of the organism (Reichle et 

al., 1975). By quantifying carbon partitioning, information is gained about where valuable 

energy is being invested, especially under changing environmental conditions. Patterns in 

the allocation and partitioning of carbon and nutrients to different tissues and organs in 

higher plants have been shown to be correlated with environmental drivers, and thus can 

serve as indicators of resource and energetic investments within plants (Reichle et al., 

1975). In some land plants, the percentage of carbon allocated to certain organs and tissues 

has been observed to shift under increased atmospheric CO2 (De Kauwe et al., 2014). 

Research exists for carbon partitioning in microalgae (Feng et al., 2017) and some fleshy 

macroalgae (Arnold and Manley, 1985), but minimally for calcifying macroalgae (Gao and 

Zheng, 2010; Goreau, 1963), which may be due to the difficulty of isolating organic and 

inorganic fractions from a calcified thallus. 

In addition, both aquatic and terrestrial plants worldwide are known to naturally 

release fixed carbon to the environment (Brylinsky, 1977; Demarty and Prairie, 2009; Neff 

and Asner, 2001). However, we do not have appreciable information about the release of 

DOC in marine macroalgae, particularly for CCA, where the magnitude and reasons for 

DOC release are still unclear (Widder et al., 2016; Wild et al., 2010). While recent studies 

have shown that DOC release can be enhanced by elevated temperature and/or pCO2 in 

some marine temperate and tropical fleshy macroalgae (Daume et al., 1999; Diaz-Pulido 
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and Barrón, 2020; Dudgeon and Kübler, 2020; Iñiguez et al., 2016), it is not known 

whether CCA may have comparable responses. Therefore, there is a lack of knowledge 

about DOC release dynamics in CCA across taxa and in response to environmental 

changes.  

Given the rapidly increasing global CO2 and temperature levels, a unique scenario 

is presented to characterise carbon partitioning and release in CCA. Discerning carbon 

partitioning in CCA will likely elucidate important energetic tradeoffs between 

photosynthesis and calcification, while examining carbon release patterns may indicate 

stress responses or strategies for stress mitigation in relation to these tradeoffs. This 

information will shed light on underlying physiological mechanisms and their plasticity 

amidst environmental change, as well as aid in the understanding of the variable 

physiological responses of CCA that have been observed in OA and warming simulations.  

1.7 Cell wall organic matrix 

A fundamental characteristic of CCA is their calcified thallus. CCA are thought to 

have evolved this trait for increased protection from herbivory (Hay et al., 1994), as 

structural support to their thallus and as competition for substrate (Littler and Littler, 

1980). It has also been hypothesised to have evolved as a way of neutralizing the excess 

OH- produced by photosynthesis (Lucas, 1979). In CCA, the deposition of CaCO3, a 

process termed calcification, or biomineralisation, occurs in the cell wall and is associated 

with a cell wall organic matrix. Cell walls are made up, in large part, of carbohydrate 

polymers that form a latticework, or organic matrix, which provides the surface required 

for biomineralisation to take place (Bilan and Usov, 2001; Borowitzka and Larkum, 1987; 

Nash et al., 2019). It is proposed that CCA possess a biologically-induced calcification 

mechanism, where CaCO3 crystal nucleation on structural polysaccharides is induced when 

enclosed in a matrix fluid consisting of endogenous polysaccharides, i.e. inducing 

polysaccharides, and seawater (containing inorganic carbon and calcium/magnesium) 

(Nash et al., 2019). Structural and inducing matrix polysaccharides have been 

characterised to an extent, where some are unique to corallines (i.e. corallinins, e.g. 

particular sulphated xylogalactans, or SXGs; Takano et al., 1996; Usov, 1992; Usov et al., 

1995; Usov and Zelinsky, 2013), some are present across rhodophytes (e.g. carageenans 

and agarans; Lee, 2018) and others occur across phyla and even in higher plants (e.g. 
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cellulose, alginates, and chitin; Rahman and Halfar, 2014; Siegel and Siegel, 1973). 

Additionally, the biomineralisation-inducing capacity of discrete polysaccharides and the 

structural function of cell wall polysaccharides in general have been reported in previous 

studies (Nash et al., 2019; Pavez et al., 2005), but the relationship between such 

polysaccharides and biomineralisation (i.e. calcification) remains under-characterised.  

Similarly, the degree of regulation that CCA possess over calcification remains 

under debate. The data support both: 1) the ability of CCA to regulate the matrix fluid 

carbonate chemistry as a means for controlling calcification (Comeau et al., 2018; 

Cornwall et al., 2017b), and 2) the characteristic feature of bio-induced mineralisation: an 

absence of control over the calcifying fluid. Concerning the latter, Nash et al. (2019) 

argues that although the organism-produced fluid can be metabolically controlled (i.e. 

carbonate chemistry can be altered), the porosity of the CCA surface allows free exchange 

of seawater, resulting in the final mixed matrix fluid being largely uncontrolled. To date, 

there are few data characterising how matrix constituents are related to calcification in 

CCA and whether they can modulate their matrix composition. Advancing into the future, 

it is unknown whether changes in environmental conditions, such as increased OA and 

warming, have an effect on the composition of the organic matrix and consequently CCA 

biomineralisation. 

1.8 Study site 

 Lizard Island (Jiigurru, traditional country of the Dingaal people) is a mid-shelf 

island in the northern Great Barrier Reef (14°41'17.4"S 145°28'03.6"E & 14°41'47.0"S 

145°27'02.9"E; Fig. 4) and was selected as the study site for this thesis due its accessible 

lagoonal coral reefs that contain abundant and diverse CCA assemblages (pers. obs). 

Additionally, the northern region of the GBR has experienced substantial decline in coral 

cover over the past decades that is a result of successive coral bleaching events, crown of 

thorns outbreaks, and cyclone damage, where more than 50% of corals on shallow reefs 

died in 2016 alone (Tarte and Hughes, 2020). Thus, due to these threats, there is an 

increasing availability of coral skeleton and rubble that provide favourable substrate for 

CCA settlement, growth, and consolidation of the reef. The fieldwork for all three data 

chapters was conducted at the Lizard Island Research Station (LIRS). The climate is 

tropical with the rainy season occurring from November to April, and the dry season, from 
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Chapter 2: To characterize the DIC uptake strategies of CCA and examine how they are 

affected by OA and warming. 

The first data chapter (Chapter 2) aims to assess the variation in DIC uptake 

strategies across CCA taxa from different lineages and whether these strategies shift under 

OA and warming. Additionally, it aims to understand the adaptive potential of DIC uptake 

strategies by exploring the accompanying energetic benefits. I will achieve this by asking 

three main questions, followed by the hypotheses: 

a. What are the DIC uptake strategies of relevant tropical coral reef CCA taxa, and 

are they related to evolutionary lineages? 

i. Hypothesis: The extent of diffusive CO2 use and CCM capacity (i.e. 

DIC uptake strategy) varies across CCA species. 

ii. Hypothesis: Basal lineages possess different strategies than recently 

evolved lineages.  

b. What are the DIC uptake strategy responses to OA and warming, and are they 

conserved within lineages? 

i. Hypothesis: OA and elevated temperature will elicit shifts in DIC 

uptake. Specifically, if CO2 availability increases under OA, we expect 

increased diffusive CO2 use, and if CO2 solubility decreases under 

elevated temperature, we expect decreased diffusive CO2 use. 

ii. Hypothesis: The responses of basal lineages will be different from those 

of more recently evolved lineages. 

c. Are alterations in DIC uptake correlated with metabolic performance (e.g. 

photosynthetic efficiency, growth, and surficial organic carbon content)? 

i. Hypothesis: Increased CO2 uptake would be energetically advantageous 

for other physiological processes in CCA.  

 

Chapter 3: To evaluate patterns of carbon acquisition, partitioning, and release across 

CCA taxa, and determine how they shift under OA and warming. 

The second data chapter (Chapter 3) aims to determine how carbon is assimilated 

and then partitioned to the organic and inorganic fractions of the thallus across relevant 

reef-building CCA taxa. It also aims to characterize patterns of carbon release as dissolved 
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organic carbon across taxa. It then aims to assess if these patterns change under OA and 

warming, and whether such strategies of carbon flux have adaptive potential. The 

following research questions and hypotheses were formulated: 

a. How do carbon acquisition, partitioning, and release vary across reef-building 

CCA, and are patterns explained by evolutionary lineage? 

i. Hypothesis: Differential partitioning of carbon to organic tissue and 

inorganic skeleton exists across species, where more recently evolved 

lineages have different organic:inorganic biomass ratios than more basal 

lineages. 

ii. Hypothesis: Carbon release responses will be variable across taxa and 

lineages. 

iii. Hypothesis: Carbon acquisition patterns for photosynthesis and 

calcification vary across taxa and lineages, where basal lineages use 

more CO2 than more recently evolved lineages.   

b. To what extent does OA and warming influence carbon acquisition, 

partitioning, and release across CCA taxa, and do strategies display stress 

responses or adaptive potential? 

i. Hypothesis: The prioritisation of resource partitioning will shift in 

response to OA and warming according to lineages. 

ii. Hypothesis: Lineage-specific patterns will emerge as stress responses to 

OA and warming. 

 

Chapter 4: To determine the relationship between cell wall organic matrix composition 

and calcification across CCA taxa and whether it shifts under OA and warming. 

My final data chapter (Chapter 4) is divided into three parts. First, it aims to 

characterize the monosaccharide composition of the polysaccharides that compose the cell 

wall organic matrices across reef-building CCA taxa. Second, it aims to assess how 

monosaccharide composition of polysaccharides is affected by OA and warming, and 

whether responses are correlated with CaCO3 production. Third, it aims to determine if 

there are patterns in monosaccharide composition of polysaccharides under ambient and 

future conditions for different lineages of CCA that reflect their evolutionary history and 

potential adaptability. Specific research questions and hypotheses related to Chapter 4 are: 
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a. How does the monosaccharide composition of the polysaccharides that 

compose the organic matrices of CCA vary across reef-building taxa, and are 

differences associated with biomineralisation potential? 

i. Hypothesis: Monosaccharide composition varies across CCA taxa. 

ii. Hypothesis: Biomineralisation potential will be correlated with 

monosaccharide relative abundance across species, where the positive or 

negative nature of the correlation will be species- and monosaccharide-

specific. 

b. Does organic matrix composition shift under OA and warming? 

i. Hypothesis: CCA will shift the relative abundance of monosaccharide 

constituents in their cell walls in response to OA and/or warming.  

c. Are patterns in monosaccharide composition associated with the distinct 

evolutionary histories of CCA taxa? 

i. Hypothesis: Differences in monosaccharide composition, whether that 

be between species and/or in response to OA and warming, will be 

associated with evolutionary history of taxa. 
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2017). Over time, DIC uptake strategies have been selected for in marine 
macrophytes to actively convert HCO3

− to CO2 and concentrate CO2 at 
the active site of RuBisCO, called CO2-concentrating mechanisms 
(CCMs) (Raven et al., 2008). Not all CCMs are the same; a diversity of 
mechanisms exist in seaweeds that use a combination of enzymes, 
symports, antiports, active pumping of H+ and local acidic zones 
(Giordano et al., 2005; Raven et al., 2005, 2014). Although these 
mechanisms require energy, they have allowed increased capacity for 
carbon fixation in many marine macroalgae (Raven et al., 2008). 
Nonetheless, due to the diversity of CCM components, the differential 
use of CO2 and HCO3

− in marine macroalgae not only varies under 
ambient conditions, but is also observed to be flexible under changing 
environmental conditions (Cornwall et al., 2017b; Hofmann and Heesch, 
2018). The problem of anthropogenic ocean acidification (OA) provides 
the unique opportunity to examine the flexibility of DIC uptake strate-
gies in marine macroalgae, especially in a group of calcifying algae 
critical for the ecological functioning of coral reefs. 

Ocean acidification is the shift in the carbonate chemistry of 
seawater, resulting in the decline in seawater pH (i.e. increase in pro-
tons, H+) due to increased absorption of anthropogenic CO2 from the 
atmosphere (Feely et al., 2009). CO2 in seawater has already increased 
measurably since the industrial revolution. Ongoing efforts show that 
increased availability of CO2 and marginal increase in HCO3

− relieve 
carbon limitation in marine macroalgae (Kübler et al., 1999; Raven 
et al., 2014). However, there is still a knowledge gap about how the 
changing carbonate system will affect the DIC uptake of coralline algae, 
due to strategies that range in the extent of diffusive CO2 use and CCM 
capacity (Cornwall et al., 2012; Diaz-Pulido et al., 2016) and complex 
physiological dynamics between photosynthesis and calcification across 
species (Hofmann and Bischof, 2014). Additionally, there is little in-
formation about the effects that increased sea surface temperature (SST) 
will have in conjunction with OA on carbon physiology (Raven et al., 
2011). CCMs are known to be plastic (i.e. to vary) in some temperate, 
free-living CCA (i.e. rhodoliths or maerl) and other tropical seaweeds 
along environmental gradients of temperature and DIC availability 
(Hofmann and Heesch, 2018; Lovelock et al., 2020). Such studies have 
provided insight into how DIC uptake in tropical CCA may respond to 
OA and warming. This information is crucial given the key role CCA play 
in reef-building processes, the high sensitivity of CCA calcification to 
decreased seawater pH (Anthony et al., 2008; Kuffner et al., 2008) and 
the decline of coral reefs worldwide (Heron et al., 2016; Hughes et al., 
2018). Therefore, it is of considerable interest to examine the plasticity 
of DIC uptake strategies of key reef-building CCA under OA and 
warming scenarios, to explore the potential for these algae to acclimate 
to and cope with future environmental change. 

Furthermore, given that CCA are a group comprised of taxa that 
evolved during different geological time scales, it is likely that DIC up-
take strategies have been selected for by the differing historical envi-
ronmental conditions. CCA are composed of three orders: Sporolithales, 
Hapalidiales and Corallinales, which have distinct evolutionary his-
tories. The most basal order Sporolithales (in which Sporolithon is a 
dominant genus), diverged from its sister clade ca. 137 Ma (Aguirre 
et al., 2010; Pena et al., 2020), at a time when pCO2 and temperature 
were even higher than projections for year 2100 (Honisch et al., 2012; 
Royer et al., 2004). Genera representative of Hapalidiales such as Lith-
othamnion and Mesophyllum diverged ca. 65–117 Ma (Aguirre et al., 
2010; Pena et al., 2020) when pCO2 was declining, but still higher than 
the present (Honisch et al., 2012), and temperatures were even higher 
(Hansen et al., 2013). In contrast, genera from the most recent order 
Corallinales, such as Lithophyllum, Porolithon and Neogoniolithon, 
diverged ca. 22–105 Ma (principally ca. 30 Ma; although exact diver-
gence times are still a matter of discussion) (Pena et al., 2020; Rosler 
et al., 2017), when pCO2 and temperature levels were more comparable 
to pre/early-industrial years (Hansen et al., 2013; Honisch et al., 2012). 
Due to pronounced differences in evolutionary time and thus oceanic 
conditions endured, it is predicted that these lineages possess differing 

abilities to cope with OA and warming, which likely would be reflected 
in their DIC uptake strategies. 

We characterized the extent of diffusive CO2 use and CCM capacity of 
the inorganic carbon uptake strategies in six species of tropical 
reef-building CCA with the purpose of examining their plasticity under 
future scenarios of OA and warming. Porolithon cf. onkodes, Lithophyllum 
cf. insipidum and Neogoniolithon fosliei (Corallinales), Melyvonnea mada-
gascariensis (previously pertained to Mesophyllum) and Lithothamnion 
proliferum (Hapalidiales), and Sporolithon cf. durum (Sporolithales) were 
selected for this study because they compose a common midshelf CCA 
community, most are common and abundant throughout the Great Bar-
rier Reef (GBR) and they represent three coralline lineages with unique 
evolutionary histories. Previous studies on macroalgae commonly group 
all CCA into one strategy group for calcifiers (Cornwall et al., 2017b; 
Diaz-Pulido et al., 2016; Hepburn et al., 2011; van der Loos et al., 2019), 
so our study better defines the diversity of strategies CCA possess. We 
hypothesize that the extent of diffusive CO2 use and CCM capacity (i.e. 
DIC uptake strategy) varies across CCA species, and that OA and elevated 
temperature elicit shifts in DIC uptake. Specifically, if CO2 availability 
increases under OA, we expect increased diffusive CO2 use (i.e. more 
negative fractionation values), and if CO2 solubility decreases under 
elevated temperature, we expect decreased diffusive CO2 use (i.e. less 
negative fractionation values). We also test whether lineages with 
different evolutionary histories may be predictors of DIC uptake strategy. 
We hypothesize that basal lineages possess different strategies than 
recently evolved lineages. Photosynthesis and calcification of many CCA 
are reported to be sensitive under OA and warming (Briggs and Car-
penter, 2019; Kato et al., 2014; Martin and Gattuso, 2009), but the 
physiological mechanisms associated with these responses are not well 
understood. We quantified the extent of diffusive CO2 use/CCM capacity 
of the DIC uptake strategies under past, present and future scenarios 
(IPCC RCP 6.0 and 8.5) of OA and warming to gain insight into their 
physiological plasticity. 

2. Materials and methods 

2.1. Experimental overview 

To assess whether DIC uptake strategies change under OA and 
warming in CCA, we conducted a three-week-long experiment in an 
outdoor, flow-through mesocosm system at the Lizard Island Research 
Station (LIRS) on the northern GBR, Australia at the beginning of austral 
autumn, 2017. We exposed CCA fragments to combinations of past, 
present, moderate (IPCC RCP 6.0 scenario for year 2100) and elevated 
(worst-case RCP 8.5 scenario for year 2100 (Pachauri et al., 2014)) pCO2 
and present and elevated (RCP 8.5) temperature conditions, and sub-
sequently measured the stable carbon isotope values (δ13C) of the algal 
tissue. δ13C values have been used to determine the presence/absence of 
a CCM and to quantify the range of CCM capacity in macroalgae 
(Maberly et al., 1992). Since HCO3

− is more enriched in 13C than CO2 in 
seawater (i.e. possesses a less negative δ13C) (Mook et al., 1974) and 
RuBisCO selectively discriminates between 13CO2 and 12CO2 (Maberly 
et al., 1992; Raven and Hurd, 2012), the presence or absence of a CCM 
creates a distinct isotope fractionation in algal tissue (Maberly et al., 
1992; Raven et al., 2002). This fractionation value (13ε) can be isolated 
via a calculation incorporating the stable carbon isotope value of the 
algal tissue (δ13Corg) and the stable carbon isotope value of the alga’s 
source DIC in seawater (DI13C) (see Equation (1)). The δ13C value of the 
entire DIC pool is used (as opposed to studies that only use δ13CO2) 
because CCA utilise both HCO3

− and CO2 as substrate for photosynthesis 
and calcification. Macroalgae with 13ε values lower than 30‰ (i.e. 
more negative and more depleted in 13C) will indicate sole use of CO2 
(via diffusion gradients), while values higher than 10‰ (i.e. less 
negative and more enriched in 13C) indicate sole use of HCO3

− and in-
termediate values between 10 and 30‰ indicate use of both DIC 
species (Raven et al., 2002). Therefore, measuring the 13C/12C ratio will 
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identify existent variation in DIC uptake strategies. In addition, we 
measured the maximum quantum photosynthetic yield (Fv/Fm) via 
chlorophyll-a fluorescence, the organic carbon content via mass spec-
trometry and vertical growth via fluorescent staining to compare 
observed shifts in DIC uptake with proxies for algal photosynthetic ef-
ficiency, allocation of resources and growth, respectively. 

2.2. Sample collection and study area 

The CCA species P. cf. onkodes, L. cf. insipidum, N. fosliei, 
M. madagascariensis, L. proliferum and S. cf. durum were collected via 
hammer and chisel from the lagoon at Lizard Island, northern GBR 
(14◦41′17.4′′S 145◦28′03.6′′E & 14◦41′47.0′′S 145◦27′02.9′′E). Frag-
ments of the former three species were collected at 2 m and the latter 
three at 6 m, the depths at which they are most commonly found. 
Irradiance was measured in multiple locations at the two depths using a 
LI-COR LI-1500 light sensor logger coupled to an LI-193SA underwater 
spherical quantum sensor. Mean irradiance was 314 ± 22 μmol photons 
m−2s−1 at 2 m and 44 ± 7 at ~6 m (or in shallower, cryptic habitat). 
After collection, the CCA were brought back to LIRS and cleaned of 
epibionts, excess substrate and endobionts. A subset of fragments (n 5) 
was set aside as field samples while the fragments destined for experi-
mentation acclimatised for one week at ambient conditions. 

2.3. Experimental design 

A full factorial experimental design was composed of eight treatment 
combinations of four pCO2 levels and two temperature levels. Seawater 
was continuously pumped in from the adjacent reef into mixing tanks 
where pCO2 treatments were manipulated. The incoming seawater had a 
pCO2 concentration of 480 μatm, or 7.98 pH, which was considered the 
ambient pCO2 treatment level. The past pCO2 level was maintained at a 
concentration of 390 μatm, or 8.06 pH. The medium pCO2 level targeted 
765 μatm, or 7.82 pH. The high pCO2 level targeted 1160 μatm, or 7.66 
pH. The past pCO2 treatment was obtained by bubbling air through a 
soda lime column (Chem-supply, SL020, batch 295199) to partially 
remove CO2 prior to mixing it into seawater in a mixing/header tank 
(300 L). The ambient pCO2 treatment was established by bubbling 
ambient air into a mixing/header tank (300 L). The elevated pCO2 
treatments were obtained by bubbling pure CO2 (food grade, BOC) into a 
mixing/header tank, where respective pCO2 levels were monitored and 
regulated by the Aquarium Controller system (Aquatronica, Italy). 

Seawater from each mixing tank was distributed to ten experimental 
tanks, five of which experienced the ambient temperature of the adja-
cent reef (~28 ◦C; without heaters), and five were exposed to a ~1.5 ◦C 
temperature increase using 50W glass aquarium heaters. We targeted an 
increase of 2.5 ◦C as per the RCP 8.5 scenario, however, the temperature 
of ambient seawater rose significantly during the day in the seawater 
reservoir, and the chiller (Oasis C10) was able to maintain a 1.5 ◦C 
difference between temperature treatments. Each treatment had five 
replicate experimental tanks, totalling 40 experimental tanks (32 L). 
Shade cloth was placed on top of half of each experimental tank in order 
to achieve an irradiance (PAR) of ~30 μmol photons m−2s−1 at the 
bottom (for low light species). The other side was kept uncovered and 
the bottom received ~250 μmol photons m−2s−1 (for shallower species). 
One 5 cm2 CCA fragment of each species was placed in each experi-
mental tank (n 5 per species) in the appropriate light condition and 
they were exposed to treatment for 24 days. Flow in the experimental 
tanks was maintained at 0.3 L min−1 using 8W pumps and salinity at 
32.5. PAR was measured at different times of the day and on each side of 
each experimental tank. PAR on the shaded side measured 20 at 9:00, 
65 at 12:15 and 20 at 17:00 (μmol photons m−2s−1). The unshaded side 
measured 100 at 9:00, 220 at 12:15, and 100 at 17:00 (μmol photons 
m−2s−1). Upon completion of treatment exposure, live fragments were 
measured for maximum quantum photochemical yield (Fv/Fm), removed 
from tanks and dried at 60 ◦C for 24 h for subsequent isotope analysis, 

organic carbon content and growth determination. 

2.4. Stable carbon isotope & organic carbon content analyses 

Field and experimental tank fragments were decalcified in 10% HCl 
for approximately 1.5 min. Immediately after, the fragment was rinsed 
in deionized (DI) water to remove any debris and the decalcified surfi-
cial cell layers were scraped off using a sterile razor blade under a dis-
secting microscope (Olympus SZX16, Griffith University), targeting only 
the surficial, pigmented cell layers that were produced during the 
experimental period, i.e. approximately 15–35 μm into the crust (as 
confirmed by Calcein staining and microscope observations). Care was 
taken to avoid scraping off old, unpigmented tissue. Algal tissue was 
placed on a GF/F filter (47 mm, Whatman), rinsed five times with DI 
water and dried overnight at 60 ◦C. Approximately 1–2 mg of dry, 
decalcified biomass per fragment was weighed, placed in a tin capsule 
and pelleted. Pellets were then analysed for the ratio of 13C/12C (i.e. δ13C 
of algal tissue) and organic carbon content via combustion at 1000 ◦C. 
Results were reported in parts per thousand (per mil, ‰) relative to 
VPDB and % C (wt.), respectively. Analyses were done using an 
Elemental Analyser (Sercon EA-GSL) coupled to an Isotope ratio Mass 
Spectrometer (Europa Hydra 20–22) calibrated to certified reference 
material (IAEA–CH–6 sucrose, 10.45‰, Australian National Univer-
sity, Canberra). 

δ13C values of organic algal tissue reflect both stable carbon isotope 
fractionation due to algal metabolism and the variation in source DIC 
δ13C, or DI13C. We calculated fractionation (13ε) of organic tissue 
following an adapted equation from the original (Laws et al., 1995) and 
subsequent literature (Fry, 1996, Fry, 2006a): 

13ε  1000∗
((1000 + δ13Corg

)
(
1000 + DI13C

) 1
)

(1) 

Larger fractionation corresponds to more negative 13ε values, while 
smaller fractionation corresponds to values approaching 0‰ (i.e. less 
negative). 

To understand the relative contribution of CO2 uptake vs HCO3
−

uptake, percent CO2 use can be determined from 13ε values using a two- 
source mixing model (Fry, 2006b): 

 %CO2  use 100* 
(
13εalg 13εEM1

)

(13εEM2 13εEM1)
(2)  

where 13εalg refers to fractionation of the alga, 13εEM1 refers to the hy-
pothetical fractionation value for sole HCO3

− use in red macroalgae 
( 1‰) and 13εEM2 refers to the fractionation value for sole diffusive CO2 
use in red macroalgae ( 36‰) inferred from Stepien (2015). Bicar-
bonate use is inversely related to CO2 use: % HCO3

− use 100 - % 
diffusive CO2 use. 

2.5. δ13C analysis of seawater 

To identify any differences in fractionation of DIC in seawater be-
tween treatments (due to physical processes), we quantified the DI13C. 
Seawater samples were taken from each of the pCO2 treatment mixing 
tanks and stored at 20 ◦C until analysis. Immediately upon thawing, 
sample seawater was siphoned from the storage vial into a syringe, 
allowing it to overflow for three times the volume of the syringe. Syringe 
plungers were reinserted and any air bubbles removed, followed by 
expelling 0.1 ml rinse water through 0.22 μm filters (nylon, Living-
stone). Filtered seawater was expelled into three, 2.5 ml autosampler 
vials (Agilent) until overflowing and then capped. We subsampled the 
autosampler vials with an Accela Autosampler, added phosphoric acid, 
and used an LC Isolink to separate CO2. Isotope measurements were 
made with a Delta V Advantage Isotope ratio Mass Spectrometer using 
reagent grade sodium carbonate standards calibrated by combustion at 
1000 ◦C. 
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DI13C measurements were made at a single time point, but in a well- 
regulated system, so they should represent steady state. This assumption 
was checked by an observed regular progression of lower DI13C values 
with increasing pCO2. Water samples were only taken from pCO2 
treatments, thus it was required to correct DI13C values for elevated 
temperature in order to obtain DI13C values for interacting pCO2 and 
temperature treatments, following published protocol (Mook et al., 
1974). Additionally, in the fractionation calculation for CCA field sam-
ples, we used a mean DI13C value of 1.46‰ from the literature for a reef 
system in equilibrium, Heron Island (Weber and Woodhead, 1971), and 
corrected it by approximately 0.01‰ y−1 to 1.0‰ for the year 2017 
according to published protocol (Black et al., 2011). 

2.6. Growth measurements 

Vertical growth was measured in order to observe potential energetic 
benefits of DIC uptake strategies and plasticity in response to CO2 
enrichment and warming following modified, published protocol (Lewis 
and Diaz-Pulido, 2017; Lewis et al., 2017). Prior to placing CCA frag-
ments in treatment, they were stained with 0.01 g L−1 Calcein dye 
(Sigma-Aldrich, CAS 1461-15-0). Fragments were placed in aquaria with 
10 L of dye diluted in seawater and two small pumps to simulate natural 
flow for three hours. Fragments were then removed and placed in 
holding tanks (300 L) with ambient flow-through seawater for one day 
until they were placed in the experimental treatments. Following the 
24-day exposure to experimental treatments, CCA fragments were dried 
and cross-sectioned using a dental drill (Kavita) with a diamond wheel 
bit (edenta superflex fine diamond disc, Switzerland). 1–2 mm 
cross-sections were taken from each CCA fragment. Using a fluorescence 
light microscope (Olympus BX53, Griffith University) at 10× magnifi-
cation and Cellsens imaging software, the distance (in μm) from the 
surface of the alga to the stain line was measured. This is considered to 
be the vertical growth of the alga during the experimental period. Where 
possible, 3–5 sub-sample measurements were made along each cross 
section to capture growth variability. Some species absorbed the dye 
better than others, so growth measurements were obtained for only four 
species. Similarly, some individuals from species that generally incor-
porated the dye did not display growth lines and were disregarded in our 
analyses. 

2.7. Chlorophyll-a fluorescence 

To examine the potential energetic effects of changes in DIC uptake, 
we measured the chlorophyll-a fluorescence at the beginning and end of 
the three-week experiment using a Diving Pulse Amplitude-Modulated 
(PAM) Fluorometer fitted with a blue LED (appropriate for red algae), 
emitting maximally at 470 nm (Diving-PAM underwater fluorometer; 
Walz, Germany). Optimal PAM configurations were determined for CCA 
prior to measurement (gain 1, damp 3) and a 4 mm distance was 
maintained between the fiber optic sensor and the CCA thallus. This was 
done to ensure sufficient and constant fluorescence detection by the 
optical fiber. Measuring intensity (setting 3) was <3 μmol photons 
m−1s−2 and saturation pulse length and intensity were 0.8 s and >4000 
μmol photons m−1s−2, respectively. All CCA specimens were measured 
from 21:00–23:00 to standardise the dark-acclimation (~3–4 h) before 
measurements. Measurements of maximum quantum yield were ob-
tained without actinic light (Fo, or basal fluorescence) and after a single 
saturating pulse of light (Fm, or maximal fluorescence), which permitted 
the calculation of maximum quantum yield (Fv/Fm) as (Fm- Fo)/Fm. 

2.8. Carbonate chemistry 

Routine seawater pH measurements were measured on the NBS scale 
(pHNBS) using a pH meter (Mettler Toledo handheld SG98) coupled to a 
Mettler-Toledo InLab Expert Pro pH probe calibrated every other day to 
NBS 4.01 and 7.01 buffers (Chem Supply, Australia). Seawater samples 

were collected every four hours over the course of a day for total alka-
linity (AT) (T50 titrator, Mettler Toledo coupled to a Rondolino auto-
sampler) following standard procedures (Dickson et al., 2007). The 
precision and accuracy of titrations were verified using certified 
seawater reference materials (A.G. Dickson, batch 162). pHNBS values 
were converted to pH on the total scale (pHT) using the R package 
AquaEnv (Hofmann et al., 2010), then AT, pHT, temperature and salinity 
were used to calculate the carbonate system parameters with CO2SYS 
(Pierrot et al., 2006) (Table 1). High-Mg calcite saturation state 
(ΩHigh-Mg calcite) was calculated using pHT, temperature, salinity and 
CO3

2− following published protocol (Diaz-Pulido et al., 2012). 

2.9. Statistical analyses 

To test the effects of pCO2 and temperature on 13ε, % C, Fv/Fm and 
vertical growth in six species of CCA, we used a two-way ANOVA with 
pCO2 (four levels) and temperature (two levels) as fixed factors. To test 
the effects of pCO2, temperature and lineage on 13ε of CCA tank frag-
ments, a three-way ANOVA was performed (pCO2, temperature and 
lineage as fixed factors; four, two and three levels, respectively). 
Exploration within significant interactive effects via one-way ANOVAs 
was carried out for the purpose of assessing the magnitude of the 
contribution of each factor to the effect. ANOVAs were followed by 
Tukey’s post hoc comparisons. Comparisons across taxonomic orders 
(lineage) were conducted by pooling tank 13ε data from species that 
belong to the same order. To test the effects of species on 13ε of field 
fragments, a one-way ANOVA was conducted (species as fixed factor 
with six levels). Similarly, to test the effects of lineage on 13ε of field 
fragments, a one-way ANOVA was conducted (lineage as fixed factor 
with three levels). Again, comparisons across taxonomic orders (lineage) 
were conducted by pooling field 13ε data from species that belong to the 
same order. All analyses were performed in RStudio (R version 3.5.1), 
and normality and equality of variance assumptions were evaluated via 
graphical analysis of residuals. 

3. Results 

3.1. Inorganic carbon uptake strategies 

Field CCA fragments from all lineages had a mean fractionation (13ε) 
of 18.0‰ indicating a near equal use of CO2 (54%) and bicarbonate 
(46%). Based on fractionation values, ambient diffusive CO2 use and 
CCM capacity varies significantly across CCA species (Fig. 1A), from 
about 35 to 65% CO2 use. N. fosliei has lower diffusive CO2 use and 
higher CCM capacity (CO2 use 35%; 13ε 11.1‰; Fig. 1A). P. cf. 
onkodes (57%; 19.0‰), L. proliferum (65%; 21.6‰), 
M. madagascariensis (66%; 22.2‰) and S. cf. durum (62%; 20.8‰) 
have a lower CCM capacity and use around 60% CO2, placing them in 
the category with higher diffusive CO2 use (Fig. 1A). L. cf. insipidum 
(50%; 16.6‰; Fig. 1A) has moderate diffusive CO2 use and moderate 
CCM capacity, which is shown by the most comparable percentages of 
CO2 and HCO3

− use. We found that lineage was a significant factor in 
predicting field 13ε (Table 2), where fractionation in Corallinales was 
significantly smaller (less negative) than in Hapalidiales and Spor-
olithales, although the latter two were not significantly different from 
each other (Fig. 1B). 

3.2. CCM plasticity under OA and warming 

pCO2 and/or temperature had marginal, yet significant effects on 
fractionation in all but one CCA species, with the prevalent trend 
being smaller fractionation (less negative values), i.e. less CO2 use 
(Fig. 2). Four of the six species (N. fosliei, M. madagascariensis, 
L. proliferum and S. cf. durum) experienced decreased (i.e. smaller) 
fractionation of a magnitude of <15% (less than a 5‰ shift). This 
decrease was associated with increased pCO2, whether at ambient 
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temperature, high temperature or regardless of temperature (Fig. 2A and 
B, D & F; Supplementary Table 1). L. cf. insipidum showed no change in 
fractionation between treatments (Fig. 2C) and P. cf. onkodes was the 
sole species to increase fractionation with increasing pCO2, but only by 
7% (less than a 2.5‰ shift) from 390 to 765 μatm (Fig. 2E). L. proliferum 
had smaller fractionation at 1160 μatm than at 390 μatm (Fig. 2D) at 
both ambient and high temperatures. S. cf. durum had smaller frac-
tionation at 1160 μatm than 390 μatm, but it was also capable of 
maintaining larger fractionation at elevated rather than ambient tem-
perature when pCO2 was 480–1160 μatm. Elevated temperature nulli-
fied the effects of elevated pCO2 in S. cf. durum and resulted in no change 
in fractionation between past conditions (390 μatm) and 1160 μatm and 
+1.5 ◦C (Fig. 2B). In M. madagascariensis, only 1160 μatm resulted in 
smaller fractionation, yet simultaneously, elevated temperature also 
ameliorated the effect of pCO2 at 1160 μatm, which resulted in no 
overall change in fractionation (Fig. 2F). Interestingly, elevated tem-
perature has the opposite effect on fractionation in N. fosliei, where 
regardless of pCO2 treatment, high temperature results in smaller frac-
tionation than at ambient temperature (Fig. 2A). Fractionation in 
N. fosliei is significantly smaller at 1160 μatm than present pCO2 
(Fig. 2A). 

Lineage was also a predictor of strategy in tank fragments, but it did 

Table 2 
Three-way ANOVA examining the effects of pCO2, temperature and lineage on 
fractionation, one-way ANOVA examining the effects of lineage on field frac-
tionation and corresponding Tukey post hoc test results (lineage abbreviations: 
H=Hapalidiales, C=Corallinales and S=Sporolithales). Significance considered 
when p < 0.05. ns = not significant.  

Source df MS F p Conclusions 
Tukey test 

13ε of tank fragments 
pCO2 3 18.9 1.562 0.200 ns 
temp 1 0.32 0.026 0.871 ns 
lineage 2 255 21.15 < 0.001 S C < H 
pCO2 * temp 3 2.92 0.242 0.867 ns 
pCO2 * lineage 6 0.76 0.063 0.999 ns 
temp * lineage 2 7.04 0.584 0.559 ns 
pCO2 * temp * lineage 6 1.16 0.096 0.997 ns 
Residuals 179 12.1    
13ε of field fragments 
lineage 2 107 12.23 < 0.001 C < H S 
Residuals 21 8.71     

Fig. 2. Stable carbon isotope fraction-
ation responses of (A) N. fosliei (n = 5), 
(B) S. cf. durum (n = 4), (C) L. cf. insip-
idum (n = 5), (D) L. proliferum (n = 4), 
(E) P. cf. onkodes (n = 4) and (F) 
M. madagascariensis (n = 4) to the full 
factorial combination of past (390 
μatm), present (480 μatm), medium 
(765 μatm) and high (1160 μatm) pCO2 
levels and ambient (white bars) and high 
(diagonally-striped bars) temperature 
levels. Significant differences (p <

0.050) are indicated by unalike lower-
case letters. Note that the y-axes do not 
commence at zero.   
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not interact with pCO2 or temperature to predict changes in DIC 
acquisition under OA and warming (Table 2 & Supplementary Table 1). 
Regardless of treatment, Hapalidiales had larger fractionation than 
Sporolithales and Corallinales (Table 2 & Supplementary Table 1). 

3.3. Organic carbon content, vertical growth and Fv/Fm 

Change in pCO2 and temperature conditions also marginally affected 
the organic carbon content (% Corg) in two of the six species examined 
(Supplementary Table 1). P. cf. onkodes and S. cf. durum showed inter-
active effects between pCO2 and temperature (Fig. 3). At present pCO2 
(480 μatm), elevated temperature resulted in a 16% decrease in % Corg 
in the former species (Fig. 3E). In the latter species, % Corg did not 
change across treatments except at 1160 μatm, where there was a nearly 
significant (p 0.065) 22% decrease in % Corg at high compared to 
ambient temperature (Fig. 3B). The small magnitude of change indicates 
that the effect of OA and warming on % Corg is relatively small. 

Sporolithon cf. durum, P. cf. onkodes, M. madagascariensis and 
L. proliferum all grew in every treatment (where data was available) over 
the three-week experimental period (Fig. 4). L. cf. insipidum and N. fosliei 
did not display clear stain lines, even under ambient conditions, and 
thus were omitted from analysis. We observed pCO2 and temperature 
interactions on growth of S. cf. durum and L. proliferum. For S. cf. durum, 

there was a 46% increase from 390 to 480 μatm at ambient temperature 
(Fig. 4A). Similarly, in L. proliferum moderate levels of pCO2 (765 μatm) 
enhanced vertical growth by 56% under ambient temperature, but this 
effect was counteracted by elevated temperature at both 765 and 1160 
μatm, resulting in a vertical growth rate that was 28–33% less than past 
conditions (Fig. 4B). In P. cf. onkodes there was a pCO2 effect on growth. 
P. cf. onkodes grew best at present levels of pCO2 (mean of 2.1 μm d−1), 
but decreased its mean vertical growth rate by 26% at 765 μatm, 
regardless of temperature (Fig. 4C). M. madagascariensis showed no 
significant change in vertical growth rate (Fig. 4D). 

Similar to growth, there were complex interactions between pCO2 
and temperature on Fv/Fm across CCA species (Supplementary Table 1). 
In general, there was little effect of pCO2 on Fv/Fm (max of ±20% 
change). Increased temperature, however, had a significantly positive 
effect on Fv/Fm in L. cf. insipidum, regardless of pCO2 (Fig. 5C), and a 
negative effect on L. proliferum at present pCO2 (nearly significant 
negative effect at medium pCO2; Fig. 5D). For P. cf. onkodes, Fv/Fm 
decreased from present to medium pCO2 at ambient temperature 
(Fig. 5E). Fv/Fm in N. fosliei decreased by 24% due to elevated temper-
ature at present pCO2, yet when pCO2 was raised to 1160 μatm, it 
ameliorated the effect of elevated temperature (Fig. 5A). Fv/Fm of 
M. madagascariensis and S. cf. durum did not respond to pCO2 and tem-
perature treatments (maximum of ±10% change). 

Fig. 3. Surficial organic carbon content 
responses of (A) N. fosliei (n = 4), (B) S. 
cf. durum (n = 4), (C) L. cf. insipidum (n 
= 5), (D) L. proliferum (n = 5), (E) P. cf. 
onkodes (n = 4) and (F) 
M. madagascariensis (n = 4) under past 
(390 μatm), present (480 μatm), me-
dium (765 μatm) and high (1160 μatm) 
pCO2 levels and ambient (white bars) 
and high (horizontally-striped bars) 
temperature levels. Significant differ-
ences (p < 0.050) are indicated by un-
alike letters. In (B) the asterisk denotes 
p = 0.065. Note that the axes do not 
commence at zero.   
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high-light environments due to the amount of energy available to har-
vest and allocate to energetically-expensive CCMs (Maberly and Gon-
tero, 2017), whereas higher diffusive CO2 use is commonly found in 
low-light environments (Raven, 1997). Our data support this trend 
because the fractionation values of field fragments corresponded to the 
reef environment that the species typically inhabit: N. fosliei, L. cf. 
insipidum and P. cf. onkodes in high-light environments and 
M. madagascariensis, L. proliferum and S. cf. durum in deeper waters (10 
m) or cryptic environments where lower PAR provides less energy to 
fuel the active transport of HCO3

− (Raven et al., 2000). There were dis-
crepancies in 13ε values between the field and tank fragments for two of 
the six species, where values of tank fragments were less negative than 
field fragments in S. cf. durum and the opposite in P. cf. onkodes. This 
may be explained by unforeseen variability in light regimes in experi-
mental tanks compared to the field. However, regardless of discrep-
ancies, while the field results reflect the true DIC uptake strategies, the 
tank results reflect responses to experimental factors, and it is clear from 
both sample sets that CCA as a group display various DIC uptake 
strategies. 

4.2. Inorganic carbon acquisition responses to OA and warming 

We hypothesized that increased CO2 availability would be positively 

correlated with increased CO2 use for some taxa, but this was not 
observed for the majority of species. The high pCO2 simulation reported 
here trebled CO2 concentrations (Table 1), which, under the older 
planktonic model based on sole CO2 use, should have resulted in much 
larger fractionations, i.e. greater diffusive CO2 use (Laws et al., 1995). 
For CCA, the opposite result largely applied, smaller rather than larger 
fractionations, supporting the two-source HCO3

−/CO2 model elaborated 
in the Methods. Five out of six CCA species examined showed no evi-
dence of downregulation of their CCM (i.e. no increased diffusive CO2 
use) under OA and warming and one species, P. cf. onkodes, down-
regulated (i.e. increased CO2 use) under elevated pCO2. We also did not 
see a relationship between ambient strategy and response to pCO2, as 
there were CCA with lower, moderate and higher diffusive CO2 use that 
were incapable of increasing CO2 use. Across species, mean fractionation 
and % CO2 use increased by a maximum of 6% and decreased by a 
maximum of 14%, indicating that although plasticity under OA and 
warming is significant, the magnitude of change is still small. 

A lack of increased CO2 use is not necessarily uncommon amongst 
macroalgae. Bicarbonate use is reported in polar seaweeds despite the 
high CO2-affinity of RuBisCO and the increasing solubility of CO2 with 
decreasing temperature (Iniguez et al., 2018). Moreover, CO2 use in CCA 
is modulated by the thickness of the surface diffusive boundary layer 
(DBL). A greater surface rugosity, lower flow and greater fouling is likely 

Fig. 5. Maximum quantum yield (Fv/ 
Fm) responses of species N. fosliei (A), S. 
cf. durum (B), L. cf. insipidum (C), 
L. proliferum (D), P. cf. onkodes (E) and 
M. madagascariensis (F) under past (390 
μatm), present (480 μatm), medium 
(765 μatm) and high (1160 μatm) pCO2 
levels and ambient (white bars) and 
high (shaded bars) temperature levels. 
Significant differences (p < 0.050) are 
indicated by unalike letters (values are 
means of n = 4). Note that the y-axis 
does not commence at zero.   
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to contribute to a thicker DBL, which limits CO2 flux to the alga’s surface 
for its assimilation (Cornwall et al., 2013, 2014; Pearson et al., 1998). 
Either a highly rugose morphology (branches or protuberances) or the 
presence of long, surficial trichocytes characterize the majority of the 
species investigated in this study and are likely factors that promote 
thicker DBLs and thus likely contribute to diffusive CO2 use limitations. 
The general absence of increased CO2 use may also be attributable to low 
nutrient availability. A study on macroalgae of the Great Barrier Reef 
region shows that less negative algal isotope values (i.e. small frac-
tionation) are associated with low %N (Fig. 6A in Lovelock et al., 2020), 
presumably in situations of low nutrient loading and relatively low algal 
demand on DIC pools. These fractionation results for macroalgae are 
more consistent with increased HCO3

− use under low nutrient conditions, 
similar to the CCA results of this study. The strategies we report for 
coralline algae align with reported strategies in which algae employ 
active HCO3

− uptake (via CCM) and diffusive CO2 uptake, e.g. strategy 2 
in Diaz-Pulido et al. (2016) and CCM strategies in Cornwall et al. 
(2017b) and van der Loos et al. (2019). However, our findings only 
partially align with the predicted responses to OA from the established 
template of fleshy macroalgae (van der Loos et al., 2019), and this is 
likely attributable to the calcification process in corallines. 

Responses of coralline algae to OA and warming are unique due to 
the presence of calcification. CCA (Neogoniolithon sp. and S. durum) have 
experimentally shown resilience to the effects of OA by manipulating the 
carbonate chemistry at their calcification sites (Comeau et al., 2018; 
Cornwall et al., 2017a). Calcification is hypothesized to rely on some of 
the same active transport components as photosynthesis to accomplish 
this, as well as photosystem II-independent proton pumps (Comeau 
et al., 2013; Hofmann et al., 2016; McNicholl et al., 2019). The high 
demands of DIC for photosynthesis would also be too great to be solely 
compensated for by diffusive CO2 uptake. So, active pumps may become 
increasingly important for the uptake and regulation of DIC for CCA 
metabolic processes, which is supported by our observation of main-
tained or decreased fractionation across most taxa. Furthermore, 
increased HCO3

− use may only partially influence CCA calcification rates, 
as there are additional processes that modulate calcification. Calcifica-
tion in these macroalgae is a cell wall organic matrix-regulated process 
(Borowitzka, 1977; Nash et al., 2019). The calcification site in CCA is 
located in the cell wall, which is filled with compact, radially-oriented 
crystals and amorphous particles (Cabioch et al., 1986; Nash et al., 
2019) and seems quite isolated from the bulk seawater. However, a 
recent study on a scleractinian coral (Stylophora pistillata) suggests 
seawater acidification increases the paracellular permeability of ions 
and molecules from the bulk seawater to the calcification site in marine 
calcifiers (Venn et al., 2020), further complicating the ability to discern 
the relative effect of each regulative process on calcification. Moreover, 
increased HCO3

− use may not be sufficient to compensate for the inhib-
itory effect that the reduced seawater pH characterizing OA can have on 
calcification, thus DIC uptake patterns are not the sole predictor of 
macroalgal responses to OA (Britton et al., 2019; van der Loos et al., 
2019), and in CCA, other factors influencing the calcification process 
need to be considered, particularly organic matrix regulation. Further 
research is required involving the integration of molecular techniques 
(transcriptomics) and inhibitor studies to elucidate the mechanisms 
underpinning DIC uptake and regulation by CCA. Regardless, the 
marginally increased investments in CCM activity under OA and 
warming shown in our study reinforce the importance of HCO3

− as a 
carbon source for photosynthesis and calcification in CCA. 

Temperature also influences DIC acquisition plasticity in CCA. Sur-
prisingly few studies report or examine the effects of temperature on DIC 
uptake in macroalgae (Carvalho and Eyre, 2011; Giordano et al., 2005; 
Hofmann and Heesch, 2018; Iniguez et al., 2016; Wiencke and Fischer, 
1990), as efforts have been largely focused on elevated pCO2. Our results 
show that at all pCO2 concentrations, elevated temperature provoked a 
small increase in fractionation in S. cf. durum and a decrease in frac-
tionation in N. fosliei, species with distinct DIC uptake strategies. 

Temperature is likely the most important rate-determining factor in 
biology (Eggert, 2012) and experimentally has been found to stimulate 
metabolic processes in coralline algae, such as respiration and the active 
pumps of CCMs, within the local summer temperature maxima (Martin 
and Hall-Spencer, 2017; Schubert et al., 2019). This was evident in 
Lithothamnion crispatum (as subtropical rhodoliths), whose respiration 
rate was reported to be two times greater at +5 ◦C (Schubert et al., 
2019). Additionally, the use of recycled CO2 from respiration or calci-
fication for photosynthesis can result in more negative tissue values in 
macroalgae (Cornwall et al., 2017b), where the magnitude of change 
depends on the interplay between light and temperature stimulation of 
carbohydrate vs. lipid oxidation (for respiration) (Carvalho and Eyre, 
2011). So, it makes sense that S. cf. durum, whose DIC uptake strategy is 
characterized by higher diffusive CO2 use, increased fractionation under 
increased availability of respired CO2, while in N. fosliei, whose strategy 
is characterized by higher CCM activity, the active pumps of the CCM are 
more stimulated than respiration by increased temperature. Field ob-
servations along a natural gradient from the Canary Islands to the Arctic 
report a positive correlation between temperature and CO2 use in 
temperate rhodoliths (Hofmann and Heesch, 2018), corroborating the 
expected effects of respiration and our findings for S. cf. durum, a species 
that also occurs in temperate areas (Basso et al., 2009; Townsend et al., 
1995). We suggest that effects of global warming on warmer water, 
tropical species may be CCM stimulation (i.e. less negative algal δ13C 
values), whereas for cooler (i.e. deeper) tropical or temperate water 
CCA, it may be increased respired CO2 use (i.e. more negative algal δ13C 
values). The effects of pCO2 and temperature on the plasticity of DIC 
acquisition in CCA can be complex, yet we can interpret the energetic 
outcome through proxies for metabolic performance. 

4.3. Energetic outcome associated with DIC acquisition responses 

Increased diffusive CO2 use (or increased fractionation) in calcifying 
algae does not have the same energetic outcome as it does for fleshy 
seaweeds. We hypothesized that increased CO2 uptake would be ener-
getically advantageous for CCA because it is the required substrate for 
carbon fixation by RuBisCO and requires no active conversion (Giordano 
et al., 2005; Raven et al., 2014). However, the only species (P. cf. onk-
odes) to increase fractionation due to elevated pCO2 did not display clear 
signs of increased metabolic performance. In fact, individuals grew less 
and had visibly lower photosynthetic efficiency. Our results suggest that 
any potential benefits associated with increased CO2 use may be insuf-
ficient to a) override the stress of reduced pH on calcification and b) 
meet the metabolic needs of photosynthesis and/or calcification (or 
perhaps other factors are limiting, e.g. nutrients). There is also plenty of 
available HCO3

− and many grow in high light environments. 
CCA either maintain or increase HCO3

− assimilation, which is largely 
associated with sustained metabolic performance under future condi-
tions. Even though CCMs are energetically expensive, increased HCO3

−

use may be allowing CCA to meet DIC demands, which to some degree 
could compensate for the associated energetic costs (Maberly and 
Gontero, 2017). There were also benefits associated with decreased 
fractionation under certain scenarios. S. cf. durum and L. proliferum 
simultaneously increased vertical growth and HCO3

− use under present 
and medium pCO2, respectively. Thus, maintained or increased HCO3

−

use may even favour greater reef consolidation and increased competi-
tiveness of some species if CO2 emissions are slowed. 

4.4. Role of evolutionary history in inorganic carbon acquisition 

This study establishes a difference in CO2 use capacity between lin-
eages with distinct evolutionary histories, where more basal taxa 
employ higher diffusive CO2 use than more recent taxa. The results 
support the hypothesis that lineage is a predictor of DIC uptake strate-
gies in reef-building CCA. Environmental conditions are strong selective 
factors in the evolution of physiological traits (Chevin et al., 2010; 
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Hoffmann and Sgro, 2011; Reusch, 2014). Intensity and duration of 
elevated pCO2 and temperature, alongside other physical properties of 
reef habitat, were likely to have been some of the major drivers that 
selected for DIC uptake strategies in CCA. The basal lineages, Spor-
olithales and Hapalidiales, evolved in exceptionally warm and CO2-en-
riched waters (8–11 ◦C warmer than present day and 600–1500 ppm 
(Honisch et al., 2012; Royer et al., 2004)), whereas most Corallinales 
evolved in waters with lower pCO2 that are somewhat more comparable 
to today’s oceans ( 4 ◦C to +2 ◦C from present day and 400 ppm 
(Hansen et al., 2013)). The diversification of the order Sporolithales had 
a direct relationship with historical seawater temperature. Species 
richness increased as temperature increased during the Cenomanian 
until reaching its acme in the Coniacean, from which diversity subse-
quently decreased. In contrast, diversity of Corallinales and Melobe-
sioideae (subfamily of Hapalidiales) expanded as temperatures cooled 
(Aguirre et al., 2000). However, knowledge of the phylogenetic re-
lationships among corallines is ever changing, and a recent study sug-
gests relatively older divergence times of some clades, particularly for 
Neogoniolithon (ca. 105 Ma) (Pena et al., 2020). This would imply that 
historical pCO2 and temperature conditions for this genus would have 
been more comparable to those of basal lineages, suggesting that other 
physical environmental variables may have been stronger selective 
factors for DIC uptake strategy in some taxa. Long-term exposure to 
different pCO2 and temperature conditions is likely to have contributed 
to the selection of uniquely adapted physiological mechanisms along-
side other physical environmental variables. 

Moreover, these three lineages have adapted over time to occupy 
distinct, yet largely tropical reef environments (Aguirre et al., 2000), 
where factors such as light incidence, wave action, water clarity, sedi-
mentation and grazing by herbivores are known to modulate CCA dis-
tribution (Adey and Macintyre, 1973; Fabricius and De’ath, 2001; 
Steneck, 1982). Hapalidiales and Sporolithales are historically found in 
deeper or cryptic low-light crests or slopes, and Corallinales in more 
shallow, high-light flats (Aguirre et al., 2000; Dean et al., 2015). This 
could suggest that over time, CO2-rich and low-light waters selected for 
strategies with higher diffusive CO2 use in more basal taxa (i.e. Hapa-
lidiales and Sporolithales), and high-light waters with lower CO2 
availability selected for robust CCMs in more recent taxa (Corallinales) 
(Meyer and Griffiths, 2013). DIC uptake strategies have been differen-
tially selected for by different environmental conditions, yet CCM 
plasticity is a resilient adaptation that has likely allowed CCA to endure 
past ocean acidification and warming oscillations and is expected to 
continue supporting the existence of some taxa into the Anthropocene. 
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3.1 Abstract 

Crustose coralline algae (CCA) are active participants in the carbon cycle of reefs 

worldwide. However, mechanisms underpinning the flux of carbon into (acquisition), 

within (partitioning via photosynthesis and calcification), and out (DIC and DOC release) 

of the thalli of reef-building CCA are largely unknown. With the carbonate chemistry and 

temperature of seawater changing at rapid rates, the quantification of these patterns would 

provide an essential tool for understanding the underlying physiological strategies and 

responses to environmental change in CCA. We quantified carbon acquisition, partitioning, 

and release in two high-light (Porolithon cf. onkodes and Lithophyllum cf. insipidum) and 

low-light (Lithothamnion proliferum and Sporolithon cf. durum) species of CCA under 

ambient and elevated (IPCC RCP 8.5) levels of pCO2 and temperature. We found distinct 

ambient acquisition, partitioning, and release strategies between high- and low-light reef-

builders. When faced with global stressors, there was an association in high-light CCA 

between decreased surficial carbon retention, increased DOC release, and failure to 

increase bicarbonate uptake for photosynthesis. In low-light CCA, there was an association 

between maintained or even increased carbon retention, reversal of DOC release (i.e. 

consumption), and increased bicarbonate uptake. Our results suggest that the surficial 

carbon metabolism of CCA occupying low-light reef environments is more robust and 

potentially adaptable than that of high-light reef-builders amidst OA and warming.  

 

Keywords: carbon partitioning, crustose coralline algae, carbon flux, ocean acidification, 

dissolved organic carbon, fractionation, macroalgae, ocean warming, stable carbon isotope 
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3.2 Introduction 

Crustose coralline algae (CCA) are calcifying marine red macroalgae that are 

instrumental in reef accretion and consolidation worldwide (Adey, 1998; Littler and Littler, 

1984). By removing inorganic carbon from seawater via photosynthesis and calcification, 

and storing carbon (short-term) in their thalli, CCA contribute an estimated 330 g C 

m−2 yr−1 and 900 g CaCO3 m−2 yr−1 in net organic and inorganic production, respectively 

(van der Heijden and Kamenos, 2015). For that reason, corallines are important for the 

cycling of carbon on reefs worldwide (Fisher and Martone, 2014). Unfortunately their role 

may be threatened in the future since the integrity of their calcium carbonate skeleton is 

shown to be sensitive to ocean acidification (OA) and warming (Cornwall et al., 2019; 

Diaz-Pulido et al., 2012; Martin and Gattuso, 2009). Significant progress has been made 

towards deciphering photosynthetic and calcification responses in CCA; however, there is 

still substantial variability amongst recorded responses, demonstrating that the underlying 

physiological mechanisms are still poorly understood. In particular, fundamental 

information regarding the partitioning of carbon at the level of individual CCA is 

incomplete. Understanding the fluxes of carbon into, within, and out of CCA would shed 

light on physiological function and possible response to environmental change. 

The ability to assimilate, allocate, and partition carbon is a fundamental 

requirement for plant functioning and growth (Brüggemann et al., 2011; Poorter et al., 

2012). Carbon acquisition in plants is the process of sourcing and transporting inorganic 

carbon to the site of fixation (Raven, 1997), whereas carbon allocation is the distribution of 

photosynthate to different plant parts, and is distinct from carbon partitioning, which is the 

division of carbon into structural, metabolic, or storage pools (Dickson and Isebrands, 

1993). Control of carbon allocation and partitioning plays a central role in development 

and growth, as well as in the regulation of primary and secondary metabolic pathways 

(Smith and Stitt, 2007). Carbon fluxes vary greatly across taxa due to their modulation by 

the vastly different environments they occupy, resulting in anatomically and metabolically 

diverse plants. Land plants generally assimilate carbon from the air as carbon dioxide 

(CO2) and allocate it as fixed sugars to above and belowground tissues. CCA are different 

in that they assimilate both CO2 and bicarbonate (HCO3
-) from seawater to varying degrees 

(i.e. 35-65% CO2 use; Bergstrom et al., 2020 – Chapter 2), and use both photosynthesis 

and calcification to partition the carbon to carbohydrates and calcium carbonate, 
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respectively (Goreau, 1961). Ratios of metabolite production, as well as ratios of carbon to 

nutrients (e.g. C:N), are functional traits that define how plants interact with their 

environment (McGill et al., 2006). Carbon partitioning patterns also vary when 

environmental conditions change as a strategy for using and distributing resources and 

maximising fitness (e.g. reproduction, defence, growth) (Bazzaz and Grace, 1997; Bloom 

et al., 1985). Given the rapidly increasing global CO2 and temperature levels, a unique 

scenario is presented to characterise carbon partitioning in CCA in hopes of shedding light 

on underlying physiological mechanisms and responses to environmental change.  

Knowledge of carbon allocation and partitioning in CCA is essentially undescribed. 

Carbon allocation in fleshy seaweeds, particularly in brown algal genera, has been shown 

to vary throughout the thallus (e.g. from thallus to holdfast; Gorham and Lewey, 1984; 

Westermeier and Gómez, 1996; Wheeler and North, 1981). Differential allocation of 

organic compounds can be directly linked to the carbon acquisition capacity of that region 

of the thallus (Fischer and Wiencke, 1992; Wiencke and Fischer, 1990). Additionally, 

changes in light-use and carbon fixation efficiency influence carbon acquisition and 

allocation in seaweeds (Gómez and Huovinen, 2012). In CCA, the evolutionary histories of 

the three principal lineages have selected for the occupation of reef habitats with distinct 

light regimes. More basal orders, Hapalidiales and Sporolithales, have evolved to generally 

occupy low-light environments (cryptic or deeper), whereas the most recent order, 

Corallinales, has evolved to inhabit predominantly shallow, high-light environments 

(Aguirre et al., 2000). Since light plays a critical role in modulating physiological 

responses to environmental change (Lee, 2018), understanding the carbon flux patterns 

across species from different light environments would initiate a more holistic 

understanding of carbon partitioning in reef-building CCA as a group. 

Moreover, marine, freshwater, and terrestrial plants around the globe naturally 

release photosynthetically fixed carbon back to their surrounding environment (Brylinsky, 

1977; Demarty and Prairie, 2009; Neff and Asner, 2001). However, although the release of 

dissolved organic carbon (DOC) is widespread in all marine algae, it is one of the most 

poorly studied aspects of their carbon physiology, and this is especially true in CCA where 

the extent to which DOC is released is still unclear (Widder et al., 2016; Wild et al., 2010). 

Recent studies have shown that elevated temperature and/or pCO2 enhance DOC release in 

some marine temperate and tropical fleshy seaweeds (Daume et al., 1999; Diaz-Pulido and 
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Barrón, 2020; Iñiguez et al., 2016a), but it is not known whether CCA may respond 

similarly. DOC is an important energy source for surrounding microbial communities 

(Ducklow et al., 1986) and plays a role in inducing or facilitating coral larvae settlement 

(Barnard et al., 2006; Gómez-Lemos et al., 2018; Quinlan et al., 2019). Additionally, CCA 

can also release DIC to the environment through the process of dissolution, where high-Mg 

CaCO3 (and other forms of CaCO3) dissociates into CO3
2-, Ca2+, and Mg2+, typically under 

lowered pH conditions (Raven et al., 2005). Although studies make it clear that CCA are 

facing dissolution under ocean acidification (Diaz-Pulido et al., 2012), there is little known 

about the rates of DIC release to the environment due to the complexity of isolating this 

carbon flux. Thus, knowledge gaps exist concerning the reasons for carbon release in CCA 

across a range of taxa and in relation to environmental factors. 

This study aims to quantify patterns of carbon acquisition, partitioning, and release 

across reef-building CCA from different light environments in order to better understand 

their underlying physiological strategies and responses to environmental change. We 

simulate the IPCC RCP 8.5 worst-case scenario of elevated pCO2 and temperature for four 

CCA taxa and measure the surficial organic tissue and inorganic skeleton for carbon 

content, stable carbon isotopes, and DOC release. In order to assess the differences in 

carbon physiological strategies of CCA that evolved to occupy distinct light environments, 

we chose two high-light and two low-light reef-building species of CCA. We tested the 

following hypotheses:  

1. Differential partitioning of carbon to organic tissue and inorganic skeleton exists 

across species, where high-light reef-builders have higher organic:inorganic 

biomass ratios than low-light reef-builders. The prioritisation of resource 

partitioning will shift in response to OA and warming according to light 

environment groups. 

2. Carbon release will be variable across taxa, yet light environment-specific patterns 

will emerge as stress responses to OA and warming. 

3. Carbon acquisition patterns for photosynthesis and calcification vary across taxa, 

where low-light reef-builders use more CO2 than high-light reef-builders. OA and 

warming will generally favor increased bicarbonate use for both photosynthesis and 

calcification.  
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3.3 Methods 

3.3.1 Experimental overview 

To examine the carbon acquisition, partitioning and release patterns across CCA 

taxa and under OA and warming, we carried out a 2 month-long experiment in an outdoor, 

flow-through mesocosm system at the Lizard Island Research Station (LIRS) on the Great 

Barrier Reef (GBR), Australia. The experiment was conducted from austral spring to the 

beginning of austral summer in 2018. We subjected CCA fragments from two high-light 

and two low-light reef-building species to a full-factorial combination of ambient and 

elevated levels of pCO2 and temperature, totalling 4 treatments. We characterised the 

patterns of carbon flux into, within and out of the CCA thallus by measuring organic 

carbon content, inorganic carbon content, total carbon content, organic:inorganic biomass 

ratios, carbon isotopes and isotope fractionation, C:N ratios, and net DOC flux. 

3.3.2 Sample collection and study area 

The species Porolithon cf. onkodes (orange morph), Lithophyllum cf. insipidum, 

Lithothamnion proliferum and Sporolithon cf. durum were collected (Supplementary Fig. 

1) from lagoonal coral reefs at Lizard Island, northern Great Barrier Reef (14°41'17.4"S 

145°28'03.6"E & 14°41'47.0"S 145°27'02.9"E). These species were chosen because they 

make up a typical midshelf CCA assemblage in the GBR and are some of the most 

common species comprising high-light and low-light environments. P. cf. onkodes and L. 

cf. insipidum commonly occur in high-light reef flat environments around 2 m where mean 

incident irradiance is 314 ± 22 SE µmol photons m-2s-1 (LI-COR LI-1500 light sensor 

logger coupled to an LI-193SA underwater spherical quantum sensor). P. cf. onkodes in 

particular is one of the most important reef-builders in the GBR. L. proliferum and S. cf. 

durum can be found in low-light cryptic or reef slope environments around 6 m where 

mean incident irradiance is about 7x lower, 44 ± 7 SE µmol m-2s-1. Fragments of 

approximately 6 cm2 and comparable crust thickness (i.e. similar crust age) were removed 

from the reef using hammer and chisel, then brought back to the research station. 

Fragments were subsequently removed of unnecessary substrate and endobionts, and a thin 

layer of Coral glue (Ecotech) was spread across exposed calcium carbonate to prevent 

substrate erosion and exchange of endobionts. CCA acclimatised in tanks at ambient 

temperature and pCO2 and at their respective light levels for one week, and then one 
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fragment per species was placed in each experimental tank in the respective light 

environment. 

3.3.3 Experimental design 

Seawater was constantly pumped in from the adjacent reef into mixing tanks (300 

L) where the pCO2 and temperature treatments were mixed. Mean ambient pCO2 and 

temperature of seawater on the adjacent reef were 465 µatm and 27.2 °C, respectively, 

which were treated as the control levels of the two experimental variables. The elevated 

pCO2 level targeted 1025 µatm, or 7.7 pH, which was based on the end-of-century worst-

case IPCC 8.5 scenario (Pachauri et al., 2014). We chose a more moderate magnitude of 

temperature elevation of +2.2 °C that lies between the 8.5 and 6.0 scenarios.  

We achieved elevated CO2 concentrations by bubbling and diffusing pure CO2 

(food grade, BOC) into two mixing/header tanks, which were regulated using a pH-stat 

aquacontroller (Neptune systems, USA). Elevated temperature treatme71nts were 

established in two of the mixing/header tanks using 300 W titanium (EcoPlus, Aqua Heat) 

and glass (Aqua One) heaters. A small 50 W glass heater (EHEIM) was also used in each 

respective experimental tank to correct for heat loss from the large to small tanks, 

especially at night. Temperature was adjusted daily to mimic the ambient temperature of 

the adjacent reef based on season (data available from Australian Institute of Marine 

Science (AIMS) https://weather.aims.gov.au/#/station/1166). Each mixing/header tank 

corresponded to a treatment from which seawater was distributed via a Pondmaster 3600 

Fountain Pump (Pond One), through a manifold, to five replicate experimental tanks, 

totalling 20 experimental tanks (Supplementary Fig. 2). Water flow to each experimental 

tank was adjusted daily to remain at approximately 20L h-1, resulting in complete turnover 

twice per hour. An 8 W pump (Aqua One) was also placed in each experimental tank to 

homogenize seawater and mimic in situ water movement.  

Additionally, we targeted light regimes of approximately 30 and 250 µmol m-2 s-1 

for low- and high-light CCA, respectively. Shade cloth was placed on the top (to reduce 

incident light) and bottom (to limit reflection) of half of each experimental tank where 

low-light species were situated. The other side was kept uncovered for the high-light 

species. Photosynthetically-active radiation (PAR) was measured at different times of the 

day and on each side of each experimental tank. PAR on the shaded side measured 20 at 
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9:00, 65 at 12:00, and 20 at 17:00 (µmol photons m-2 s-1). The unshaded side measured 100 

at 9:00, 220 at 12:00, and 100 at 17:00 (µmol photons m-2 s-1). CCA were subjected to 

treatments for 2 months, with the exception of L. cf. insipidum, which was removed at 1 

month due to health decline in fragments irrespective of treatment. Upon termination of 

treatment exposure, 2 h incubations were conducted to measure rates of DOC release (see 

below), then fragments were cleaned of all epiphytes, dried (at 60 °C for 24 h), stored in 

silica, and transported to Griffith University (Nathan campus) for subsequent carbon, 

nitrogen, and isotope quantification (see below). 

3.3.4 Carbonate chemistry 

 Routine seawater pH measurements were measured twice a day, using a handheld 

pH meter (Mettler Toledo, SevenGo Duo SG98) coupled to a pH electrode (Mettler-Toledo 

InLab Routine Pro) calibrated on the total scale (pHT) to Tris-HCl buffer (Dickson et al., 

2007). Salinity was measured daily with a conductivity meter (Mettler Toledo, SevenGo 

Pro). Seawater samples were collected and total alkalinity (AT) was measured every other 

day during the first week, then every six days for the remainder of the experiment (Mettler 

Toledo, T50 titrator coupled to Rondolino autosampler) following standard operating 

procedure 3b (Dickson et al., 2007). The precision and accuracy of titrations were verified 

using certified seawater reference materials (Scripps Institution of Oceanography, A. G. 

Dickson). Carbonate chemistry parameters were calculated using AT, pHT, temperature, 

and salinity as means ± SE of 124 to 129 data collected from October - December 2018 

(pH variance: 0.004-0.001) with the seacarb package version 3.2.12 (Gattuso et al., 2019) 

in RStudio (R Foundation for Statistical Computing) (Table 1). High-Mg calcite saturation 

state (ΩHigh-Mg Ca) was calculated using pHT, temperature, salinity, and CO3
2- following 

protocol from Diaz-Pulido et al. (2012). 
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Table 1. Carbonate chemistry parameters of the four treatments of the experimental system; the values 
reported are means ± SE of 124 to 129 data collected from October - December 2018 (pH variance: 0.004-
0.001). pH is on the total scale, pCO2 units are in µatm, AT is in µmol kg-1, HCO3

- is in µmol kgSW-1, CO3
2- 

is in µmol kgSW-1, and CO2 is in µmol kgSW-1. The calcium carbonate saturation state was calculated 
specifically for high-magnesium calcite (16 mol% Mg), as this is the dominant form of calcium carbonate 
precipitated by CCA. 
 

Treatment pHT pCO2 T ( C) S AT HCO3
- CO3

2- CO2 ΩHigh-Mg Ca 

465 pCO2 
27.2 C 8.003 ± 0.01 452 ± 9 27.1 ± 0.06 35.0 ± 

0.2 2292 ± 1 1775 ± 5 210 ± 2 12 ± 0.2 1.21 ± 0.1 

29.4 C 7.980 ± 0.00 473 ± 4 29.4 ± 0.08 35.0 ± 
0.2 2291 ± 1 1765 ± 3 214 ± 1 12 ± 0.1 1.27 ± 0.1 

1025 pCO2 
27.2 C 7.698 ± 0.00 1015 ± 7 27.2 ± 0.06 35.0 ± 

0.2 2292 ± 1 2004 ± 2 117 ± 1 27 ± 0.2 0.67 ± 0.0 

29.4 C 7.694 ± 0.00 1028 ± 8 29.5 ± 0.08 35.1 ± 
0.2 2291 ± 1 1984 ± 2 125 ± 1 26 ± 0.2 0.75 ± 0.0 

3.3.5 Carbon acquisition and partitioning 

We isolated the organic tissue and CaCO3 skeleton from each CCA fragment in 

order to quantify the amount of carbon partitioned to organic and inorganic fractions of 

cells. First, in order to determine the ratio of organic to inorganic biomass (including all 

elemental components), a 1-cm2 surface area of the pigmented tissue of each alga was 

uniformly dry-scraped with a sterile razor blade (15-80µm into the crust, as confirmed by 

calcein staining and microscope observations). The pigmented surficial cell layers were 

targeted (as opposed to the entire crust) because it is the location where photosynthesis and 

calcification are co-occuring, and correspond to new cells produced during 

experimentation. Further, it has been demonstrated (Diaz-Pulido et al., 2014) that the 

mineralogy of the pigmented and unpigmented CCA skeleton is fundamentally different, 

with the presence of magnesite, dolomite, and aragonite mainly occurring in the 

unpigmented skeleton. Additionally, the pigmented/surficial layer does not have endolithic 

algae and cyanobacteria (Reyes-Nivia et al., 2014; Tribollet and Payri, 2001), which 

allows us to avoid contamination from other forms of algae in the assessments. This is 

critical for making accurate estimates of CCA carbon physiology. The powder was placed 

in a tin tray and samples were ignited in a muffle furnace (Lenton ECF12/4) at 550°C for 3 

hours to remove all organic tissue, leaving only CaCO3 remaining, according to the Loss-

On-Ignition Method (Dean, 1974). The ratio of organic:inorganic biomass was then 

calculated as follows: 

org:inorg biomass = Winitial  -  Wfinal  Wfinal 
                  (Equation 3) 

where Winitial was the pre-furnace sample weight and Wfinal was the post-furnace 

sample weight (i.e. weight of CaCO3). 
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 Subsequently, an untouched sub-fragment measuring approximately 2 cm2 was 

removed from each algal fragment. The sub-fragment was decalcified in 10% HCl for 1.5 

minutes, rinsed with DI water, and the surficial pigmented organic tissue (~15-80 µm into 

the crust) was scraped with a sterile razor blade under a dissecting microscope (Olympus 

SZX16) and placed on a GF/F filter (47 mm, Whatman). Organic tissue on the filter was 

rinsed five times with DI water, then dried at 60 °C overnight. Samples of isolated organic 

tissue and inorganic skeleton (i.e. CaCO3 resulting from furnace-treated samples) were 

then separately pre-weighed into tin capsules, pelleted, and analysed for carbon content 

(Corg & Cinorg ; in mg and %), nitrogen content (Norg; in mg and %), and the ratio of 13C/12C 

(i.e. δ13C of algal tissue; in parts per thousand: per mille, ‰, relative to VPDB). These 

isotope analyses involved combustion at 1000 °C using an Elemental Analyser (Sercon 

EA-GSL) coupled to an Isotope ratio Mass Spectrometer (Europa Hydra 20-22) calibrated 

to certified reference material (IAEA-CH-6 sucrose, -10.45 ‰, Australian National 

University, Canberra). The C:Norg ratio was calculated by dividing %Corg by %Norg. 

Carbon content weights were normalised to their corresponding surface area, which was 

calculated via the aluminium foil technique (Marsh Jr, 1970). δ13C values of organic algal 

tissue and inorganic algal skeleton reflect both stable carbon isotope fractionation due to 

algal metabolism and the variation in source DIC δ13C, or DI13C (See Bergstrom et al., 

2020 – Chapter 2 for further details). So, DI13C values from each treatment were taken into 

account in the calculation of the fractionation (13ε) of organic and inorganic fractions 

following an adapted equation from the original (Laws et al., 1995) and subsequent 

literature (Fry, 1996, 2006a): 

 13ε = 1000 * 1000+δ13Ctissue
1000+DI13C

-1   (Equation 4) 

Larger fractionation corresponds to more negative 13ε values, while smaller 

fractionation corresponds to values approaching 0 ‰ (i.e. less negative). DI13C values 

were taken from similar ambient and high pCO2 and temperature treatments in Bergstrom 

et al. (2020) (Chapter 2 - refer for methodology), where DI13C measurements were made at 

a single time point and in a well-regulated system, so they should represent steady state. 

 To interpret the relative contribution of CO2 uptake vs HCO3
- uptake, percent CO2 

use can be determined from organic 13ε values using the following two-source mixing 

model (CO2 versus HCO3
-) (Fry, 2006b; see Bergstrom et al., 2020 – Chapter 2): 
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       % CO2 use = -100* 
13ε!"#!13εEM1
13εEM2!13εEM1

                (Equation 5) 

where 13εalg is algal fractionation (organic only), 13εEM1 is the hypothetical 

fractionation value for sole HCO3
- use in rhodophytes (-1 ‰), and 13εEM2 is the 

fractionation value for sole diffusive CO2 use in rhodophytes (-36 ‰) (Stepien, 2015). 

HCO3
- use is inversely related to CO2 use, where % HCO3

- use = 100 - % diffusive CO2 

use. 

3.3.6 Carbon release: Dissolved Organic Carbon incubations 

In order to assess the effects of elevated pCO2 and warming on DOC release rates 

across CCA taxa, a series of incubation assays were conducted. Carbon release also 

includes the efflux of DIC resulting from carbonate dissolution; however, the 

quantification of this parameter was out of the scope of this study. For each incubation, an 

initial seawater sample was collected directly from the experimental tank containing the 

targeted treatment seawater via a 20 ml sterile, acid-washed (4%) syringe (ThermoFisher 

Scientific), and filtered (0.22µm sterile syringe filter, Sartorius) into a 40 ml glass vial 

(EPA vial, ThermoFischer Scientific). The first volume of filtered seawater was used to 

rinse the filter and vial, then the second 20 ml of filtered seawater was collected and 

preserved for each incubation. Acrylic chambers (620 ml) were filled with unfiltered 

seawater and one CCA fragment from the respective seawater treatment was placed inside 

on a raised mesh platform to allow mixing via a stir bar on the bottom. Each incubation 

assay consisted of six chambers filled with seawater from one treatment and each of the 

five replicate CCA fragments from one species placed in separate chambers. The 

remaining chamber contained only seawater as a control. Chambers were sealed 

underwater, to remove bubbles, and placed in a double water bath. One bath was situated 

on a magnetic stir plate and a second bath sat adjacent, fitted with a Juloba heater (GmbH 

Model CORID CO) to maintain the respective treatment temperature. A 5W pump (HJ-

542) was placed in each bath to homogenise the water temperature. Full spectrum 

irradiance was provided via a 300W LED light (MarsAqua) (30 µmol for S. cf. durum and 

L. proliferum; ~300 for P. cf. onkodes and L. cf. insipidum) and chambers were left to 

incubate for 2 h. Upon termination, 20 ml of seawater was sampled from each chamber and 

filtered into separate, rinsed 40 ml vials. Upon collection, five drops of orthophosphoric 

acid (85%, Chem-supply) were added to preserve all initial and final vials and were 
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allowed to off-gas for 10 min to release inorganic carbon. Vials were sealed and 

immediately stored at -20 °C until analysis. In order to obtain dark DOC flux, the same 

incubation process was repeated with newly collected seawater, but without any light 

exposure (covered with shroud). DOC concentration (mg L-1) was measured at the Water, 

Organics and IRMS laboratory (Chemistry Centre, EcoSciences Precinct, Queensland 

Department of Environment and Science), using an automated carbon analyser 

(combustion at 680 °C over a platinum catalyst) in accordance with method 5310 D 

(APHA, AWWA, WEF, 2012). Net DOC flux for each chamber was calculated by adding 

the light DOC flux and mean dark DOC flux values as follows: 

Net DOC flux = 
(ΔDOCal - ΔDOCswl)V

SAt
 + 
Σi=1
n (ΔDOCadi - ΔDOCswdi)Vi

SAit

n
 (Equation 6) 

where ΔDOCal and ΔDOCad are the change in DOC concentration of the chamber 

containing an alga (i.e. DOCf - DOCi) in the light and dark, respectively; ΔDOCswl and 

ΔDOCswd are the change in DOC concentration of the chamber containing only seawater 

(i.e. DOCswf – DOCi) in the light and dark, respectively; DOCf is the DOC concentration of 

the final water sample from the chamber containing the alga (µmol L-1); DOCi is the DOC 

concentration of the initial water sample (µmol L-1); DOCswf is the DOC concentration of 

final seawater-only sample (µmol L-1); “V” is the volume of seawater in the chamber 

(mL); “SA” is the surface area of the CCA fragment (dm2); “t” is the duration of the 

incubation (in h); “i” refers to the dark incubation replicate number; and “n” is the total 

number of dark incubation replicates. 

3.3.7 Statistical analysis 

In order to test the effects of species and light environment on organic carbon 

content (Corg), inorganic carbon content (Cinorg), total surficial carbon, org:inorg biomass 

ratio, ambient organic fractionation (13εorg), carbonate fractionation (13εinorg), C:N ratio, 

organic nitrogen content (Norg), and net DOC flux, we performed separate one-way 

ANOVAs, one with species (four levels) as the fixed factor and another with light 

environment (two levels) as the fixed factor, holding the replicates (n=3-5) as the random 

factor. Comparisons across light environments were conducted by pooling data for the two 

species from each light environment for each response variable. To test the effects of pCO2 

and temperature on all aforementioned response variables in each of the four species, we 
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ran separate two-way ANOVAs with pCO2 (two levels) and temperature (two levels) as 

fixed factors and replicates (n=3-5) as the random factor. To test the effects of light 

environment, alongside pCO2 and temperature, on all aforementioned response variables, a 

three-way ANOVA was performed (pCO2, temperature and light environment as fixed 

factors; two levels each). ANOVAs were followed by Tukey’s HSD post hoc pairwise 

comparisons when a significant interaction was identified between pCO2 and temperature. 

Otherwise, a t-test or 1 way ANOVA was conducted if there was a significant effect of 

only one variable. Normality and equality of variance were assessed visually via graphical 

representations of residuals. DOC flux data that did not meet assumptions was cube root- 

or reciprocal-transformed. 

 

3.4 Results 

3.4.1 Carbon partitioning 

Carbon partitioning patterns largely varied across CCA species (Fig. 5, 

Supplementary Table 3). Ambient ratios of total organic:inorganic biomass (including 

other elements besides C) varied across species and light environment groups 

(Supplementary Table 3), where high-light species, P. cf. onkodes (0.21) and L. cf. 

insipidum (0.30), had significantly higher values than low-light species, L. proliferum 

(0.09) and S. cf. durum (0.14) (Fig. 6). 

Carbon partitioning to organic tissue and inorganic skeleton was differentially 

affected by OA and warming across CCA taxa (Supplementary Tables 4 & 5). P. cf. 

onkodes was the only species to change its overall Cinorg content under OA and warming 

due to a pCO2 effect (Fig. 5 E & I). P. cf. onkodes partitioned less carbon to high-Mg 

calcite (i.e. decreased Cinorg content) at elevated pCO2, which influenced a decrease in total 

surficial carbon. In contrast, there was no overall change in Corg or Cinorg content for L. cf. 

insipidum, S. cf. durum, and L. proliferum under both OA and warming (Fig. 5). However, 

interactions were observed that elucidated important underlying effects of temperature and 

pCO2, as well as distinctions between light environment group responses. Low-light 

species, L. proliferum and S. cf. durum, were capable of partitioning additional carbon to 

high-Mg calcite, and thus, total surficial carbon, under only OA and/or only warming (Fig. 

5 G & H). 
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Ultimately, under both OA and warming, these effects were mitigated and carbon content 

remained similar to ambient conditions. L. cf. insipidum experienced antagonistic 

interactions for Corg and Cinorg content, where under the sole elevation of temperature, it 

partitioned a lower portion of carbon to organic tissue and a greater portion to inorganic 

skeleton (Fig. 5 B & F), resulting in a lower organic:inorganic biomass ratio (Fig. 6B). The 

simultaneous elevation of pCO2 ameliorated the effect on Corg and Cinorg content, yet the 

temperature effect on the organic:inorganic biomass ratio is maintained in L. cf. insipidum. 

3.4.2 C:N ratio 

 The mean ambient C:N ratio of organic tissue differed across species and light 

environments (Supplementary Table 3), where values were higher in high-light species, P. 

cf. onkodes (8.8) and L. cf. inspidum (13.2), than low-light species, S. cf. durum (6.5) and 

L. proliferum (6.6) (Fig. 6). Ambient Norg content was not significantly different across 

species or light environments (Supplementary Table 3). 

The nature of the effects of pCO2 and temperature on the C:N ratio across species 

was variable (Supplementary Table 5). Although P. cf. onkodes, S. cf. durum, and L. 

proliferum differed in the nature of the effect (i.e. separate pCO2 and temperature effects, 

individual temperature effect and interactive effect, respectively), they are similar in that 

they all experienced a decrease in C:N under the sole elevation of temperature (Fig. 6). On 

the other hand, high-light reef-builders, P. cf. onkodes and L. cf. insipidum, experienced a 

pCO2 effect, where C:N increased under the sole elevation of pCO2 (Fig. 6 E & F) 

alongside a decrease in Norg content (Supplementary Table 5, Table 2). Regardless of 

treatment, Norg content was higher in low-light reef-builders than high-light reef-builders 

(Supplementary Table 6). 
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Table 2. Mean values ± SE of organic fractionation (13εorg), carbonate fractionation (13εinorg), organic:inorganic 
biomass ratio, C:N ratio, organic carbon content (Corg), inorganic carbon content (Cinorg), total surficial carbon, 
organic nitrogen content (Norg), and net DOC flux for high- and low-light reef-building CCA under the full-
factorial combination of ambient and elevated pCO2 and temperature treatments. 

  
13εorg 13εinorg Org:inorg biomass 

pCO2 temp high-light low-light high-light low-light high-light low-light 

465 µatm 
27.2 C  -21.3 ± 1.1  -21.0 ± 0.6  -4.2 ± 0.5  -5.5 ± 0.2 0.26 ± 0.02 0.11 ± 0.01 

29.4 C  -19.2 ± 1.1  -20.2 ± 0.8  -4.9 ± 0.7  -6.1 ± 0.2 0.22 ± 0.01 0.12 ± 0.01 

1025 µatm 
27.2 C  -20.3 ± 1.0  -19.7 ± 0.6  -3.0 ± 0.5  -4.0 ± 0.4 0.23 ± 0.01 0.12 ± 0.01 

29.4 C  -21.0 ± 1.0  -20.0 ± 0.7  -3.2 ± 0.5  -4.5 ± 0.2 0.23 ± 0.01 0.14 ± 0.01 

        
  

C:Norg Corg content Cinorg content 

pCO2 temp high-light low-light high-light low-light high-light low-light 

465 µatm 
27.2 C 10.7 ± 1.0 6.5 ± 0.1 0.79 ± 0.13 0.43 ± 0.02 2.7 ± 0.5 2.3 ± 0.1 

29.4 C 10.1 ± 1.3 6.0 ± 0.2 0.51 ± 0.05 0.48 ± 0.03 2.8 ± 0.2 3.0 ± 0.2 

1025 µatm 
27.2 C 13.0 ± 1.6 6.2 ± 0.0 0.66 ± 0.08 0.43 ± 0.02 2.4 ± 0.2 2.9 ± 0.1 

29.4 C 11.6 ± 1.9 6.2 ± 0.1 0.64 ± 0.06 0.46 ± 0.02 2.3 ± 0.2 2.6 ± 0.2 

        
  

Total surficial C Norg content net DOC flux 

pCO2 temp high-light low-light high-light low-light high-light low-light 

465 µatm 
27.2 C 3.5 ± 0.4 2.6 ± 0.2 0.07 ± 0.01 0.07 ± 0.00  -9.8 ± 3.3 6.9 ± 2.8 

29.4 C 3.4 ± 0.2 3.4 ± 0.2 0.06 ± 0.01 0.08 ± 0.01 31.1 ± 8.1  -4.3 ± 1.0 

1025 µatm 
27.2 C 3.1 ± 0.2 3.4 ± 0.1 0.05 ± 0.00 0.07 ± 0.00 8.7 ± 1.2 4.8 ± 3.5 

29.4 C 3.0 ± 0.1 3.1 ± 0.2 0.06 ± 0.00 0.08 ± 0.00  -0.4 ± 5.2  -6.4 ± 11.5 
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DOC release rates were differentially affected by OA and warming in magnitude 

and direction across species (Supplementary Table 5). In P. cf. onkodes, there was a 

positive increase in net DOC release under both OA and warming (Fig. 7A). There was 

also a large spike in net DOC release in L. cf. insipidum under the sole elevation of 

temperature, but the simultaneous elevation of pCO2 canceled this effect, resulting in no 

significant change in net DOC release (Fig. 7B). In contrast, S. cf. durum had a negative 

decrease in net DOC flux (i.e. influx) under both OA and warming, a 4500% decrease 

from the control to elevated pCO2 & temperature (Fig. 7D). On the other hand, in L. 

proliferum, although the separate elevation of each factor resulted in a drop to negligible 

net DOC release, a synergistic interaction between high pCO2 & temperature resulted in a 

positive net DOC release rate comparable to that at ambient conditions (Fig. 7C). In 

general, under both OA and warming, there was a mean increase in net DOC release for 

high-light species, whereas low-light species effectively reversed DOC release to a mean 

net influx of organic carbon (Table 2, Supplementary Table 6). 

3.4.4 Carbon acquisition 

Across species, organic tissue had consistently lower (more negative) ambient 

fractionation values than carbonate, which were found ranging from around -18.5 to -24 ‰ 

and -3 to -6 ‰, respectively. The former values correspond to 66-71% CO2 use. There 

were significant differences in organic and inorganic fractionation values across species 

(Supplementary Table 3). In terms of ambient organic fractionation, there were significant 

differences in DIC use by photosynthesis between species, but no significant difference 

between high- and low-light reef-builders (Supplementary Table 3, Table 2). For ambient 

inorganic fractionation, there were also significant differences in DIC use by calcification 

between species, and high-light reef-builders had less negative values (i.e. greater HCO3
- 

use) than low-light reef-builders (Supplementary Table 3, Table 2). 

OA and warming influenced a significant shift in the DIC acquisition by CCA for 

photosynthesis and calcification (Supplementary Table 4). Across species, fractionation 

values for organic tissue and inorganic skeleton (i.e. photosynthesis and calcification, 

respectively) were generally less negative under OA, which implies greater HCO3
- use or 

less disequilibrium effects (Fig. 8).  

	





 85 

For organic fractionation, the exceptions were P. cf. onkodes and L. cf. insipidum, whose 

values were less negative under the sole elevation of temperature, but this effect was 

ameliorated by elevated pCO2 (Fig. 8A & B). Thus, DIC use by photosynthesis in high-

light species was ultimately unaffected under OA and warming, while photosynthesis in 

both low-light species increased HCO3
- use (Fig. 8). However, this distinction did not 

amount to a significant difference in the organic fractionation responses to OA and 

warming between low- and high-light reef-builders (Supplementary Table 6). For 

inorganic fractionation, all species ultimately had less negative values under OA and 

warming, but P. cf. onkodes and L. proliferum had underlying temperature effects that 

resulted in more negative fractionation values at elevated temperature, regardless of pCO2 

(Fig. 8). Overall, high-light reef-builders maintained less negative inorganic fractionation 

values than low-light reef-builders, regardless of treatment (Supplementary Table 6, Table 

2). 

	

3.5 Discussion 

This study reports on the carbon acquisition, partitioning, and release across CCA 

taxa and sheds light on the differences in physiological responses to OA and warming 

between high- and low-light reef-builders. Carbon retention in the thallus is generally 

associated with reduced carbon release. Low-light reef-builders are capable of retaining or 

even increasing carbon content and reversing DOC release, whereas high-light species 

were the only examined CCA to lose carbon content and simultaneously increase DOC 

release to the environment. We show that both photosynthesis and calcification can vary in 

carbon acquisition and that overall shifts to assimilating more bicarbonate under OA and 

warming may be helping to continue to fuel metabolism in surficial cell layers of CCA. 

This study demonstrates the different strategies employed across reef-builders from 

different light environments and suggests that low-light species have physiological 

responses to OA and warming that suggest they are capable of sustained metabolic 

performance on future reefs.   
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3.5.1 Variability in carbon flux patterns across CCA under ambient conditions 

Carbon partitioning 

Differences in the partitioning of assimilated resources to organic tissue and 

inorganic skeleton under ambient, control conditions across CCA species highlight the 

distinct environments they have evolved to occupy. In terms of the ratio of organic to 

inorganic biomass, species that have evolved to exploit the high-light reef flats partition a 

larger portion of resources to organic tissue than those who evolved to occupy low-light 

environments. Light stimulates the production of photosynthate (at non-photoinhibitory 

levels) until another resource is limiting (Lee, 2018), thus high-light CCA reef-builders 

receive a larger amount of incident energy (250-300 µmol m-2 s-1) that allows them to 

partition a comparatively greater portion of resources to organic tissue than low-light 

species do at ~30 µmol m-2 s-1. This is corroborated by the relatively slower growth rates 

observed in low-light species, S. cf. durum and L. proliferum (Darrenougue et al., 2013), 

compared to many high-light species (Lewis and Diaz-Pulido, 2017; Lewis et al., 2017). In 

addition, the higher C:N ratios we observed in high-light than low-light reef-builders (11.0 

± 0.6 SE, 6.5 ± 0.1 SE, respectively) closely corroborates the mean C:N ratios of field 

fragments of the same high- and low-light species, including an additional high-light 

species, Neogoniolithon fosliei, and low-light species, Melyvonnea madagascariensis 

(unpublished data; high-light mean 10.6 ± 0.6 SE, low-light mean 6.1 ± 0.3 SE). We did 

not find any differences in ambient Norg content, but when considering all treatments, Norg 

content was higher in low-light than high-light CCA. Similarly, the aforementioned 

unpublished results found higher mean Norg content in low-light tissues (121 µmol mg-1 N 

± 6 SE) than high-light tissues (67 µmol mg-1 N ± 5 SE), suggesting that N availability in 

the surrounding environment and/or N uptake capacity could contribute to the difference in 

C:N ratios (unpublished data). Higher inorganic nitrogen concentrations can be found in 

more isolated reef environments compared to the water column (Larned, 1998), which is 

typical of many of the protected cryptic environments that low-light CCA occupy 

(although they too need a certain degree of water motion). High-light reef-builders are 

typically located on reef flats or crests that are exposed to constant high motion (i.e. surge 

and wave action) seawater from the water column, which generally impedes the formation 

of isolated zones with accumulated high nutrient concentrations (Larned, 1998). On the 

other hand, increased water flow on reef flats and crests (compared to environments that 
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are more cryptic) can alter boundary layer thickness (Stevens and Hurd, 1997) and may 

yield higher inorganic nutrient supply for the algal thallus per unit of time (McCook, 

1999). More research is required, however, to determine how N availability and/or uptake 

capacity affects Norg content and general resource allocation in CCA tissue. The conditions 

of these reef environments over geological history have played an important role in 

selecting for distinct strategies of resource partitioning in CCA. 

Carbon release 

 Ambient carbon release rates vary across CCA taxa and light environment groups. 

The highest observed mean net efflux (i.e. positive production; 10 µmol dm-2h-1), from 

low-light species L. proliferum, is double the rate reported for the CCA Hydrolithon 

reinboldii (~5 µmol dm-2h-1; Haas et al., 2011), five times less than that reported for 

Lithophyllum congestum (~53 µmol dm-2h-1; Mueller et al., 2014), and within the wide 

range of values observed for benthic fleshy macroalgae (1-100 µmol dm-2h-1; Haas et al., 

2011, 2013; Wild et al., 2010). In contrast, a mean net influx (i.e. consumption) of DOC 

was evident at the surface of both high-light CCA species’ thalli. Initially, this result is less 

expected, because in general, benthic primary producers have higher growth rates in high-

light environments (Darrenougue et al., 2013; Lewis et al., 2017), and higher 

photosynthetic rates are associated with greater DOC release rates (Haas, 2011). However, 

since we did not quantify the DOC consumption of the bacterial community of each CCA, 

our DOC release rates reflect both net algal production and microbially facilitated fluxes. 

Thus, the observed discrepancy could likely be explained by the influence of species-

specific microbial communities. Haas et al. (2013) observed a net release rate of ~0.95 

µmol dm-2h-1 from CCA, but when additionally considering microbially facilitated fluxes, 

it dropped to ~-2.5 µmol dm-2h-1. This may suggest that our observed negative results (i.e. 

net algal influx) for both high-light species could be a result of appreciable microbial 

activity. Different CCA harbour different bacterial communities (Quinlan et al., 2019; 

Sneed et al., 2015) and the quality and quantity of DOC may influence the bacterial 

communities that live on the algal surface (Haas et al., 2013; Haas et al., 2011). In turn, the 

variability in composition of the microbial community on the surface of each CCA would 

affect the microbially facilitated flux as well. The interactions between DOC fluxes, algal 

surfaces, and microbial communities are expected, yet complex, and further research is 

needed to better understand them (Gómez-Lemos et al., 2018). Furthermore, recent 
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findings of variable composition of cell wall organic compounds across CCA taxa 

(unpublished data; Bergstrom et al. in prep) may suggest that both the release rate and 

DOC composition could play unique roles in supporting microbial diversity (Mann and 

Wetzel, 1995). Overall, the observed variability in carbon fluxes across CCA taxa is 

grounds for the expectation of a range of responses to environmental change. 

Carbon acquisition 

As predicted, carbon acquisition patterns in CCA differ between photosynthesis 

and calcification and vary across taxa. Photosynthesis has more negative fractionation 

values than calcification because Rubisco discriminates against inorganic carbon that is 

enriched in 13C (Maberly et al., 1992; O’Leary, 1988). Variation in DIC use across taxa 

reflects the differences in CCM components and whole-thallus energetic balances that have 

been selected for by environmental factors throughout evolutionary history (Cornwall et 

al., 2017; Diaz-Pulido et al., 2016; Hofmann & Heesch, 2018; McNicholl et al., 2019). 

Bergstrom et al. (2020) (Chapter 2) found that photosynthesis in species from more basal 

lineages that evolved to occupy low-light habitats has a greater capacity for CO2 use than 

that in species from recent lineages that evolved to occupy high-light environments. Their 

results suggest that this trait has been selected for, in part, by the high CO2 levels 

experienced during the evolutionary histories of basal lineages. Our ambient 

photosynthetic data did not corroborate this trend, but this is most likely because we 

compared tank fragments, while the aforementioned study compared field fragments. As 

discussed in their study, fractionation can occur in manipulated aquarium seawater, which 

results in more enriched DI13C and thus, more 13C-enriched values in tank fragments than 

field fragments. 

Second to carbonate, calcification in all examined CCA largely sources enriched 

bicarbonate, seeing as bicarbonate is the most available DIC species in seawater (90%) and 

the next most energetically advantageous to convert to carbonate (Bergstrom et al., 2020 – 

Chapter 2; Comeau et al., 2013). We do show, however, that calcification in low-light reef-

builders also sources DIC that is more depleted in 13C than that of high-light reef-builders. 

Greater HCO3
- use for calcification in high-light CCA may be linked to light intensity, as 

this association has been reported for corals (Comeau et al., 2013). Meanwhile, the 

literature generally attributes lower HCO3
- use for calcification in low-light species to 

greater metabolic effects, i.e. the withdrawl of carbon by photosynthesis and/or input by 
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respiration changes the isotopic composition of the DIC within the thallus that may be used 

for calcification (Lee and Carpenter, 2001). This is supported by the observation of 

photosynthesis commonly increasing skeleton 13C (Cummings and McCarty, 1982; Swart, 

1983 (coral); McConnaughey, 1989). Additionally, the more negative fractionation values 

of the inorganic skeleton of low-light CCA could be a product of greater kinetic effects of 

crystal precipitation (McConnaughey, 1989). CCA with lower skeleton 13C can also be 

performing relatively more dark calcification than light, meaning there would be more 

respired DIC (13C-depleted) available as substrate during those hours (Lee and Carpenter, 

2001). Internal DIC pools would harbor more depleted DI13C in the form of respired CO2 

or HCO3
- that was converted from respired CO2, which comes from organic tissue that is 

generally much more depleted in 13C than carbonate. The ability to access internal DIC 

pools could be a strategy of CCA in low-light environments to reduce energy expenditure 

associated with CCMs and/or potentially higher respiration rates. The prospect of the 

capacity of CCA to recycle respired CO2 is interesting and would be a relevant hypothesis 

to further test in order to better understand the physiological mechanisms that underpin 

photosynthesis and calcification.  

3.5.2 Responses of acquisition, partitioning and release to OA and warming 

When confronted with global stressors, low-light and high-light reef-building CCA 

largely have different carbon acquisition, partitioning, and release responses.  

Carbon partitioning  

By analyzing resource partitioning, we determined that when faced with climate 

change stressors, low-light and high-light reef-building CCA maintain distinct patterns, but 

high-light CCA decrease carbon retention in their surficial thallus. Regardless of treatment, 

high-light CCA continue to possess greater mean organic:inorganic biomass and C:N 

ratios, and lower mean Norg content than low-light species. However, while low-light CCA 

largely maintain similar patterns of partitioning of carbon to photosynthate and high-Mg 

calcite under OA and warming, high-light CCA decrease the amount of carbon partitioned 

to organic tissue or inorganic skeleton under one or multiple stressors. High-light CCA 

species, P. cf. onkodes decreases the amount of carbon partitioned to high-Mg calcite (and 

thus, total carbon content) in its surficial thallus. This could be interpreted as a weak 

response to OA and warming, since thallus growth requires the continuous precipitation of 
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a calcium carbonate skeleton. We suspect that the associated increase in DOC release 

(discussed below) occurs because synthesised sugars (e.g. photosynthate or cell wall 

organic matrix constituents) become redundant and are released to the environment. Loss 

of biomass in P. cf. onkodes can have negative ecological ramifications, seeing as it is one 

of the most important reef-building species. Additionally, high-light CCA, L. cf. insipidum, 

does not lose carbon content under both OA and warming, but does shift its partitioning 

pattern under the sole elevation of temperature to prioritise high-Mg calcite at the cost of 

photosynthate, which is also indicative of a stress response. Low-light CCA, S. cf. durum 

and L. proliferum, on the other hand, have physiological responses that appear to favour 

sustained metabolic performance, which we interpret as a robust response, as they are even 

able to increase overall carbon content under only OA and/or only warming. The capacity 

for carbon retention in CCA from different light environments under OA and warming is 

further corroborated by carbon release responses.  

Carbon release 

Net DOC release rates are also expected to differentially shift across reef-building 

CCA under OA and warming. On one hand, high-light CCA species were the only CCA 

observed to increase net carbon release rates under OA and/or warming. Considering that 

CCA are shown to release ~10% of assimilated carbon to the environment as DOC under 

ambient conditions (Haas, 2013), we interpret a >4-fold increase in DOC release under 

both OA and warming in P. cf. onkodes as a stress response due to the serious energetic 

implications associated with the increased loss of energy and resources used to synthesize 

organic material. On the other hand, some studies suggest that ample or even high incident 

light in shallow environments is favorable for adaptive capacity under elevated pCO2 by 

providing energy for CCMs (Zweng et al., 2018), whereby high energy levels could 

increase photosynthetic rates/efficiency and compensate for the resources lost due to 

increased DOC release. However, P. cf. onkodes has been observed to decrease its 

photosynthetic rate by more than 4-fold (even to net oxygen consumption) under a 

comparable OA and warming scenario (Anthony et al., 2008); thus it would be likely that 

increased DOC release could put this species at an energetic disadvantage. In studies on 

DOC release in marine phytoplankton and macrophytes, the loss of DOC is not deemed to 

be energetically beneficial (Arrigo, 2007; Iñiguez et al., 2016b), however, it could be an 

acclimation strategy to avoid an otherwise more rapid health decline. The degree to which 
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increased DOC release from high-light CCA is energetically disadvantageous requires 

continued research.  

On the other hand, low-light species maintain DOC release rates or even reverse 

them to a net influx of DOC. The opposing differences in DOC release between examined 

species can be expected, as species-specific shifts in DOC release rates in response to OA 

are reported for fleshy macroalgae (Diaz-Pulido and Barrón, 2020). Seeing as CCA are not 

reported to be capable of osmochemoorganotrophy, i.e. the assimilation of organic 

polymers from the surrounding environment via osmosis (Raven, & Beardall, 2016), it is 

possible that the large DOC “influx” in S. cf. durum may be a result of increased 

microbially-facilitated DOC flux (i.e. consumption). This hypothesis is supported by work 

from Haas et al. (2013), who identify surficial and water column microbial activity as a 

considerable contributor to DOC consumption. However, surficial microbial dynamics 

need to be thoroughly tested in future research in order to accurately differentiate between 

DOC production by CCA and consumption by microbes, and thus strengthen the 

interpretation of our results.  

Furthermore, shifts in DOC release not only could reflect stress responses in high-

light reef-builders, but may have implications for changes in the composition of DOC that 

is released in each light environment. These same high-light species (P. cf. onkodes & L. 

cf. insipidum) have been found to possess comparably higher D-glucose content from the 

alcohol insoluble fraction in their cell walls, whereas sugars such as D-mannose and D-

galactose are more prevalent in those of low-light species (unpublished data; Bergstrom et 

al., in prep). As high-light CCA increase and low-light CCA decrease the release of such 

compounds, it is expected that the microbial community composition in each light 

environment would be differentially impacted based on microbial affinities for specific 

carbohydrate compounds (Haas et al., 2011). In turn, there would be positive and/or 

negative implications for the remineralisation of dissolved organic to inorganic carbon by 

microbes (Ducklow et al., 1986), invertebrate larval settlement on CCA (Barnard et al., 

2006; Gómez-Lemos et al., 2018) and pathogens associated with coral disease (Quinlan et 

al., 2019). Our findings show that characterising the patterns of carbon flux into, within, 

and out of CCA allows for an integral understanding of the role that high and low-light 

reef-builders will play on future reefs. 
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Carbon acquisition 

Carbon acquisition in CCA is plastic (i.e. shifts) under OA and warming, largely 

favoring increased HCO3
- use, in support of our hypothesis and in corroboration with 

previous research (Bergstrom et al., 2020 – Chapter 2). We demonstrate novel findings, 

however, that CCA (all examined species) source more HCO3
- for calcification under both 

stressors, and regardless of treatment, high-light reef-builders continue to source more than 

low-light reef-builders. Interestingly, elevated temperature alone promotes greater use of 

more 13C-depleted DIC for calcification than at ambient temperature in P. cf. onkodes and 

L. proliferum. Elevated temperature may incur greater disequilibrium effects during 

calcification (McConnaughey, 1989), and/or provoke increased respiration that is 

recaptured within the thallus, seeing as an increase in respiration can be a common 

response to elevated temperature in macroalgae (Tait and Schiel, 2013). Photosynthesis in 

high-light reef-builders, however, was not capable of increasing HCO3
- use under both OA 

and warming, but only under the sole elevation of temperature. Elevated temperature alone 

likely stimulates the CCMs of these species, whereas simultaneous elevation of pCO2 

appears to increase the availability of CO2(aq) just enough to ameliorate the former effect. 

CCMs are important strategies that have evolved in all CCA to facilitate the continuous 

supply of inorganic carbon to metabolic processes, which is likely an adaptive strategy for 

CCA amidst OA and warming. Importantly, carbon acquisition responses to OA and 

warming in CCA are not a surrogate for determining overall fitness (van der Loos et al., 

2019), but together with the consideration of resource partitioning responses, increased 

HCO3
- use under OA and warming may be beneficial for fueling the maintenance of 

metabolism in the surficial thallus of CCA.  

3.5.3 Significance for future reefs 

We demonstrate that CCA from high- and low-light environments have distinct 

carbon acquisition, partitioning, and release responses to OA and warming, which will 

have ecological consequences for coral reefs into the future. When faced with global 

stressors, in high-light CCA there was an association between loss of carbon content due to 

decreased partitioning to surficial tissue, increased DOC release, and failure to increase 

bicarbonate uptake for photosynthesis. Porolithon is one of the most important reef 

consolidators of high-light reef flats and crests worldwide, so the expected ~25% net loss 
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of stored carbon (principally high-Mg calcite) from its surficial thallus could have serious 

implications for population growth and reef structural integrity in the future. Also, the 

DOC released from P. cf. onkodes is reported to facilitate microbes associated with coral 

disease (Quinlan et al., 2019), so the expected increased release rates under OA and 

warming would have other cascading effects for the already low coral cover of many 

shallow reefs. On the other hand, there was an association in low-light CCA between 

maintained carbon partitioning patterns or even increased partitioning of carbon to high-

Mg calcite content, reversal of DOC release to net influx, and increased bicarbonate uptake 

for both photosynthesis and calcification. The observed responses of low-light CCA are 

indicative of robust carbon physiologies that may be the most adaptive to future pCO2 and 

temperature levels, and may be a result of their long-term endurance throughout geological 

history. Our study is the first to provide fundamental characterisation of carbon flux 

patterns in CCA, which has improved the understanding of resource partitioning patterns 

and responses to OA and warming across light environments on coral reefs. 
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4.1 Abstract 

Crustose coralline algae (CCA) are one of the most important benthic substrate 

consolidators on coral reefs. They provide this ecological role through the deposition of 

high-magnesium calcium carbonate on an organic matrix in their cell walls. Although 

discrete polysaccharides have been recognized for their crucial role in biomineralisation, 

little is known about the carbohydrate composition of organic matrices across CCA 

species, and whether some species possess the capacity to modulate their organic matrix 

constituents amidst environmental changes. This is particularly important considering 

CCA skeletons are expected to respond negatively to varying degrees to ongoing ocean 

acidification (OA) and warming. Therefore, we simulated conditions of elevated pCO2 and 

temperature (IPCC RCP 8.5) and subjected four mid-shelf Great Barrier Reef species of 

CCA (Porolithon cf. onkodes, Lithophyllum cf. insipidum, Lithothamnion proliferum, and 

Sporolithon cf. durum) to two months of experimentation. To assess the relationships 

between surficial monosaccharide composition and calcification across species and 

treatments, we determined the monosaccharide composition of the polysaccharides present 

in surficial algal tissue and quantified calcification (via surficial inorganic carbon content 

and whole-thallus buoyant weight). Our results reveal that CCA species differ significantly 

in organic matrix composition. Discrete monosaccharide abundances, hence 

polysaccharide makeup, are correlated with biomineralisation potential in surficial tissue 

across treatments in some species. While discrete monosaccharide abundance modulation 

in the important reef-builder P. cf. onkodes is correlated with lower surficial inorganic 

carbon content under ocean acidification, in the remaining three species, it is associated 

with maintained or even increased surficial biomineralisation under future scenarios. 

Overall our results suggest that both variability in composition and ability to regulate 

monosaccharide abundance play a role in promoting surficial biomineralisation capacity 

under the stress of OA and global climate change.  

 

Keywords: crustose coralline algae, biomineralisation, organic matrix, calcification, 

monosaccharides, ocean acidification, global warming, coral reefs 
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4.2 Introduction 

Crustose coralline algae (CCA) are benthic calcifying marine red macroalgae that 

play an integral role in the structural stability of the world’s reefs. However, due to 

ongoing ocean acidification (OA) and warming, it is established that calcifying organisms 

like CCA are some of the most negatively impacted, particularly on tropical coral reefs. 

The production of calcium carbonate (CaCO3) in the form of high-Mg calcite crystals in 

their cell walls via calcification and the accumulation of calcified cell layers allow CCA to 

contribute to reef accretion and consolidation of loose substrate (Adey, 1998; Steneck, 

1986). Yet, these same high-Mg calcite skeletons are sensitive to the decreasing pH that 

characterises OA, which can result in reduced calcification rates, increased dissolution, and 

even partial mortality, thus challenging reef integrity (Diaz-Pulido et al., 2012; Martin and 

Gattuso, 2009; Nash et al., 2015). CCA also facilitate ecological functioning through the 

provision of substrate for invertebrate larval settlement across phyla, e.g. corals 

(Harrington et al., 2004), abalone (Daume et al., 1999), sea urchins (Rowley, 1989), and 

polychaetes (Gee and Knight-Jones, 1962). However, the magnitude of impact that OA and 

warming have on CCA skeletons varies across taxa, suggesting some might possess coping 

mechanisms that would allow them to uphold these ecological roles into the Anthropocene. 

Due to the limited availability of mechanistic information about calcification in CCA 

(Borowitzka and Larkum, 1987; Cornwall et al., 2017; McNicholl et al., 2019; Nash et al., 

2019), the potential for CaCO3 skeleton regulation remains unclear. To better understand 

the calcification dynamics in CCA under environmental change, greater knowledge of the 

mechanisms by which calcification occurs at the cellular and structural level is needed. 

Calcium carbonate precipitation in CCA occurs in the cell wall, as opposed to 

corals or green calcifying algae (i.e. Halimeda) in which it occurs in the intercellular space 

(Borowitzka and Larkum, 1987; Goreau, 1961). Crystal nucleation can also occur 

intracellularly in other organisms such as coccolithophores (Brownlee and Taylor, 2004). 

Calcification in CCA is associated with a cell wall organic matrix. Cell walls are largely 

made up of carbohydrate polymers that are organized into a latticework, or organic matrix, 

which provides the scaffolding necessary for mineralization to occur (Bilan and Usov, 

2001; Borowitzka and Larkum, 1987; Nash et al., 2019). A bio-induced calcification 

mechanism in CCA proposes that CaCO3 crystal nucleation on structural polysaccharides 

is induced when surrounded by a matrix fluid comprised of endogenous polysaccharides, 
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i.e. inducing polysaccharides, and seawater (containing inorganic carbon and 

calcium/magnesium) (Nash et al., 2019). These structural and inducing polysaccharides 

from the CCA matrix have been isolated and identified to an extent, where some are 

unique to corallines (i.e. corallinins, e.g. particular sulphated xylogalactans, or SXGs 

(Takano et al., 1996; Usov, 1992; Usov et al., 1995; Usov and Zelinsky, 2013), some are 

common across red algae (e.g. carageenans and agarans; Lee, 2018), and others are present 

across phyla and higher plants (e.g. cellulose, alginates and chitin; Rahman and Halfar, 

2014; Siegel and Siegel, 1973). The biomineralisation-inducing function of particular 

carbohydrate polymers has been confirmed by studies that have isolated polysaccharides, 

specifically particular SXGs, from coralline cell walls and observed in vitro crystallization 

in the presence of calcium-containing seawater (Pavez et al., 2005). Similarly, the 

structural function of other polysaccharides has been confirmed by studies that have used 

scanning electron microscopy to visually validate crystal formation on a latticework 

structure in the cell wall (Nash et al., 2019). While it is presumed that the inducing 

polysaccharides would be positively correlated with crystal formation, the relationship 

between both inducing and structural polysaccharides and calcification is still under-

characterized. Additionally, other matrix constituents are suggested to be inhibitory 

(Borowitzka and Larkum, 1987), which are expected to be negatively correlated with 

CaCO3 deposition, but are also undescribed. Thus, it is still not clear how matrix 

constituents as a whole are related to calcification, whether matrix composition can be 

regulated by CCA, and perhaps more importantly, it is completely unknown whether 

increased OA and warming influence the composition of the organic matrix and 

consequently CCA calcification. 

Recent data suggest that calcification is a biologically-induced process, rather than 

biologically controlled (Nash et al., 2019), but the degree of regulation that CCA possess 

over calcification is currently under debate. Research supports the ability of CCA to 

regulate the matrix fluid carbonate chemistry as a means for controlling calcification 

(Comeau et al., 2018; Cornwall et al., 2017). Yet on the other hand, one of the 

characteristic features of bio-induced mineralisation is that there is an absence of control 

over the calcifying fluid. Nash et al. (2019) argue that although the organism-produced 

fluid can be metabolically controlled, the porosity of the CCA surface allows free 

exchange of seawater, resulting in the final mixed matrix fluid being uncontrolled. 



 104 

Although, there is some evidence that CCA control the calcifying fluid chemistry (Comeau 

et al., 2018; Cornwall et al., 2017), the precipitation of high Mg-calcite crystals would also 

be largely dependent on the existence of a suitable cell-wall organic matrix (Borowitzka 

and Larkum, 1987; Nash et al., 2019). To date, there is no information regarding the 

modulation of cell wall organic constituents in CCA under environmental change. As 

seawater temperature increases and pH decreases, it will be crucial to determine the effects 

they will have on organic matrix composition and whether calcification will be 

differentially affected across CCA taxa. 

 This study aimed to determine how monosaccharide composition of 

polysaccharides varies across species, whether CCA are capable of altering 

monosaccharide composition in carbohydrate polymers under environmental changes, and 

whether differences in cell wall matrix composition across species and environmental 

scenarios are correlated with the species’ capacity to calcify. The identification of 

polysaccharide identities was inhibited by the scarcity of CCA biomass (due to calcified 

skeleton) and the time and resources associated with experimentation and the complex 

analyses. Thus, the monosaccharide composition of polysaccharides was determined to 

establish an initial framework for characterising organic matrix constituents. We 

hypothesise that: (1) the monosaccharide composition of polysaccharides varies across 

CCA taxa, (2) CCA shift the relative abundance of monosaccharide constituents in their 

cell walls in response to OA and/or warming, and (3) calcification potential is correlated 

with monosaccharide relative abundance across species and environmental scenarios, and 

that the positive or negative nature of the correlation will be species- and monosaccharide-

specific. These findings contribute to a better understanding of calcification dynamics in 

CCA through the mechanistic exploration of organic matrix regulation under OA and 

warming. 

 

4.3 Material and Methods 

4.3.1 Sample collection and study area 

Lizard Island, northern Great Barrier Reef (GBR; 14°41'17.4"S 145°28'03.6"E & 

14°41'47.0"S 145°27'02.9"E) was chosen as the study site for its accessible lagoonal reefs, 

which are composed of an abundant and diverse CCA community (pers. obs). 
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Additionally, the northern third of the GBR has experienced substantial loss of coral cover 

over the past decades due to successive coral bleaching events, crown of thorns outbreaks, 

and cyclones, where >50% of corals in shallow habitats died in 2016 alone (Tarte and 

Hughes, 2020). Thus, under these circumstances there is an increasing amount of dead 

coral that provides opportune substrate for CCA to settle, grow and consolidate the reef. 

The following four species were selected for this study in order to assess matrix 

composition variability across CCA: Porolithon cf. onkodes (orange morph; Fig. 2A), 

Lithophyllum cf. insipidum (Fig. 2C), Lithothamnion proliferum (Fig. 2B), and Sporolithon 

cf. durum (Fig. 2D). These species are common reef builders, abundant throughout the 

GBR (Dean et al., 2015) and the Indo-Pacific region (Adey et al., 1982), and they 

represent the three CCA lineages (Peña et al., 2020). Fragments of approximately 6 cm2 

from each species were removed from the reef using hammer and chisel (Supplementary 

Fig. 1). P. cf. onkodes and L. cf. insipidum commonly occur at 2 m, and L. proliferum and 

S. cf. durum, at 6 m, as their respective lineages have evolved to occupy high and low light 

environments, respectively (Aguirre et al., 2000). Fragments were brought back to Lizard 

Island Research Station (LIRS) to acclimatise at ambient temperature and pCO2 for one 

week. They were subsequently removed of unnecessary substrate and visible endobionts, 

and a thin layer of Coral Glue (EcoTech Marine) was spread across exposed calcium 

carbonate underneath the fragments so as to minimise changes in fragment weight that are 

not related to the metabolic processes of the algae (e.g. dissolution of loose CaCO3).  

4.3.2 Experimental design 

To test the effects of OA and warming on the composition of the CCA cell wall 

matrix, a manipulative tank experiment was conducted that employed a full factorial 

design of an ambient and an elevated level of both seawater temperature and pCO2, 

totalling 4 treatments. This experiment was conducted in a flow-through mesocosm 

structure (Supplementary Fig. 2) at LIRS from the end of austral spring to summer, 2018. 

Seawater was pumped from the adjacent reef and initially filtered into a main holding tank, 

from which it was gravity-fed and filtered again into mixing/header tanks (300 L) where 

the pCO2 and temperature treatments were established. Ambient pCO2 and temperature of 

seawater on the adjacent reef were 465 µatm and 27.2 °C, respectively, which were treated 

as the control levels of the two experimental variables. The elevated pCO2 level was set 
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based on the end-of-century IPCC 8.5 scenario (Pachauri et al., 2014) at 1025 µatm, or pH 

7.7. We chose a more moderate magnitude of temperature elevation of +2.2°C that sits on 

the border between the 8.5 and 6.0 scenarios. We achieved elevated CO2 concentrations by 

bubbling and diffusing CO2 into two mixing/header tanks (300 L), which were regulated 

using a pH-stat aquacontroller (Neptune systems, USA). Temperature treatments were 

established in two mixing/header tanks by using 300W titanium (Schego) and glass (Aqua 

One) heaters. A small 50 W glass heater (Aqua One) was also used in each respective 

experimental tank (32 L) to correct for heat loss that may occur in the small tanks, 

principally during the night. Each mixing/header tank corresponded to a treatment from 

which seawater was distributed to five replicate experimental tanks, totalling 20 

experimental tanks. One CCA fragment per species was placed in each experimental tank 

and these were subjected to treatments for 2 months, with the exception of L. cf. insipidum, 

which was removed at 1 month due to tank-related health decline in fragments across all 

treatments. Post-experimentation, fragments were cleaned of surficial epiphytes, dried (at 

60 °C for 24 h) and stored in silica desiccant, transported to Griffith University for 

processing and inorganic carbon content analysis, and then to the University of Adelaide 

for monosaccharide analysis (see below). 

4.3.3 Carbonate chemistry 

 Routine seawater pH measurements were measured twice a day, at 8:00 and 15:00, 

using a handheld pH meter (Mettler Toledo, SevenGo Duo SG98) coupled to a pH 

electrode with an integrated temperature probe (Mettler-Toledo InLab Routine Pro), which 

was calibrated on the total scale (pHT) to Tris-HCl buffers (Dickson et al., 2007). Seawater 

samples were collected for total alkalinity (AT) every other day during the first week, then 

up to once a week for the remainder of the experiment (T50 titrator coupled to a Rondolino 

autosampler, Mettler Toledo) following standard procedures (Dickson et al., 2007). The 

precision and accuracy of titrations were verified using certified seawater reference 

materials (Dickson et al., 2007). The seacarb package version 3.2.12 in R (Gattuso et al., 

2019) was used to calculate the carbonate system parameters (Table 1). High-Mg calcite 

saturation state (Ω) was calculated using pHT, temperature, salinity, and CO3
2- following 

published protocol (Diaz-Pulido et al., 2012). 
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Table 3. Carbonate chemistry parameters of the four treatments of the experimental system; values are 
means ± SE. pH is on the total scale, pCO2 units are in µatm, AT is in µmol kg-1, HCO3

- is in µmol kgSW-1, 
CO3

2- is in µmol kgSW-1, and CO2 is in µmol kgSW-1. The calcium carbonate saturation state was calculated 
specifically for high-magnesium calcite (16 mol% Mg) as this is the dominant form of calcium carbonate 
precipitated by CCA. 

Treatment pHT pCO2 T ( C) S AT HCO3
- CO3

2- CO2 
ΩHigh-

Mg calcite 
Ωaragonite 

465 
pCO2 

27.2 C 8.003 
(±0.01) 

452 
(±9) 

27.1 
(±0.06) 

35.0 
(±0.2) 

2292 
(±1) 

1775 
(±5) 

210 
(±2) 

12 
(±0.2) 

1.21 
(±0.1) 

3.35 
(±0.03) 

29.4 C 7.980 
(±0) 

473 
(±4) 

29.4 
(±0.08) 

35.0 
(±0.2) 

2291 
(±1) 

1765 
(±3) 

214 
(±1) 

12 
(±0.1) 

1.27 
(±0.1) 

3.45 
(±0.02) 

1025 
pCO2 

27.2 C 7.698 
(±0) 

1015 
(±7) 

27.2 
(±0.06) 

35.0 
(±0.2) 

2292 
(±1) 

2004 
(±2) 

117 
(±1) 

27 
(±0.2) 

0.67 
(±0) 

1.87 
(±0.01) 

29.4 C 7.694 
(±0) 

1028 
(±8) 

29.5 
(±0.08) 

35.1 
(±0.2) 

2291 
(±1) 

1984 
(±2) 

125 
(±1) 

26 
(±0.2) 

0.75 
(±0) 

2.03 
(±0.01) 

 

4.3.4 Cell wall carbohydrate analysis 

Algal sample preparation 

 In order to characterise cell wall organic matrix composition across species and 

treatments, the surficial organic algal tissue of experimental fragments was isolated. 

Surficial tissue from algal specimens was prepared according to methodology from 

Bergstrom et al. (2020) (Chapter 2) and outlined below. Field and experimental tank CCA 

fragments were decalcified in 10% aqueous HCl for approximately 1.5 min. The fragments 

were rinsed immediately in deionized (DI) water in order to remove any debris and the 

decalcified surficial cell layers were scraped off using a sterile razor blade under a 

dissecting microscope (Olympus SZX16), targeting only the surficial, pigmented cell 

layers. This corresponds to new cells produced during experimentation, i.e. approximately 

15-80 µm into the crust (as confirmed by calcein staining and microscope observations). 

Algal tissue was placed on a GF/F filter (47 mm, Whatman), rinsed five times with DI 

water and dried overnight at 60 °C. Samples were ball milled in 2-mL polypropylene tubes 

for 30 s at 30 Hz using a Retsch Mill MM400. 

 Due to the complexity (biomass, time, and resources required) of identifying all 

exact polysaccharide identities, often times the monosaccharide composition, along with 

the ratios of particular monosaccharides is used to gain an idea of the more complex sugars 

present (Cases et al., 1994; Navarro et al., 2011). The percentage of CCA crusts that is 

comprised of organic biomass is generally < 10% (Goreau, 1963). Additionally, the limited 

amount of CCA fragments that can be simultaneously cultivated in experimental tanks 
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constrains the amount of organic biomass that can be harvested from each treatment. Thus, 

it was necessary, in the first instance, to characterise the monosaccharide composition of 

cell wall polysaccharides as a means for establishing an initial framework for 

characterizing organic matrix composition across species and treatments.   

Alcohol-insoluble residue (AIR) preparation, hydrolysis and derivatisation 

 To prepare the alcohol-insoluble residue comprising organic matrices, ground 

material was extracted twice with 70% aqueous ethanol on a slow rotor at room 

temperature for 15 min, then once each with ethanol and acetone, followed by drying in a 

desiccator.  

Monosaccharide analysis 

Approximately 0.5 mg of algae AIR samples were weighed into Eppendorf tubes 

and hydrolysed with 100 uL 2M trifluoroacetic acid (TFA) at 100˚C for 3 h. After cooling 

to room temperature, the hydrolysates were dried in a centrifugal evaporator, re-suspended 

in 50uL methanol, dried again and finally dissolved in water. The resulting solutions were 

analysed for monosaccharide content (type and relative abundance) essentially as described 

in Little et al. (2019). Carbohydrates in appropriately diluted hydrolysates (10 µL) were 

derivatised with 1-phenyl-3-methyl-5-pyrazolone (PMP) along with the same volume of a 

suitable set of calibration standards. 2-Deoxy-ribose was used as the internal standard and 

the solutions of derivatives were analysed using reversed phase High-Performance Liquid 

Chromatography (HPLC) on an Agilent 1260 liquid chromatography (LC) system. Ten µL 

of each derivative solution was injected onto a Phenomenex Kinetex C18 column 

(dimension: 100 × 3 mm; particle size 2.6 µm; porosity 100 Å), operated at a flow rate of 

0.8 mL min-1 and 30 °C. The eluents used were (A) 10% acetonitrile, 40 mM ammonium 

acetate (pH ∼6.8), (B) 70% acetonitrile and (C) 40 mM acetic acid. The gradient was 8 to 

17% (B) over 9.3 min with (A), and then flushed for 1 minute with 90% (B)/10% (C) 

before re-equilibrating to start conditions. The monosaccharide derivatives were detected 

by measuring the absorbance at 250 nm. The concentrations of the following 

monosaccharides (µM) were determined by comparison of the corresponding peak areas on 

the LC chromatograms to standard curves of calibrants: D-guluronic acid, D-mannuronic 

acid, D-mannose, L-ribose, D-glucosamine, D-glucuronic acid, D-galacturonic acid, D-

glucose, D-galactose, D-xylose, L-arabinose, L-fucose, and unidentified peaks (UNI) B - 
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G. UNI-A was identified as glucosamine and for all further analysis glucosamine was 

included as a calibrant. Unidentified peaks were arbitrarily quantified as xylose 

equivalents; the extinction coefficients of monosaccharide PMP derivatives at 250 nm do 

not vary significantly. The concentrations of all discrete monosaccharides present in each 

fragment sample were summed and the relative abundance of each monosaccharide 

(expressed as mol%) was calculated by dividing its individual concentration by the total 

concentration of all monosaccharides. Sulfated xylogalactans (SXGs) are characterised by 

their ratio of galactose to xylose (Navarro et al., 2011; Usov et al., 1995). To gauge insight 

into the presence of SXGs, the ratio of D-galactose:D-xylose ratio was calculated by 

dividing the relative abundance of the former monosaccharide by that of the latter. 

Characterisation of unidentified monosaccharides 

 Fractions containing PMP derivatives that did not co-elute with calibration 

standards were manually collected, desalted using C-18 Solid Phase Extraction (SPE), and 

analysed using Liquid Chromatography-Mass Spectrometry (LC-MS2) on an Agilent 1290 

LC system coupled to an Agilent 6545 quadrupole time of flight (qTOF) mass 

spectrometer (Agilent Technologies, Singapore) (Little et al., 2019).  

4.3.5 Surficial inorganic carbon content 

To determine the calcification rate of the surficial thallus, we quantified the 

surficial inorganic carbon content by isolating the inorganic skeleton from the organic 

tissue in only the photosynthetic cell layers. This allowed the subsequent determination of 

the relationship between monosaccharide abundances and surficial inorganic carbon 

content across species and treatments. A 1-cm2 surface area of surficial, pigmented tissue 

was uniformly dry-scraped with a sterile razor blade from a different individual fragment 

of the same species from each tank than those used for monosaccharide analyses. The 

powder was placed in a tin tray and samples were ignited in a muffle furnace (Lenton 

ECF12/4) at 550 °C for 3 h to remove all organic tissue, leaving only CaCO3 remaining, 

according to the Loss-On-Ignition Method (Dean, 1974). Isolated inorganic skeleton (i.e. 

CaCO3) was then pre-weighed into separate tin capsules, pelleted, and analysed for carbon 

content (Cinorg, µg) using an Elemental Analyser (Europa EA-GSL) coupled to an Isotope 

ratio Mass Spectrometer (Sercon Hydra 20-22) calibrated to certified reference material 

(IAEA-CH-6 sucrose, Australian National University, Canberra). In order to normalise 
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measurements to a proxy for biomass, the surface area of fragments was calculated using 

the aluminium foil technique (Marsh Jr, 1970). 

4.3.6 Net calcification 

 To better understand the role and relevance of the relationship between surficial 

organic matrix dynamics and surficial biomineralisation in the net calcification of the 

whole CCA crust, net calcification rates of the whole thallus were quantified using the 

buoyant weight method (Langdon et al., 2010). Individual live fragments were weighed at 

the beginning and at the end of the experiment and net calcification was calculated using 

the following sequential equations:   

 ∆Wa =
(Wwf ! Wwi)
SA(1 ! ρwρs )

    (Equation 7) 

where ΔWa is the change in dry weight of the CCA fragment from initial to final 

measurement, Wwf is the final buoyant weight, Wwi is the initial buoyant weight, ρw is the 

density of seawater (1.023 g cm-3), ρs is the density of skeletal material (calcite, 2.71 g cm-

3), and SA is the surface area (cm2). 

    G = ∆Wa∆t     (Equation 8) 

where G is the net calcification rate (mg CaCO3 cm-2 d-1), ΔWa is the change in dry 

weight of the CCA fragment from initial to final measurement, and Δt is the change in time 

between initial and final measurements (expressed in days). 

4.3.7 Statistical analyses 

To assess the dissimilarity of cell wall monosaccharide composition of 

polysaccharides across treatments in the four species, a multidimensional scaling (MDS) 

ordination analysis was performed with the Bray Curtis dissimilarity metric using the 

vegan package (Oksanen et al., 2019). Data were square root-transformed to reduce the 

influence of extreme values on ordination. Then, to investigate which monosaccharides 

may be driving composition dissimilarity among species and treatments, monosaccharide 

vectors were fitted and their significance was assessed using permutation of 

monosaccharides. To test the effects of pCO2 and temperature on monosaccharide relative 

abundance, the galactose:xylose ratio, net calcification and surficial Cinorg content across 

the four species of CCA, we used two-way Analyses of Variance (ANOVAs) with pCO2 

(two levels) and temperature (two levels) as fixed factors and tanks as replicates. Two-way 
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4.4.1 Cell wall carbohydrate composition 

There was a distinct separation between the monosaccharide composition of 

polysaccharides across CCA species (Fig. 9, MDS stress = 0.048). All monosaccharides 

were significant drivers of composition dissimilarity amongst species (all p < 0.01). P. cf 

onkodes and L. cf. insipidum were the most similar in composition, whereas the 

compositions of S. cf. durum and L. proliferum appear to be relatively equally dissimilar to 

each other and to the other two species (Fig. 9). D-glucosyl residues (Glc) were dominant 

in the cell walls of all species, ranging from 27-74% of total monosaccharides (Fig. 10). In 

S. cf. durum and L. proliferum, D-glucosyl residues comprised > 50% of monosaccharides 

and in P. cf. onkodes and L. cf. insipidum, they comprised < 50% (Fig. 10). P. cf onkodes 

had the highest abundance of D-guluronosyl (GulA) and D-mannuronosyl (ManA) 

residues, S. cf. durum had the highest abundance of D-mannosyl residues (Man), and L. cf. 

insipidum, L. proliferum, and S. cf. durum had higher abundances of D-galactosyl residues 

(Gal) than P. cf onkodes (Fig. 10). In addition, ratios of galactose:xylose spanned a large 

range across species, varying from 2.5-11 (Fig. 11). 
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(Supplementary Table 8). While the sole elevation of pCO2 resulted in increased D-

guluronic acid (GulA) and Unidentified-B (UNI-B) in P. cf. onkodes, it also led to 

decreased D-xylose (Xyl). Also in P. cf. onkodes, while a main temperature effect resulted 

in decreased D-mannose and increased L-ribose (LRib) at elevated temperature, a main 

pCO2 effect led to a decrease in LRib at elevated pCO2 (Supplementary Table 8 & 9). For 

L. cf. insipidum, the sole elevation of temperature resulted in increased UNI-B, while D-

xylose increased under elevated pCO2, regardless of temperature (ANOVA pCO2 x temp, p 

= 0.028, 0.003, respectively). In L. proliferum, there was an antagonistic interactive effect 

of pCO2 and temperature on D-guluronic acid, L-ribose, and Unidentified-C (UNI-C) 

(ANOVA pCO2 x temp, p = 0.015, 0.002, 0.029, respectively), where elevated temperature 

largely resulted in either an increase or decrease in abundance that pCO2 ultimately 

ameliorated. Unidentified monosaccharide peaks (i.e. UNIs) aligned most closely with 

methylated hexosyl residues and were treated as such in interpretations (except UNI-B and 

UNI-C, which remain unidentified; Fig. 12). In S. cf. durum, interactive effects of pCO2 

and temperature were ubiquitous for D-mannose, L-ribose, D-glucuronic acid (GlcA), and 

D-xylose (ANOVA pCO2 x temp, p = 0.019, 0.026, 0.026, 0.034, respectively). Elevated 

temperature largely resulted in an increased abundance of L-ribose, GlcA, and D-xylose 

and a decreased abundance of D-mannose, which were ultimately mitigated by elevated 

pCO2 (Supplementary Table 8). 

  The galactose:xylose ratio responses to pCO2 and temperature differed marginally 

across species (Supplementary Table 9). In P. cf. onkodes, when considering the 

unidentified (i.e. UNI) monosaccharides as galactosyl residues (except UNI-B), an 

interactive effect resulted in increased galactose (all):xylose ratios under the sole elevation 

of pCO2 or temperature (Fig. 11A, ANOVA pCO2 x temp, p = 0.009). No effect was 

observed for L. proliferum (Fig. 11B). In L. cf. insipidum, there was a trend of decreased 

galactose:xylose ratios, regardless of the inclusion or not of the unidentified peaks, under 

elevated pCO2, regardless of temperature (Fig. 11C, ANOVA pCO2 x temp, p = 0.039 and 

p = 0.055, respectively). In S. cf. durum, there was an antagonistic interaction, regardless 

of the inclusion or not of the unidentified peaks, where galactose:xylose ratios decreased 

under elevated temperature, but the effect was mitigated by elevated pCO2 (Fig. 11D, 

ANOVA pCO2 x temp, p = 0.013 and p = 0.020, respectively). 
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4.4.4 Surficial and whole-thallus calcification 

Surficial calcification measured as inorganic carbon content was significantly 

affected by elevated pCO2 and/or temperature in all CCA, but the nature of the effect 

differed across species (Supplementary Table 10). P. cf. onkodes was the only species to 

decrease surficial Cinorg content under elevated pCO2 due to a main pCO2 effect (Fig. 14A, 

ANOVA pCO2 x temp, p = 0.011). In L. cf. insipidum, S. cf. durum, and L. proliferum, 

there were antagonistic interactions. In the former two, it resulted in increased surficial 

Cinorg content at elevated temperature, which was mitigated by elevated pCO2 (Fig. 14C & 

G, ANOVA pCO2 x temp, p = 0.041 and p = 0.011, respectively). In the latter species, it 

resulted in increased surficial Cinorg content at elevated pCO2, which was mitigated by 

elevated temperature (Fig. 14E, ANOVA pCO2 x temp, p = 0.003). There was no 

significant correlation between net calcification responses and surficial inorganic carbon 

content responses for any species (Supplementary Fig. 3, LM, all p > 0.05).  

Whole-thallus net calcification rates (via buoyant weight) were differentially 

affected by pCO2 and temperature across CCA taxa (Fig. 14, Supplementary Table 10). L. 

proliferum had no significant change in net calcification across treatments (Fig. 14F). In 

contrast, L. cf. insipidum displayed decreased net calcification under elevated pCO2, 

regardless of temperature (Fig. 14D, ANOVA pCO2 x temp, p = 0.003). The response of P. 

cf. onkodes was similar to L. cf. insipidum, but the decrease was not significant due to 

within- pCO2 treatment variability (Fig. 14B, ANOVA pCO2 x temp, p > 0.05). For S. cf. 

durum, a non-additive interaction resulted in significantly lower net calcification at 

elevated pCO2 and temperature than the control (Fig. 14H, ANOVA pCO2 x temp, p = 

0.001). 
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Across treatments, monosaccharide abundance was largely uncorrelated with 

surficial Cinorg content in S. cf. durum. In P. cf. onkodes however, the D-glucose content 

was negatively correlated with surficial Cinorg content across treatments (Fig. 15B, Linear 

regression R2 = 0.30, p =0.011), where at elevated pCO2, D-glucose abundance was higher 

and surficial Cinorg content was lower than in the control (Fig. 13A & 15A). Also, for L. 

proliferum, D-guluronic acid and UNI-C were negatively correlated with surficial Cinorg 

content across treatments (Fig. 15A & E, Linear regression R2 = 0.25, p =0.034; R2 = 0.39, 

p = 0.023, respectively), whereas L-ribose had a positive correlation with surficial Cinorg 

content across treatments (Fig. 15C; Linear regression R2 = 0.27, p = 0.028). In L. cf. 

insipidum, UNI-B was positively correlated with surficial Cinorg content across treatments 

(Fig. 15D, Linear regression R2 = 0.21, p =0.036).	
 

4.5 Discussion 

As expected, matrix composition differed across the four CCA species tested from 

mid-shelf GBR communities, which indicated variability in the polysaccharides present in, 

and thus, properties of, organic matrices. Under OA and warming, monosaccharide 

abundances shifted to varying degrees in all species. In some species, we found that 

discrete monosaccharide abundances are correlated with biomineralisation potential in 

surficial tissue across environmental changes. P. cf. onkodes was the only species whose 

change in the monosaccharide composition of polysaccharides was associated with a 

decline in surficial calcification, whereas the change in composition in L. cf. insipidum, S. 

cf. durum, and L. proliferum was associated with maintained or even marginally increased 

surficial calcification. This is the first time a study of this nature has been conducted in 

reef-building algae, and our findings show correlations, that if causal, would suggest that 

both variability in composition and ability to modulate monosaccharide abundance may 

play a role in surficial biomineralisation capacity under the stress of OA and global climate 

change.  

4.5.1 Variability in organic matrix constituents across CCA species 

Dissimilarity among species’ monosaccharide constituents suggests that different 

polysaccharides compose organic matrices across CCA taxa. The types of monosaccharide 

residues present, as well as the relative ratios of particular monosaccharides, can be 
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indicative of the matrix component they comprise in the cell wall (Cases et al., 1994; 

Navarro et al., 2011). Our results show that D-glucosyl residues were the most abundant 

sugar comprising matrix polysaccharides in P. cf. onkodes and L. cf. insipidum. Previous 

linkage analyses on the D-glucosyl residues present in an α-amylase-treated (i.e. no starch 

present) articulate coralline identified them as 4-linked glucose. In corallines, four-linked 

glucosyl residues can form cellulose (Martone et al., 2019) or α-glucans (i.e. 1-4-linked 

and 1-6-linked Floridean starch) (Al Abdallah et al., 2016). However, starch is largely 

stored intracellularly (i.e. in the cytosol) in red algae (Pueschel, 1990; Viola et al., 2001) 

and any cell wall content would likely be soluble (mean chain length: 9-17; Ozaki et al., 

1967; Turvey and Simpson, 1966). Thus, we predict D-glucosyl residues detected here 

largely compose cellulose, a common microfibrilar skeletal component in macroalgae (Frei 

and Preston, 1961; Lee, 2018; Tsekos, 1999; Usov, 1992; Vreeland and Kloareg, 2000), 

particularly in the secondary cell walls of corallines (Martone et al., 2019). It still must be 

confirmed through further research whether most cellulose present in the cell walls of CCA 

is microfibrilar (CMFs), but we hypothesise that D-glucosyl residue abundance could 

suggest CMF presence, and our results indicate that P. cf. onkodes and L. cf. insipidum 

have higher abundances. On the other hand, lower percentages of D-glucosyl moities in S. 

cf. durum and L. proliferum suggest fewer or shorter cellulose chains (predicted to occur as 

CMFs).  

Moreover, after glucose, D-galactosyl and D-mannosyl residues are among the 

most abundant constituents of coralline cell wall polysaccharides. The former typically 

indicates the presence of galactans in coralline algae (Navarro et al., 2011; Navarro and 

Stortz, 2008). Our findings of higher abundances of D-galactosyl residues in L. cf. 

insipidum, S. cf. durum, and L. proliferum than P. cf. onkodes suggest that the former 

species’ organic matrices may possess a relatively greater portion of galactans. In addition, 

D-mannosyl residues typically form the backbone of linear β(1→4)-mannans, which can 

form microfibrils in fleshy rhodophytes (Rodriguez-Gacio 2012). Mannans are also found 

in the cell walls of calcified red algae, Galaxaura squalida and Liagora valida (Stiger-

Povreau et al., 2016). Although mannans are not yet reported in corallines (Martone et al., 

2010), the mannose yield and conformations previously reported for L. heterocladum 

suggested the presence of 4-linked mannans and mannose-containing 

heteropolysaccharides in the cell wall (Navarro et al., 2011). Considering this, our findings 
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of the highest abundance of D-mannosyl residues in S. cf. durum could suggest that 

mannans are relatively more abundant in the organic matrix of this species. Further linkage 

analyses would be required to characterise the ratio of mannan and/or mannose-containing 

heteropolysaccharides, as well as to assess their ability to form microfibrils.  

Differential abundance of D-guluronosyl and D-mannuronosyl residues across taxa 

may indicate differences in polyuronide presence. These residues are the only monomers 

of alginates (Bilan and Usov, 2001; Navarro et al., 2011; Okazaki et al., 1982), which are a 

polymeric systemic marker of Corallinaceae (Bilan and Usov 2001). Our findings of the 

highest abundances of D-guluronosyl and D-mannuronosyl residues in P. cf. onkodes 

could suggest a relatively higher abundance of alginate in the organic matrix of this 

species. Continued discoveries of cell wall polysaccharide and glycoprotein structure and 

identity (e.g. Martone et al., 2009; Martone et al., 2010; Rahman and Halfar, 2014; 

Rahman et al., 2019) will likely result in a refined understanding of matrix composition 

and biomineralisation in coralline algae. 

4.5.2 Influence of organic matrix constituents and CCA calcification 

As hypothesised, some ambient monosaccharide abundances are correlated with 

calcification potential across species, but when compiling all relationships and considering 

potential antagonistic interactions between the calcification potential of discrete 

monosaccharides, it largely does not elucidate clear biomineralisation patterns across all 

species. However, analysis of the calcification potential associated with the predicted 

polysaccharides present in each species does have implications for biomineralisation. 

Particular sulfated xylogalactans (SXGs) are unique to corallines and are recognized as 

matrix fluid inducing polysaccharides (Cases et al., 1994; Martone et al., 2010; Navarro 

and Stortz, 2008). S. cf. durum has one of the higher absolute abundances of D-galactosyl 

residues in its organic matrix, and its ratio of galactose:xylose (without inclusion of 

methylated galactosyl-like unidentified peaks) is indicative of SXG presence (Navarro et 

al., 2011; Usov et al., 1995). Our findings of a negative ambient relationship between 

galactose abundance and biomineralisation potential across species, however, imply that S. 

cf. durum would have a low biomineralisation capacity compared to P. cf. onkodes, and 

indeed, S. cf. durum is reported to have a lower growth rate than P. cf. onkodes 

(Darrenougue et al., 2013; Lewis et al., 2017). Thus, our findings suggest that galactans 
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(likely SXGs) may be present in higher quantities in a species with a lower calcification 

rate, S. cf. durum.  

Additionally, the comparatively greater presence of cellulose in the cell walls of P. 

cf. onkodes and L. cf. insipidum could play a role in biomineralisation potential. 

Microfibril-forming cellulose is proposed to be the substrate that is crystallised when 

surrounded by inducing polysaccharides (Borowitzka and Larkum, 1987; Lowenstam, 

1981; Nash et al., 2019), however, cellulose abundance alone has not been implicated in 

biomineralisation potential, and it is well known that cellulose is present in the cell walls 

of many other species of non-calcifying red algae (Siegel and Siegel, 1973). In the 

articulated coralline, Calliarthron sp., cellulose comprised the same percentage of algal 

wet weight in genicula as it did in decalcified intergenicula (Martone et al., 2019). Thus, 

biomineralisation potential would likely depend on the abundance of inducing 

polysaccharides.  

Alginates are shown to be involved in the biomineralisation of corallines (Navarro 

et al., 2011; Okazaki et al., 1982) due to their good scaffold-forming property (Venkatesan 

et al., 2015) and high affinity for bivalent cations, particularly calcium (Bilan and Usov, 

2001; Rees and Welsh, 1977). Due to their gel-forming properties, it is logical that 

alginates likely occupy the matrix fluid of coralline cell walls alongside other polymers 

(Nash et al., 2019; Venkatesan et al., 2015). They can also play an inhibitory role of other 

meta-stable phases of calcium carbonate (Wada et al., 1993). The relatively high ambient 

abundance of monomers characteristic of alginates in P. cf. onkodes may be indicative of a 

strategy of compensating for the large quantity of cellulose chains to achieve 

biomineralisation. Our observation of a positive correlation between ambient values of a 

monomer indicative of alginates, D-guluronic acid, and surficial Cinorg content across 

species corroborates this hypothesis, where the highest values were observed in P. cf. 

onkodes. This is significant, as species of Porolithon are the most important reef-building 

algae in tropical reefs worldwide (Adey, 1978; Gabrielson et al., 2018; Littler and Littler, 

1984). Our study is the first to demonstrate the variation in monosaccharide composition 

across CCA taxa and its possible association with biomineralisation potential. 
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4.5.3 Effects of OA and warming on organic matrix constituents 

In agreement with our hypothesis, shifts in monosaccharide constituent abundance 

varied under elevated pCO2 and/or temperature across taxa, suggesting that CCA are 

capable of modulating the abundance of discrete cell wall constituents. The only common 

trend across all CCA species examined was increased D-glucosyl residue abundance under 

elevated pCO2 or temperature. This can most likely suggest that cellulose chains may 

increase in number and/or length across species, which in theory, if present as CMFs 

would provide increased surface area for potential crystallisation. However, in P. cf. 

onkodes, increased D-glucose content was correlated with decreased surficial calcification. 

It is possible that this may be because there wasn’t a concomitant increase in the 

abundance of potentially inducing polysaccharides, such as alginates. It could also be 

related to shifts in other constituents, such as the simultaneous decrease in D-xylosyl 

residues, which can compose polymers such as xylans and xylogalactans, among others 

(Cases et al., 1994; Kloareg and Quatrano, 1988; Navarro et al., 2011). Xylans commonly 

replace cellulose as structural polysaccharides in rhodophytes (Usov, 2011) and 

xylogalactans typically occur in the matrix fluid (Navarro and Stortz, 2008). Thus, 

decreases in their abundance could potentially affect structural and/or inducing functions 

of the matrix. Additionally, shifts in xylogalactans may be partially responsible, seeing as 

calcified intergenicula in an articulated coralline are found to possess xylogalactans with 

higher levels of xylose than non-calcified genicula (Martone et al., 2010). Additional 

research is required that conducts linkage analyses of matrix fibrils and fluid constituents. 

Although it is well known that calcification rates can be supressed by lowered pH, our 

findings of correlations of calcification with monosaccharide abundances, if causal, would 

suggest interplay of the organic matrix in biomineralisation modulation. 

Predictions of shifts in cell wall polysaccharides under global change could have 

implications for the physical nature of the organic matrix. Mannans, xylans, and cellulose 

form physically different structures (Kloareg and Quatrano, 1988). Depending on the 

configuration, mannans have been shown to form dimer or 2-fold helical structures (Stiger-

Pouvreau et al., 2016). In P. cf. onkodes, the decreased abundance of D-mannose under 

elevated temperature, regardless of pCO2, may indicate a modulation of mannans. For P. cf 

onkodes and L. cf. insipidum, increases in D-xylose driven by elevated pCO2 could suggest 

increased xylan abundance, which, is shown to form dimer, helical, or triple helical 
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structures that are physically quite different from the ribbon-like structure of cellulose 

(Kloareg and Quatrano, 1988; Stiger-Pouvreau et al., 2016). This leads us to hypothesise 

that if polysaccharides possess different physical properties, then shifts in the 

monosaccharide composition of polysaccharides due to OA and warming may alter the 

physical configuration of the cell wall matrices. Further studies are needed to test this 

hypothesis to determine how and to what extent. Increased D-glucose and D-xylose and 

decreased D-mannose contributions to shifts in cell wall matrix structure would have 

particular implications for the function of P. cf. onkodes, as it is a critical habitat former on 

tropical reefs. Structural compromise to reef framework stability will ultimately be 

dependent on biomineralisation responses of CCA under OA and warming. 

4.5.4 Relationship between global climate change stressors, organic matrix 

constituents and calcification 

Before discussing the relationships between OA and warming on the organic matrix 

constituents and calcification, it is worth addressing the fact that surficial calcification (i.e. 

inorganic carbon content) and whole-thallus net calcification (i.e. buoyant weight) 

responses to OA and warming differed from each other and across CCA. The lack of a 

correlation between the two calcification metrics can be explained by the respective 

portion of the thallus they represent. Surficial Cinorg content was quantified in the 

uppermost cell layers, whereas net calcification rates can reflect the change in CaCO3 mass 

of the whole thallus (Langdon et al., 2010). Here we focus on surficial calcification, as we 

believe it is more representative of the relationship in discussion.  

The modulation of discrete monosaccharide abundances is related to surficial Cinorg 

content under OA and/or warming, and as predicted, this is species-specific. In S. cf. 

durum, there was an association between the capability of modulating monosaccharide 

abundances and increasing Cinorg content under the sole elevation of temperature, even 

though interactions with pCO2 ultimately ameliorated these effects. Since this involved 

both the increase and decrease of 5 monosaccharides, the relative contribution of each 

constituent is somewhat ambiguous and requires further research. Additionally, S. cf. 

durum almost doubles D-glucose abundance under OA, yet surficial Cinorg is unaffected. D-

glucose production could be partitioned to cellulose, which appears to neutrally affect the 

surficial calcification of this species. In contrast, in P. cf. onkodes, it is mentioned that D-
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glucose abundance is negatively correlated with surficial Cinorg content, where increased D-

glucose and decreased surficial Cinorg content are observed at elevated pCO2. 

Simultaneously under OA, P. cf. onkodes is observed to increase dissolved organic carbon 

(DOC) release (Bergstrom et al., unpublished data). Seeing as glucose is one of the main 

constituents of released DOC in CCA (alongside arabinose, galactose, mannose, and 

xylose; Gómez-Lemos et al., 2018), P. cf. onkodes may potentially release this excess cell 

wall D-glucose content to the environment as DOC.  

In L. proliferum, D-guluronic acid and UNI-C (i.e. MeD-Gal residue) are 

negatively correlated with surficial Cinorg content across treatments. While D-GulA content 

in alginates can affect Ca/Mg-binding capacity (Miller, 1996), increased MeD-Gal 

substitution in xylogalactans is proposed to distinguish non-calcified genicula from 

calcified intergenicula in articulated corallines (Martone et al., 2010). Research suggests 

some cell wall polymers actually inhibit high-Mg calcite biomineralisation (Borowitzka 

and Larkum, 1987), although the exact mechanisms are unclear (Long et al., 2014; Wada 

et al., 1993). Together, these findings show correlations that if causal, may indicate that 

under the sole elevation of either pCO2 or temperature, the capacity of L. proliferum to 

increase Cinorg content could be associated with a decrease in GulA content and MeD-Gal 

substitution. Conversely, in the same species, L-ribose is positively correlated with 

surficial Cinorg content, where the sole elevation of pCO2 elicits a higher abundance of L-

ribose and Cinorg content. In red seaweeds, ribose has been ascribed to the presence of 

nucleotides involved in the biosynthesis of polysaccharides (Abdel-Fattah et al., 1973), but 

has yet to be reported in cell wall polysaccharides. Then, in L. cf. insipidum, UNI-B is 

positively correlated with surficial Cinorg content, where the highest relative abundances are 

present at elevated temperature, regardless of pCO2. Thus, temperature may have the 

potential to uniquely affect the organic matrix-biomineralisation dynamic in particular 

reef-builders. In turn, these relationships between monosaccharide modulation and 

biomineralisation under global change could have implications for reef CCA assemblages 

and the ability of CCA to fulfil their diverse ecological roles.  

4.5.5 Concluding remarks and future directions 

Overall, by exploring the relationship between organic matrix dynamics and 

biomineralisation across CCA taxa and environmental change, this study shows that CCA 
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species differ in their organic matrix composition and have variable capacities for 

modulating monosaccharide abundance under OA and warming. This ability may result in 

different chemical and physical properties of organic matrices across species and 

environmental scenarios, which could affect biomineralisation potential. Importantly, this 

study recognizes patterns in discrete monosaccharide regulation in the important reef-

builder P. cf. onkodes that are correlated with lower Cinorg under OA. Further investigation 

is necessary to determine if, or how, shifts in monosaccharide abundances are causal for 

lower Cinorg. If changes are causal, then this would indicate the necessity of monitoring yet 

another physiological variable, organic matrix composition, on top of the corrosive effects 

of lower pH associated with OA to determine the responses of CCA skeletons under global 

change, which could have serious consequences for reef accretion in the future. 

Monosaccharide modulation in S. cf. durum, L. proliferum, and L. cf. insipidum, however, 

is associated with maintained or even increased surficial biomineralisation under future 

scenarios, which could indicate acclimation/adaptation potential of the surficial bio-

induced calcification mechanism in these species amidst OA and warming.  

The species-specific calcification responses to global warming and OA recorded to 

date (Cornwall et al., 2018; Hofmann and Bischof, 2014; Johnson and Carpenter, 2012; 

Martin and Gattuso, 2009; McCoy and Kamenos, 2015) could suggest the diversity of 

organic matrix composition across CCA taxa may be influencing the varied experimental 

responses. In order to better characterize these capabilities, comparative studies should be 

carried out on the surficial thallus, perithallus, and hypothallus, so as to further explore the 

relationship between discrete carbohydrate constituents, their regulation, and their 

relationship with calcification. It will be essential to understand the relative importance of 

structural versus inducing polysaccharides here, as well as the structure of inhibitory 

polysaccharides. Microscale analytical techniques can be used to overcome the challenge 

of biomass restrictions in CCA. In addition, it will be critical to pair this information with 

genomic and proteomic data regarding the expression of: (1) polysaccharide synthases 

responsible for producing cell wall matrix constituents (e.g. cellulose, xylan and mannan 

synthase proteins; Pauly et al., 2013; Zhu et al., 2019), and (2) enzymes responsible for the 

addition and modification of side chain units (e.g. fucosyltransferase, galactosyltransferase, 

guluronosyltransferase…etc; Pauly et al., 2013).  
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Global climate change processes affect coralline algal calcification via a variety of 

mechanisms (e.g. direct effects on crystal biology, changes to algal metabolic processes, 

alterations to carbonate chemistry in the water column and calcifying fluid). However, our 

study provides new evidence suggesting that in addition to these previously identified 

mechanisms, the organic compounds in the cell wall matrix proposed to enable 

calcification also change under OA and temperature rise and may thus serve as another 

crucial mechanism involved in global change response. Finally, we show the complexity of 

considerations needed to tease apart the processes contributing to how CCA will respond 

under global change, all of which may have profound ramifications for the ability of some 

reef-building coralline algae to continue to cement reef frameworks under a rapidly 

changing environment. 
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Chapter 5: General Discussion 

 

5.1 Summary of findings  

In this thesis, I endeavored to develop a better understanding of how carbon 

physiological strategies vary across crustose coralline algae (CCA) taxa and how this 

physiological diversity is differentially affected by ongoing ocean acidification (OA) and 

warming. I also aimed to assess the role of evolutionary history in carbon physiological 

strategies present across lineages of CCA. In Chapter 2, I proposed a framework that 

characterises the range of dissolved inorganic carbon uptake strategies across tropical CCA 

taxa. I established that CCA metabolic performance largely does not benefit from the 

increased availability of CO2 associated with OA, and thus are expected to rely heavily on 

robust carbon dioxide-concentrating mechanism (CCM) activity under future scenarios. In 

Chapter 3, I determined that carbon partitioning and release traits differ between tropical 

CCA that evolved to occupy high- and low-light reef environments. Additionally, taxa 

within the two environmental niche groups responded similarly to OA and warming. In 

Chapter 4, I characterised the monosaccharide composition of polysaccharides that 

compose the cell wall organic matrix across tropical CCA taxa. I found that differences in 

ambient composition and differential capacity to modulate discrete monosaccharide 

abundances under OA and warming may be associated with biomineralisation capacity. 

These results provide an important first step to better understanding cell wall composition 

in relation to biomineralization in the context of climate change in crustose coralline algae. 

5.1.1 Chapter 2: Inorganic carbon uptake strategies 

Chapter 2 aimed to assess the variation in DIC uptake strategies across CCA taxa 

from different lineages and whether these strategies shift under OA and warming. This was 

accomplished by characterising the diffusive CO2 use and CCM capacity of six species of 

CCA across past, present, moderate, and worst-case scenarios of OA and warming. By 

quantifying the stable carbon isotope ratio and calculating the fractionation of surficial 

organic algal tissue, I confirmed that CCA vary in the extent of diffusive CO2 use and 

CCM capacity, but revealed that CCA largely upregulate CCM activity in response to OA, 

regardless of evolutionary history. I also demonstrate that evolutionary history may be a 

predictor for DIC uptake strategy, where more basal lineages that have evolved during 
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periods of high pCO2 and temperature and occupy low-light environments have higher 

diffusive CO2 use capacity than more recent lineages that evolved in lower pCO2 and 

temperature conditions and occupy high-light habitats. Notably, the results distinguish DIC 

uptake responses in CCA from those expected for fleshy macroalgae, which is attributable 

to the unique metabolic demands and sensitivities of calcification in CCA. Another aim of 

this chapter was to understand the acclimation/adaptation potential of DIC uptake 

strategies by exploring the associated energetic consequences. While some fleshy 

macroalgae have been observed to benefit from increased CO2 use (e.g. in terms of growth 

or photosynthetic rates) under global change scenarios (Celis-Plá et al., 2015; Diaz-Pulido 

et al., 2011; Johnson et al., 2014), this chapter identifies no benefits, and even 

consequences (e.g. decreased carbon content), for the metabolic performance of P. cf. 

onkodes, the only examined CCA species observed to increase diffusive CO2 use, which 

may indicate that this species could be less robust on future reefs. Overall, this chapter 

makes an important contribution to research by providing novel information on how 

inorganic carbon uptake strategies vary within a tropical CCA assemblage. It also 

describes how shifts in carbon uptake due to changing seawater carbonate chemistry and 

temperature may provide physiological advantages for select species into the future. 

5.1.2 Chapter 3: Carbon partitioning and release 

Chapter 3 aimed to determine the variability in strategies of carbon acquisition, 

carbon partitioning, and release of dissolved organic carbon (DOC) across CCA lineages. 

This was achieved through the identification of differences in fluxes of carbon into, within, 

and out of the thallus between dominant reef-building CCA on the northern Great Barrier 

Reef. Some species largely possess strategies of greater diffusive CO2 uptake, lower 

organic:inorganic biomass ratios, and a null to net efflux of DOC, whereas others possess 

greater HCO3
- uptake, higher organic:inorganic biomass ratios, and a net DOC influx. I 

predict that the distinct environmental conditions under which each group evolved may 

have influenced such strategies, where the former group occupies low-light environments 

and the latter, high-light environments. I also aimed to identify whether these patterns 

change under OA and warming and whether such strategies of carbon flux could support 

CCA metabolism on future reefs. Different response patterns to OA and warming were 

identified between strategies, which highlighted the potentially decreased robustness of the 
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physiology of high-light species, particularly P. cf. onkodes. Such high-light CCA taxa 

exhibited stress responses to OA and warming, where decreased carbon retention in their 

surficial thallus was associated with increased release of DOC to the environment, whereas 

low-light CCA largely retained carbon content in their surficial thallus and reversed DOC 

release to a net influx (i.e. consumption likely attributed to microbially-facilitated DOC 

flux). This indicates that tropical P. cf. onkodes may reduce its stored carbon content in the 

surficial thallus - principally as high-Mg calcite - by approximately 25%, which could have 

serious implications for population growth and reef structural integrity in the future. 

Chapter 3 also highlights that species-specific DOC contributions released from the CCA 

thallus to the reef environment are expected to shift under OA and warming. Thus, altered 

DOC availability immediately surrounding the algal thallus may have serious 

consequences for invertebrate larvae settlement and microbial communities, particularly 

for microbes associated with coral disease. Finally, Chapter 3 demonstrates differences in 

carbon acquisition for photosynthesis across taxa and lineages under certain pCO2 and 

temperature conditions, corroborating results from Chapter 2 to an extent. Additionally, it 

provides novel results showing that carbon acquisition for the process of calcification also 

varies across taxa. This study is the first to provide fundamental characterisation of carbon 

flux patterns in CCA, and has improved our understanding of resource partitioning patterns 

and responses to OA and warming across light environments on coral reefs. 

5.1.3 Chapter 4: Cell wall organic matrix composition and biomineralisation 

Chapter 4 aimed to characterize the monosaccharide composition of the 

polysaccharides that compose the cell wall organic matrices across reef-building CCA taxa 

and determined whether compositional change under ongoing OA and warming may be 

associated with biomineralisation potential. This was attained in demonstrating that species 

composing common tropical CCA assemblages in the northern Great Barrier Reef (GBR) 

exhibited distinct monosaccharide compositions that suggest varying abundances of 

cellulose, mannan, alginate, and galactan polymers. These findings could suggest that the 

cell wall matrices of different species across the reef are dominated by different structural 

and inducing polysaccharides. Notably, I establish the ability of CCA taxa to differentially 

modulate discrete monosaccharides under OA and warming, a strategy the data suggest to 

be potentially associated with biomineralisation capacity. At this stage of investigation, 
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however, convincing lineage-specific patterns in organic matrix composition were not 

identified, nor in response to OA and warming. These findings not only help to explain the 

species-specific CCA calcification responses under OA and warming that have been 

documented in the literature, but also further our knowledge about biologically-induced 

calcification in CCA. This is the first time a study of this nature has been conducted in 

reef-building algae, and it demonstrates that both variability in composition and 

monosaccharide modulation may play a role in determining surficial biominerlisation 

capacity under the stress of OA and global climate change. 

5.2 Integrated discussion of findings 

5.2.1 Diversity of carbon physiological strategies in CCA 

This thesis advances the state of knowledge on the diversity of carbon physiologies 

found in tropical CCA assemblages of the northern GBR, Australia. Our findings show that 

CCA employ a range of strategies within each carbon physiological process and across 

taxa, and that there are patterns of carbon acquisition, carbon partitioning, carbon release, 

and cell wall organic matrix composition that can either be species-specific or grouped by 

evolutionary history. With respect to carbon acquisition, partitioning, and release, the data 

suggest that distinct evolutionary histories may have given rise to different strategies. More 

recently evolved taxa with greater HCO3
- acquisition via a CCM, partition a larger portion 

of carbon to organic tissue and have the highest organic carbon to nitrogen ratios (C:N) in 

the surficial layers of their thalli (relative to the other group; Fig. 16). These same CCA 

species (e.g. P. cf. onkodes and L. cf. insipidum) also largely experience a net influx of 

DOC (i.e. consumption, potentially microbially-facilitated fluxes). On the other hand, basal 

taxa that assimilate the most CO2 via diffusion are the ones that partition the lowest portion 

of carbon to organic tissue and possess the lowest C:N ratios (Fig. 16). These species (e.g. 

L. proliferum and S. cf. durum) range from null DOC release to a net efflux (i.e. positive 

production). These results indicate that different strategies for resource acquisition are 

likely related to the differential capacities of the organisms to: 1) distribute such resources 

within the thallus, and 2) release them back to the environment, and that this may be 

attributed to the distinct evolutionary histories of each group. 

In regards to cell wall organic matrix composition and its relationship with 

biomineralisation capacity, at this stage of investigation our findings reveal species-
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5.2.2 Responses of carbon physiological strategies to global change 

This thesis also demonstrates how varying carbon physiological strategies of CCA 

are expected to respond to OA and warming. The findings of this thesis indicate that 

depending on the carbon physiological process (e.g. inorganic carbon uptake, carbon 

partitioning, carbon release, or cell wall organic matrix composition), a discrete strategy 

can either: 1) have a unique response to global change (OA and warming), or 2) largely 

have the same response as the other strategies. In terms of inorganic carbon uptake, the 

prevalent trend was that regardless of strategy, CCA species maintained or even increased 

CCM activity in response to OA and warming (Fig. 17). On the other hand, cell wall 

organic matrix composition shifted differently for each examined strategy, i.e. for each 

CCA species, in response to global change. In turn, species with the same or similar carbon 

partitioning and release strategies largely responded in similar ways when confronted with 

global change (Fig. 17). Thus, carbon physiological strategies may, but do not necessarily, 

predict the direction of response that CCA taxa have to OA and warming. This also 

supports the notion that the strategy responses of one physiological process do not 

necessarily predict the overall fate of CCA under global change stressors (van der Loos et 

al., 2019), which is logical based on the complexity of CO2 and temperature effects (direct 

and indirect) on different physiological processes in CCA. While a particular physiological 

mechanism may be principally impacted by increased temperature, i.e. respiration rates 

affected due to the meeting or surpassing of thermal optima (Sordo et al., 2019; Tait and 

Schiel, 2013), other mechanisms may be additionally affected by various other direct 

and/or indirect impacts of OA and warming. For example, this can include the change in 

DIC speciation in seawater for inorganic carbon uptake (Bergstrom et al., 2020 - Chapter 

2), the corrosive properties of decreased seawater pH (i.e. increased proton availability) for 

calcification (Kroeker et al., 2010), an altered surficial microbiome for boundary layer 

DOC dynamics (Haas et al., 2013; Haas et al., 2011; Quinlan et al., 2019), or the 

ameliorative properties of other inter-specific metabolic interactions for calcification 

(Bergstrom et al., 2019; Doo et al., 2020; Semesi et al., 2009). However, after all, it is the 

integrated characterisation of multiple physiological processes, each physiological strategy, 

and the strategies’ responses to environmental change that creates a better understanding of 

the underlying physiological mechanism and a more holistic prediction of how CCA taxa 

will ultimately fare under OA and warming. 
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Figure 17. Illustration of the responses of strategies to OA and warming across carbon physiological 
processes (carbon acquisition, carbon partitioning, and carbon release) and CCA taxa (recently evolved high-
light taxa: L. cf. insipidum and P. cf. onkodes, basal low-light taxa: L. proliferum and S. cf. durum). Brown 
arrows indicate the overall response of carbon acquisition under both OA and warming, and whether the 
change in use of carbon is for photosynthesis and/or calcification. Green arrows indicate the overall response 
of DOC release under both OA and warming. Carbon partitioning responses are indicated next to CO2 and 
warming symbols (see legend). Organic matrix responses omitted due to complexity. Created with 
BioRender.com. 

5.2.3 Multi-parameter approach 

The results of this thesis warrant caution in predicting overall physiological fitness 

of CCA based on the response of merely one parameter. Instead, our findings recommend 

the consideration of how various strategies across physiological processes affect the 

adaptability of CCA to global change on future reefs. Results also highlight the importance 

of isolating the surficial cell layers of the CCA thallus in order to understand relationships 

between photosynthesis, calcification, and physical and chemical environmental variables. 

Additionally, in the future the separate study of the physiology of the underlying white 

crust will be crucial to compare with the physiology of the surficial crust (e.g. differences 

in mineralogy; Diaz-Pulido et al., 2014). Approaching such comparisons by measuring 
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multiple parameters will aid in providing a better and more holistic understanding of CCA 

physiology. 

5.2.4 Evolutionary history informs strategies: Emerging patterns 

An emerging pattern throughout this thesis is that the evolutionary histories of 

CCA lineages may have differentially selected for particular physiological strategies, some 

of which, the data suggest may equip certain CCA taxa to persist under global change 

stressors. Over time, basal lineages Hapalidiales and Sporolithales largely endured greater 

pCO2 and temperature levels (Hansen et al., 2013; Hönisch et al., 2012) and evolved to 

occupy lower-light (reef slope or cryptic) reef habitats (Aguirre et al., 2000) than the recent 

lineage, Corallinales, whose evolutionary history is comprised of mostly lower pCO2 and 

temperature levels and who evolved to occupy high-light, shallow reef habitats. Under 

ambient conditions, CCA taxa from basal lineages that evolved to occupy low-light 

environments largely possess strategies of greater diffusive CO2 use, lower 

organic:inorganic biomass ratios, lower C:N ratios, and from zero DOC release to a net 

efflux (Fig. 16). CCA from the more recently-evolved lineage that occupy high-light 

environments largely possess greater CCM activity, higher organic:inorganic biomass 

ratios, higher C:N ratios, and a net influx of DOC (Fig. 16). Contrary to what we 

hypothesised, at this stage of investigation, cell wall organic matrix composition was not 

predicted by evolutionary history. The strategies of this physiological process appear to be 

more species-specific than the other processes examined in this thesis, yet this topic 

requires additional research to examine the chemical and physical properties of organic 

matrices across taxa in order to determine if there may be lineage-specific strategies.  

In regards to carbon partitioning and release, this thesis found that evolutionary 

history not only may predict strategy, but also the response to global change. Basal, low-

light taxa who partition a lower portion of carbon to organic tissue than recent, high-light 

taxa were shown to retain more carbon in their surficial thallus under future conditions, 

whereas more recently evolved, high-light taxa reduced surficial thallus carbon content and 

were the only CCA to increase DOC release to the environment. The strategies selected for 

over time by different light environments appear to play a large role in carbon partitioning 

dynamics in CCA under global change. This thesis suggests that the surficial thallus of 

high-light taxa may be more vulnerable to global change than that of low-light taxa. 
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Although studies suggest that high light availability may drive adaptation to global change 

by supplying abundant energy for metabolic processes such as facultative bicarbonate use 

via CCMs (Zweng et al., 2018), it appears high-light CCA do not retain this energy as 

organic material and release a portion back to the environment as DOC. However, even 

though resource release increased (i.e. as DOC) to levels still commonly observed in these 

CCA, which do not imply mortality, the magnitude of increase (>four-fold) it is not 

predicted to be the most sustainable strategy in the long-term, and thus is interpreted as a 

stress response in high-light species. 

At this point, it was not possible to uncouple the effects of evolutionary lineage and 

light environment so as to better distinguish the effects that pCO2, temperature, and light 

regime history have on physiological strategy, as it was not feasible to effectively find and 

test taxa that pertain to a basal lineage in high-light environments or taxa that belong to a 

more recent lineage in low-light environments. Over evolutionary history, pCO2, 

temperature, and light availability on coral reefs have oscillated appreciably, so although 

teasing apart these variables is a necessary and important direction for future research, they 

are known to have complex, interacting effects on the physiology of macroalgae (Adey, 

1970; Briggs and Carpenter, 2019) and ultimately likely affect the evolutionary history of 

CCA in conjunction.  

5.2.5 Integrated predictions for CCA acclimation/adaptation potential into the 

Anthropocene 

Overall, this thesis was able to identify that basal taxa who evolved to occupy low-

light environments displayed physiological strategies that may promote better metabolic 

performance and adaptability amidst OA and warming than more recent CCA taxa that 

evolved to occupy high-light habitats. Our results suggest that basal taxa such as 

Lithothamnion proliferum and Sporolithon cf. durum possess carbon physiologies that may 

be better fit for survival on future reefs than more recently-evolved taxa, Porolithon cf. 

onkodes (orange morph) and Lithophyllum cf. insipidum. The data from this thesis suggest 

that the ability of basal taxa to persist under global change scenarios with comparable 

metabolic rates reflects acclimation/adaptation potential that may ease their transition into 

the Anthropocene, whereas more recent taxa largely did not display clear acclimation 
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potential and are likely to be under greater pressure to do so quickly in order to survive in 

the long-term. 

In particular, consistent negative responses to OA and warming were established 

across a suite of physiological traits for Porolithon, suggesting its limited ability to rapidly 

acclimate to global change. These findings warrant concern for the future of this taxa that, 

until now, has seemingly been one of the most robust reef-building CCA worldwide. This 

could have cascading impacts on high-light reef flats and reef crest environments for fish 

and invertebrate herbivory of this taxa (Littler and Littler, 1997; Manning et al., 2019), 

invertebrate larval settlement (Doropoulos and Diaz-Pulido, 2013), and stability of 

surficial microbial communities (Quinlan et al., 2019; Webster et al., 2011). It raises 

special concern for the structural integrity of these reef habitats, seeing as Porolithon is a 

primary reef-builder and cements gaps between other calcified and noncalcified surfaces to 

provide a physical framework (Adey, 1978; Nelson, 2009), thus contributing to the 

buffering of weather events, e.g. wave action due to tropical storms (Gourlay, 1996; 

Sheppard et al., 2005). This is particularly concerning now that weather events are 

becoming increasingly frequent and extreme under global climate change (Lehmann et al., 

2014; Michener et al., 1997). Small island nations in the central Pacific where towns and 

cities are protected by well-developed reef crest habitats dominated by Porolithon spp. 

would be particularly vulnerable to climate change impacts. Due to the unique ecological 

roles of CCA on reefs, information on more robust vs. relatively weaker taxa will be useful 

for marine protected area management policy, as well as efforts towards conserving and 

restoring crucial reefs. More sensitive taxa (e.g. Porolithon) can be prioritized for 

protection in marine reserve design in order to protect the crucial ecological roles of these 

macroalgae into the Anthropocene. 

 

5.3 Summarised conclusions 

• CCA possess a wider range of phenotypic diversity across carbon physiological 

processes than was previously acknowledged, such as their inorganic carbon 

uptake, carbon partitioning and release, and cell wall organic matrix composition. 

• Most CCA are expected to largely maintain or even increase CCM activity under 

OA and warming in order to maintain metabolic performance levels. 
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• Low- and high-light CCA possess different carbon partitioning and release 

strategies, where high-light taxa are expected to reduce thallus carbon content and 

release dissolved organic carbon to the surrounding environment under end-of-

century OA and warming conditions. 

• Diversity in the monosaccharide composition of polysaccharides that compose the 

cell wall organic matrix and the ability to modulate discrete monosaccharide 

abundances may contribute to the range of biomineralisation capacities across CCA 

taxa and responses to OA and warming. 

• Basal CCA that evolved to occupy deeper or cryptic reef environments appear to 

possess physiological strategies that may be relatively more robust and adaptive to 

the effects of OA and warming than more recent lineages that evolved to occupy 

more shallow, higher-light environments. 

 

5.4 Future research directions 

• Detangle the effects that light environment and evolutionary history of elevated 

pCO2 and temperature have on physiological strategies and their responses to 

global change. This involves being able to effectively identify and use basal taxa 

that occur in high-light environments and recent taxa that occur in low-light 

environments (perhaps other species of Lithophyllum) in mesocosm simulations. 

• Improved characterisation of the components of CCA CO2-concentrating 

mechanisms. Omics approaches could be appropriate ways to identify the specific 

pumps, enzymes, and other components that comprise CCMs across species. These 

approaches would permit the study of the regulation of particular components 

amidst environmental change, thus providing important mechanistic detail and 

potential causal relationships that underpin inorganic carbon acquisition strategies. 

• Isotope labeling of seawater DIC in order to more precisely trace and quantify the 

fluxes of carbon into, within, and out of the thallus. This method could also 

potentially be used to determine whether CO2 is recycled/used by calcification. 

Obtaining the former information would help to detangle the effects of OA and 

warming on respiration, calcification, and photosynthesis. 

• Characterisation of cell wall carbohydrate composition from tissue layers beneath 

the surficial pigmented layers. A comparison of carbohydrate composition, 
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mineralogy, and biomineralisation capacity at different depths in the crust will be 

beneficial for better understanding the link between calcification and the organic 

matrix. 

• Linkage analyses of fibrilar and non-fibrilar components of the cell wall organic 

matrix across crustose coralline algae taxa. This will provide a better understanding 

of their composition and diversity across CCA taxa. 

• Use of synchronic approaches to more precisely differentiate between evolutionary 

and phenotypically plastic responses of the carbon physiology of CCA.  
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Appendix I 
	

	

	
 
Supplementary Figure 1. Fragments (~6 cm2) of CCA collected via hammer and chisel from lagoonal coral 
reefs at Lizard Island, a midshelf island in the northern Great Barrier Reef. Species are as follows: 
Neogoniolithon fosliei (A), Lithothamnion proliferum (B), Sporolithon cf. durum (C), Melyvonnea 
madagascariensis (D), Porolithon cf. onkodes (orange morph; E), and Lithophyllum cf. insipidum (F). 
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Supplementary Figure 2. Flow-through experimental mesocosm structure constructed at Lizard Island 
Research Station. Reef water is gravity fed and filtered (A) into four 300 L mixing/header tanks (B), where 
pCO2 and temperature treatments are established and regulated by a pH-stat aquacontroller (C) and titanium 
and glass heaters (in B, not visible). Seawater from each treatment is pumped up to a central manifold (D) 
that distributes it to five replicate experimental tanks (E), totalling 20 experimental tanks.  
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Supplementary Table 1. Two-way ANOVA results showing the effects of pCO2 (four levels) and temperature (two levels) on fractionation, organic carbon content, 
maximum quantum yield and growth for P. cf. onkodes, L. cf. insipidum, N. fosliei, M. madagascariensis, L. proliferum and S. cf. durum. Significance considered when 
p<0.05. Results of one-way ANOVAs within one level of each factor and Tukey post hoc-test results are displayed in footnotes. Abbreviations: pCO2 levels: P = past, C 
= control, M = medium; temperature levels: AT = ambient, HT = high. 
    13ε % Corg Fv/Fm Growth 

  Source df MS F p df MS F p df MS F p df MS F p 

P. cf. onkodes pCO2 3 2.58 4.99 0.008 3 18.58 3.67 0.029f 3 0.00 1.03 0.399 j 3 0.59 8.87 0.003o 
temp 1 0.02 0.03 0.861 1 71.91 14.20 0.001g 1 0.00 4.29 0.051 k 1 0.05 0.71 0.414 
pCO2 * temp 3 1.19 2.29 0.104 3 20.54 4.06 0.020 3 0.00 3.38 0.037 3 0.23 3.48 0.059 
Residuals 24 0.52   21 5.06   21 0.00   14 0.07   

L. cf. insipidum pCO2 3 0.93 1.22 0.321 3 19.32 1.05 0.387 3 0.01 2.05 0.131 - - - - 
temp 1 0.89 1.16 0.289 1 3.77 0.20 0.655 1 0.03 11.70 0.002 - - - - 
pCO2 * temp 3 1.56 2.03 0.130 3 7.81 0.42 0.738 3 0.00 0.48 0.700 - - - - 
Residuals 31 0.77   30 18.46   26 0.00   - - - - 

N. fosliei pCO2 3 3.26 4.95 0.007 3 1.89 0.16 0.923 3 0.00 2.04 0.135l - - - - 
temp 1 3.36 5.11 0.031 1 35.46 2.97 0.097 1 0.00 0.68 0.419m - - - - 
pCO2 * temp 3 0.20 0.30 0.823 3 4.60 0.39 0.764 3 0.01 4.51 0.012 - - - - 
Residuals 30 0.66   26 11.93   25 0.00   - - - - 

M. madagascariensis pCO2 3 8.86 15.20 <0.001a 3 7.27 0.77 0.522 3 0.00 1.80 0.172 2 0.08 2.37 0.130 
temp 1 1.62 2.78 0.109b 1 9.40 1.00 0.328 1 0.00 1.52 0.229 1 0.03 0.79 0.388 
pCO2 * temp 3 3.36 5.77 0.004 3 14.68 1.55 0.225 3 0.00 0.83 0.492 2 0.04 1.38 0.283 
Residuals 24 0.58   25 9.45   26 0.00   14 0.03   

L. proliferum pCO2 3 2.91 6.08 0.003c 3 3.09 0.14 0.933 3 0.00 0.47 0.709 3 0.07 24.54 <0.001p 
temp 1 0.05 0.11 0.742 1 7.34 0.34 0.563 1 0.00 0.37 0.550n 1 2.15 791.59 <0.001q 
pCO2 * temp 3 1.53 3.21 0.040 3 6.59 0.31 0.820 3 0.01 3.83 0.021 3 0.25 92.28 <0.001 
Residuals 25 0.48   30 21.43   27 0.00   19 0.00   

S. cf. durum pCO2 3 3.59 12.75 <0.001d 3 18.33 0.96 0.428h 3 0.00 0.40 0.756 3 0.37 46.94 <0.001r 
temp 1 9.20 32.63 <0.001e 1 38.74 2.03 0.168i 1 0.00 1.25 0.274 1 0.04 5.71 0.028s 
pCO2 * temp 3 0.99 3.51 0.033 3 66.97 3.51 0.032 3 0.00 2.18 0.114 3 0.14 18.03 <0.001 
Residuals 20 0.282   22 19.07   27 0.00   18 0.01   a: One-way ANOVA at ambient temperature p < 0.001 (Tukey: P = C = M > H); One-way ANOVA at high temperature p = 0.033 (Tukey: C > H) 

b: One-way ANOVA at high pCO2 p = 0.005 (Tukey: AT < HT) 
c: One-way ANOVA at ambient temperature p = 0.028 (Tukey: P > M = H); One-way ANOVA at high temperature p = 0.014 (Tukey: P = M > H) 
d: One-way ANOVA at ambient temperature p = 0.005 (Tukey: P > M = H); One-way ANOVA at high temperature p = 0.003 (Tukey: P = C = M > H) 
e: One-way ANOVA at control pCO2 p = 0.039; One-way ANOVA at medium pCO2 p < 0.001; One-way ANOVA at high pCO2 p = 0.026 (All Tukey: AT< HT) 
f : One-way ANOVA at high temperature p = 0.011 (Tukey: P = H > C) 
g: One-way ANOVA at control pCO2 p = 0.016 (Tukey: AT > HT) 
h: One-way ANOVA at high temperature p = 0.007 (Tukey: P = C > H, P > M) 
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i: One-way ANOVA at high pCO2 p = 0.044 (Tukey: AT > HT) 
j: One-way ANOVA at ambient temperature p < 0.001 (Tukey: P = C > H > M) 
k: One-way ANOVA at control pCO2 p = 0.003 (Tukey: AT > HT): One-way ANOVA at high pCO2 p = 0.028 (Tukey: AT < HT) 
l: One-way ANOVA at high temperature p = 0.049 (Tukey: C < H) 
m: One-way ANOVA at control pCO2 p = 0.003 (Tukey: AT > HT) 
n: One-way ANOVA at control pCO2 p = 0.014 (Tukey: AT > HT) 
o: One-way ANOVA at high temperature p = 0.008 (Tukey: C > M) 
p: One-way ANOVA at ambient temperature p < 0.001 (Tukey: P  = C = H < M); One-way ANOVA at high temperature p < 0.001 (Tukey: P = C > M = H) 
q: One-way ANOVA at pre-industrial pCO2 p < 0.001; One-way ANOVA at control pCO2 p < 0.001; One-way ANOVA at medium pCO2 p < 0.001; One-way ANOVA 
at high pCO2 p < 0.001 (All Tukey: AT > HT) 
r: One-way ANOVA at ambient temperature p < 0.001 (Tukey: C > M > P > H); One-way ANOVA at high temperature p = 0.009 (Tukey: P < M = C) 
s: One-way ANOVA at pre-industrial pCO2 p < 0.001 (Tukey: AT > HT); One-way ANOVA at control pCO2 p < 0.001 (Tukey: AT > HT); One-way ANOVA at high 
pCO2 p < 0.001 (Tukey: AT < HT) 
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Supplementary Table 2. Mean values ± SE of δ13C, DI13C, 13ε, % CO2/HCO3
- use, % Corg, Growth and Fv/Fm for P. cf. onkodes, M. madagascariensis, L. 

cf. insipidum, L. proliferum, N. fosliei and S. cf. durum, resulting from the four combinations of the following treatment levels: past, ambient, medium and 
high pCO2 and ambient and high temperature. The asterisk denotes that the DI13C value was sourced from the literature and corrected for change since 
time of publication. Fv/Fm field sample measurements were performed ex situ. 

  Treatment  Response variable (means ±SE) 
Species pCO2 Temperature δ13C DI13C 13ε % CO2 use % Corg Growth Fv/Fm 

 Porolithon cf. onkodes 390 µatm Ambient -20.4 (±0.1) 1.64 -22.0 (±0.1) 66 (±0.3) 48.1 (±1.3) 2.02 (±0.14) 484 (±2) 
 + 1.5 C -19.7 (±0.3) 1.74 -21.4 (±0.3) 64 (±0.7) 45.4 (±0.9) 1.69 (±0.25) 491 (±7) 

480 µatm Ambient -20.5 (±0.6) 1.54 -22.0 (±0.6) 66 (±1.7) 47.3 (±0.5) 1.92 (±0.14) 513 (±5) 
 + 1.5 C -21.3 (±0.2) 1.62 -22.8 (±0.2) 68 (±0.7) 39.6 (±1.8) 2.24 (±0.10) 472 (±3) 

765 µatm Ambient -22.0 (±0.3) 0.81 -22.8 (±0.3) 68 (±1.0) 46.5 (±1.6) 1.70 (±0.10) 425 (±4) 
 + 1.5 C -22.5 (±0.4) 0.91 -23.4(±0.4) 70 (±1.2) 43.5 (±0.7) 1.39 (±0.10) 487 (±29) 

1160 µatm Ambient -23.6 (±0.6) -0.70 -22.9 (±0.6) 68 (±1.6) 44.3 (±1.3) - 452 (±8) 
 + 1.5 C -22.7 (±0.3) -0.50 -22.2 (±0.3) 66 (±0.9) 45.0 (±0.7) - 506 (±19) 

Field sample -18.1 (±0.5) 0.97* -19.0 (±0.5) 57 (±1.4) 39.7 (±1.7) - 406 (±11) 
Lithophyllum cf. insipidum 390 µatm Ambient -17.5 (0.2) 1.64 -19.1 (±0.2) 58 (±0.4) 45.0 (±2.8) - 453 (±30) 

 
 + 1.5 C -16.5 (±0.5) 1.74 -18.2 (±0.5) 55 (±1.3) 44.4 (±1.6) - 544 (±12) 

 480 µatm Ambient -15.9 (±0.5) 1.54 -17.4 (±0.5) 53 (±1.7) 41.7 (±2.2) - 441 (±12) 

 
 + 1.5 C -16.7 (±0.4) 1.62 -18.3 (±0.4) 55 (±1.0) 44.6 (±1.2) - 511 (±19) 

 765 µatm Ambient -17.1 (±0.5) 0.81 -17.9 (±0.5) 54 (±1.5) 45.8 (±2.4) - 451 (±41) 

 
 + 1.5 C -17.8 (±0.4) 0.91 -18.6 (±0.4) 56 (±1.2) 44.8 (±2.0) - 493 (±8) 

 1160 µatm Ambient -18.9 (±0.3) -0.70 -18.2 (±0.3) 55 (±0.8) 46.1 (±1.5) - 423 (±16) 
   + 1.5 C -19.0 (±0.2) -0.50 -18.5 (±0.2) 56 (±0.6) 47.1 (±1.1) - 464 (±28) 

 
Field sample -15.7 (±0.4) 0.97* -16.6 (±0.4) 50 (±1.1) 41.9 (±1.9) - 365 (±9) 

Neogoniolithon fosliei 390 µatm Ambient -11.0 (±0.2) 1.64 -12.6 (±0.2) 39 (±0.6) 46.3 (±0.6) - 379 (±19) 

 
 + 1.5 C -10.5 (±0.4) 1.74 -12.3 (±0.4) 38 (±0.6) 43.0 (±2.8) - 388 (±31) 

 480 µatm Ambient -11.3 (±0.3) 1.54 -12.9 (±0.3) 40 (±1.2) 45.3 (±2.9) - 406 (±2) 

 
 + 1.5 C -10.3 (±0.3) 1.62 -11.9 (±0.3) 37 (±0.9) 45.6 (±1.3) - 309 (±20) 

 765 µatm Ambient -11.4 (±0.2) 0.81 -12.2 (±0.2) 38 (±0.7) 46.2 (±1.6) - 359 (±2) 

 
 + 1.5 C -10.2 (±0.1) 0.91 -11.1 (±0.1) 35 (±0.4) 44.0 (±0.4) - 359 (±15) 

 1160 µatm Ambient -12.2 (±0.5) -0.70 -11.5 (±0.5) 36 (±1.4) 46.8 (±1.2) - 380 (±16) 
   + 1.5 C -11.5 (±0.5) -0.50 -11.0 (±0.5) 32 (±1.1) 44.3 (±0.6) - 447 (±4) 

 
Field sample -10.2 (±0.1) 0.97* -11.1 (±0.1) 35 (±0.2) 42.5 (±0.5) - 284 (±5) 
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  Treatment  Response variable (means ±SE) 

Species pCO2 Temperature δ13C DI13C 13ε % CO2 use % Corg Growth Fv/Fm 

Melyvonnea madagascariensis 390 µatm Ambient -20.0 (±0.6) 1.64 -21.6 (±0.6) 65 (±1.6) 47.9 (±1.6) - 533 (±14) 

 
 + 1.5 C -19.9 (±0.4) 1.74 -21.6 (±0.4) 64 (±1.2) 46.1 (±1.1) - 473 (±2) 

 480 µatm Ambient -19.8 (±0.2) 1.54 -21.3 (±0.2) 65 (±1.3) 46.3 (±1.6) 0.69 (±0.11) 472 (±21) 

 
 + 1.5 C -20.4 (±0.3) 1.62 -22.0 (±0.3) 66 (±0.9) 45.0 (±1.6) 0.80 (±0.09) 436 (±31) 

 765 µatm Ambient -21.1 (±0.4) 0.81 -21.9 (±0.4) 65 (±1.2) 43.9 (±1.1) 0.86 (±0.08) 488 (±30) 

 
 + 1.5 C -19.9 (±0.3) 0.91 -20.8 (±0.2) 62 (±0.7) 46.5 (±2.5) 1.09 (±0.02) 485 (±2) 

 1160 µatm Ambient -19.4 (±0.4) -0.70 -18.7 (±0.4) 56 (±1.0) 48.9 (±0.8) 0.85 (±0.02) 484 (±3) 
   + 1.5 C -21.1 (±0.3) -0.50 -20.6 (±0.3) 63 (±0.8) 44.8 (±0.4) 0.76 (±0.14) 495 (±27) 

 
Field sample -21.2 (±0.2) 0.97* -22.2 (±0.2) 66 (±0.5) 24.8 (±0.5) - 374 (±7) 

Lithothamnion proliferum 390 µatm Ambient -19.3 (±0.4) 1.64 -20.9 (±0.4) 63 (±1.1) 45.9 (±2.8) 1.30 (±0.31) 460 (±32) 

 
 + 1.5 C -18.5 (±0.3) 1.74 -20.2 (±0.3) 61 (±1.0) 46.1 (±1.9) 1.32 (±0.02) 475 (±26) 

 480 µatm Ambient -18.5 (±0.3) 1.54 -20.0 (±0.3) 59 (±0.7) 45.3 (±2.8) 1.49 (±0.01) 511 (±11) 

 
 + 1.5 C -17.8 (±0.3) 1.62 -19.4 (±0.3) 58 (±1.0) 46.0 (±2.0) 1.04 (±0.20) 448 (±14) 

 765 µatm Ambient -18.3 (±0.6) 0.81 -19.1 (±0.6) 57 (±1.6) 42.9 (±0.8) 2.03 (±0.04) 490 (±27) 

 
 + 1.5 C -19.4 (±0.1) 0.91 -20.3 (±0.1) 61 (±0.2) 46.4 (±1.6) 0.94 (±0.03) 416 (±17) 

 1160 µatm Ambient -19.9 (±0.4) -0.70 -19.2 (±0.4) 58 (±1.1) 45.9 (±1.3) 1.48 (±0.04) 412 (±36) 
   + 1.5 C -19.5 (±0.1) -0.50 -19.0 (±0.1) 58 (±0.3) 43.6 (±2.2) 0.87 (±0.01) 490 (±17) 

 
Field sample -20.7 (±1.0) 0.97* -21.6 (±0.9) 65 (±2.7) 45.3 (±0.6) - 458 (±10) 

Sporolithon cf. durum 390 µatm Ambient -15.2 (±0.3) 1.64 -16.9 (±0.3) 51 (±0.8) 42.2 (±4.1) 1.26 (±0.02) 521 (±21) 

 
 + 1.5 C -15.2 (±0.1) 1.74 -16.9 (±0.1) 51 (±0.3) 45.8 (±1.5) 1.03 (±0.09) 577 (±6) 

 480 µatm Ambient -13.9 (±0.5) 1.54 -15.4 (±0.4) 47 (±1.3) 44.6 (±1.8) 1.85 (±0.02) 514 (±28) 

 
 + 1.5 C -15.4 (±0.3) 1.62 -17.0 (0.3) 51 (±0.9) 44.6 (±0.6) 1.43 (±0.01) 548 (±15) 

 765 µatm Ambient -14.4 (±0.1) 0.81 -15.2 (±0.1) 46 (±0.2) 42.5 (±2.8) 1.41 (±0.04) 505 (±17) 

 
 + 1.5 C -16.0 (±0.1) 0.91 -16.9 (±0.1) 51 (±0.2) 37.9 (±1.8) 1.40 (±0.07) 537 (±15) 

 1160 µatm Ambient -15.4 (±0.4) -0.70 -14.7 (±0.4) 45 (±1.1) 47.7 (±1.2) 1.02 (±0.04) 558 (±20) 
   + 1.5 C -16.5 (±0.1) -0.50 -16.0 (±0.1) 49 (±0.4) 37.0 (±1.7) 1.28 (±0.07) 513 (±22) 

 
Field sample -19.8 (±0.8) 0.97* -20.8 (±0.8) 62 (±2.1) 39.3 (±2.3) - 490 (±6) 
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Supplementary Table 3. One-way ANOVA results showing the effects of species (four levels) and light environment (two levels) on ambient organic 
fractionation (13εorg), carbonate fractionation (13εinorg), organic carbon content (Corg), inorganic carbon content (Cinorg), total surficial carbon, org:inorg biomass 
ratio, C:N ratio, organic nitrogen content (Norg), and net DOC flux.	

 
13εorg 13εinorg Corg content Cinorg content Total surficial C 

Source df MS F p df MS F p df MS F p df MS F p df MS F p 
species 3 30 1.3E+02 <0.001 3 7.1 50 <0.001 3 0.54 21 <0.001 3 4.7 22 <0.001 3 3.4 17 <0.001 
residuals 13 0.22   12 0.14   14 0.026   13 0.22   11 0.20   light environment 1 0.53 0.086 0.773 1 6.9 6.0 0.028 1 0.57 6.4 0.023 1 0.66 0.61 0.446 1 2.6 3.5 0.082 
residuals 15 6.1   14 1.1   16 0.089   15 1.1   13 0.74   	

 org:inorg biomass C:Norg Norg content net DOC flux 

Source df MS F p df MS F p df MS F p df MS F p 
species 3 0.042 45 <0.001 3 39 16 <0.001 3 9.7E-04 3.0 0.066 3 5.6E+02 86 <0.001 
residuals 14 9.3E-04   13 2.4   15 3.3E-04   10 6.5   light environment 1 0.10 46 <0.001 1 75 15 0.001 1 1.5E-04 0.33 0.575 1 9.7E+02 15 0.002 
residuals 16 2.2E-03   15 4.9   17 4.5E-04   12 65   	
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Supplementary Table 4. Two-way ANOVA results showing the effects of pCO2 (two levels) and temperature (two levels) on organic fractionation (13εorg), 
carbonate fractionation (13εinorg), organic carbon content (Corg), inorganic carbon content (Cinorg), and total surficial carbon in P. cf. onkodes, L. cf. insipidum, 
L. proliferum, and S. cf. durum. 

  
13εorg 13εinorg Corg content Cinorg content Total surficial C 

  Source df MS F p df MS F p df MS F p df MS F p df MS F p 

P. cf. onkodes pCO2 1 0.89 5.3 0.040 1 9.6 34 0.000 1 2.2E-03 0.45 0.513 1 2.0 8.6 0.011 1 1.9 7.9 0.014 

 temp 1 0.56 3.4 0.092 1 1.4 5.1 0.040 1 3.1E-03 0.64 0.437 1 0.88 3.9 0.070 1 1.0 4.4 0.054 

 pCO2 * temp 1 5.4 32 0.000 1 1.1 3.8 0.070 1 4.2E-03 0.86 0.369 1 0.12 0.52 0.482 1 0.15 0.66 0.431 

 Residuals 12 0.17    15 0.28    16 4.9E-03   14 0.23   14 0.23   
L. cf. insipidum pCO2 1 5.0E-03 0.014 0.909 1 7.1 17 0.001 1 9.8E-03 0.35 0.569 1 0.06 0.30 0.593 1 4.0E-04 3.0E-04 0.960 

 temp 1 1.6 4.7 0.048 1 0.29 0.70 0.417 1 0.36 13 0.003 1 0.83 4.2 0.061 1 0.31 1.9 0.198 

 pCO2 * temp 1 4.6 13 0.003 1 0.28 0.67 0.425 1 0.16 5.5 0.035 1 1.0 5.2 0.041 1 0.33 2.0 0.190 

 Residuals 14 0.35    14 0.42    14 2.8E-02   13 0.20   11 0.17   
L. proliferum pCO2 1 9.8 7.3 0.017 1 17 40 0.000 1 1.5E-04 0.048 0.830 1 0.47 4.8 0.047 1 0.71 15 0.002 

 temp 1 0.034 0.025 0.876 1 3.9 9.2 0.009 1 9.2E-03 2.9 0.110 1 0.24 2.5 0.138 1 0.049 1.1 0.323 

 pCO2 * temp 1 0.56 0.41 0.529 1 6.0E-03 0.014 0.907 1 2.4E-05 7.0E-03 0.932 1 1.2 13 0.003 1 1.8 39 0.000 

 Residuals 15 1.4    13 0.42    15 3.2E-03   14 0.099   13 0.046   
S. cf. durum pCO2 1 2.3 8.8 0.010 1 7.2 42 0.000 1 2.8E-03 0.36 0.557 1 0.041 0.50 0.492 1 0.11 1.2 0.300 

 temp 1 2.3 8.7 0.010 1 0.099 0.58 0.461 1 4.7E-03 0.60 0.451 1 1.7 21 0.001 1 1.5 16 0.002 

 pCO2 * temp 1 4.1 16 0.001 1 8.0E-03 0.044 0.837 1 1.6E-03 0.21 0.656 1 0.74 9.0 0.011 1 0.68 7.5 0.020 

 Residuals 14 0.26   12 0.17   15 7.8E-03   12 0.082   11 0.091   
	
	 	

157



 

Supplementary Table 5. Two-way ANOVA results showing the effects of pCO2 (two levels) and temperature (two levels) on org:inorg biomass ratio, 
C:N ratio, organic nitrogen content (Norg), and net DOC flux in P. cf. onkodes, L. cf. insipidum, L. proliferum, and S. cf. durum. 

  org:inorg biomass C:Norg Norg content net DOC flux 

  Source df MS F p df MS F p df MS F p df MS F p 

P. cf. onkodes pCO2 1 3.0E-04 0.38 0.550 1 0.17 0.095 0.763 1 4.3E-04 6.0 0.028 1 54 4.3 0.064 

 temp 1 3.6E-04 0.44 0.517 1 16 8.9 0.010 1 8.9E-04 12 0.003 1 4.6E+02 37 0.000 

 pCO2 * temp 1 4.7E-04 0.58 0.459 1 0.18 0.10 0.757 1 3.3E-06 0.045 0.835 1 1.8E+02 14 0.004 

 Residuals 14 8.1E-04   14 1.8   14 7.2E-05   10 12   
L. cf. insipidum pCO2 1 4.2E-03 3.4 0.085 1 48 9.4 0.008 1 8.9E-04 3.1 0.099 1 1.4E+03 8.6 0.017 

 temp 1 9.2E-03 7.4 0.015 1 0.080 0.015 0.905 1 1.4E-03 4.7 0.047 1 2.1E+03 13 0.006 

 pCO2 * temp 1 4.8E-03 3.9 0.067 1 0.34 0.066 0.801 1 1.6E-03 5.6 0.031 1 6.1E+03 39 0.000 

 Residuals 16 1.2E-03   14 5.1   15 2.9E-04   9 1.6E+02   
L. proliferum pCO2 1 2.2E-04 2.0 0.177 1 3.0E-04 5.0E-03 0.947 1 2.8E-05 0.24 0.633 1 7.3 0.27 0.615 

 temp 1 5.1E-05 0.46 0.509 1 0.53 8.2 0.015 1 3.2E-04 2.7 0.119 1 33 1.2 0.298 

 pCO2 * temp 1 1.2E-04 1.1 0.322 1 0.36 5.7 0.037 1 4.2E-05 0.35 0.561 1 1.1E+03 41 0.000 

 Residuals 15 1.1E-04   11 0.064   16 1.2E-04   10 27   
S. cf. durum pCO2 1 1.7E-03 6.1 0.027 1 1.2E-03 0.011 0.919 1 1.8E-04 0.48 0.499 1 1.1E+02 2.9 0.124 

 temp 1 9.4E-04 3.4 0.087 1 0.56 5.1 0.042 1 2.9E-04 0.77 0.394 1 2.6E+03 72 0.000 

 pCO2 * temp 1 7.5E-04 2.7 0.122 1 0.37 3.4 0.089 1 2.0E-07 1.0E-03 0.982 1 1.5E+03 41 0.000 

 
Residuals 14 2.8E-04   13 0.11   16 3.7E-04   9 37   
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Supplementary Table 6. Three-way ANOVA results showing the effects of pCO2 (two levels), temperature (two levels), and light environment on 
organic fractionation (13εorg), carbonate fractionation (13εinorg), organic carbon content (Corg), inorganic carbon content (Cinorg), total surficial carbon, 
org:inorg biomass ratio, C:N ratio, organic nitrogen content (Norg), and net DOC flux. 

 

13εorg 13εinorg Corg content Cinorg content Total surficial C 

Source df MS F p df MS F p df MS F p df MS F p df MS F p 

pCO2 1 0.83 0.12 0.733 1 41 22 0.000 1 4.3E-03 0.11 0.738 1 0.32 0.64 0.428 1 0.37 1.1 0.306 

temp 1 2.3 0.32 0.572 1 4.1 2.3 0.137 1 0.069 1.8 0.186 1 0.14 0.27 0.604 1 0.025 0.073 0.789 

light environment 1 2.0 0.28 0.601 1 25 14 0.000 1 0.73 19 0.000 1 0.33 0.67 0.418 1 0.083 0.24 0.624 

pCO2 * temp 1 16 2.3 0.137 1 0.49 0.27 0.606 1 0.070 1.8 0.180 1 1.2 2.4 0.123 1 1.0 2.9 0.093 

pCO2 * light env 1 5.7 0.80 0.374 1 0.11 0.059 0.809 1 3.0E-04 8.0E-03 0.929 1 1.2 2.4 0.129 1 1.5 4.3 0.044 

temp * light env 1 0.61 0.086 0.770 1 0.030 0.015 0.905 1 0.16 4.2 0.045 1 0.12 0.25 0.623 1 0.48 1.4 0.242 

pCO2 * temp * light env 1 3.7 0.52 0.475 1 0.060 0.031 0.861 1 0.093 2.4 0.125 1 0.58 1.1 0.288 1 0.94 2.7 0.103 

Residuals 63 7.1   62 1.8   68 0.038   61 0.50   57 0.34   
	

 
org:inorg biomass C:Norg Norg content net DOC flux 

Source df MS F p df MS F p df MS F p df MS F p 

pCO2 1 3.0E-05 0.023 0.881 1 20 2.0 0.158 1 4.1E-04 1.4 0.242 1 4.4E+02 1.8 0.187 

temp 1 1.2E-04 0.088 0.767 1 8.6 0.86 0.357 1 3.0E-04 1.0 0.314 1 2.3E+02 0.91 0.344 

light environment 1 0.24 1.8E+02 0.000 1 4.5E+02 45 0.000 1 4.0E-03 14 0.000 1 7.7E+02 3.1 0.085 

pCO2 * temp 1 4.5E-03 3.4 0.068 1 0.20 0.015 0.901 1 1.3E-04 0.43 0.516 1 2.5E+03 10 0.003 

pCO2 * light env 1 3.5E-03 2.7 0.107 1 17 1.7 0.197 1 2.0E-06 6.0E-03 0.939 1 57 0.23 0.633 

temp * light env 1 4.8E-03 3.7 0.060 1 1.9 0.19 0.661 1 3.1E-04 6.0E-03 0.307 1 2.6E+03 11 0.002 

pCO2 * temp * light env 1 1.1E-03 0.81 0.371 1 1.9 0.19 0.665 1 3.4E-04 1.2 0.284 1 2.1E+03 8.4 0.006 

Residuals 67 1.3E-03   61 10   70 2.9E-04   46 2.5E+02   
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Supplementary Table 7. Mean light and dark DOC fluxes ± SE for P. cf. onkodes, L. cf. insipidum, L. proliferum, and S. cf. durum under the full-
factorial combination of ambient and elevated pCO2 (465 and 1025 µatm) and temperature (27.2 and 29.4 °C). 
 

  pCO2 temp Light DOC flux Dark DOC flux 

P. cf. onkodes 
465 µatm 

27.2 C -3.10 ± 1.79 -0.15 ± 13.06 

 
29.4 C 8.14 ± 1.96 8.27 ± 1.87 

 1025 µatm 
27.2 C 5.84 ± 1.45 2.06 ± 2.06 

 
29.4 C 20.08 ± 0.02 -8.94 ± 13.48 

L. cf. insipidum 
1585 µatm 

27.2 C 7.60 ± 1.53 -26.19 ± 7.51 

 
29.4 C 53.71 ± 10.65 -5.98 ± 5.13 

 2145 µatm 
27.2 C 8.14 ± 2.25 1.29 ± 3.71 

 
29.4 C 7.54 ± 1.86 -19.46 ± 8.99 

L. proliferum 
2705 µatm 

27.2 C 1.78 ± 1.03 10.83 ± 3.78 

 
29.4 C -2.37 ± 1.19 0.00 ± 0.00 

 3265 µatm 
27.2 C -1.10 ± 0.05 -3.35 ± 0.27 

 
29.4 C 7.31 ± 4.87 9.39 ± 5.26 

S. cf. durum 
3825 µatm 

27.2 C 0.00 ± 0.00 -0.82 ± 12.74 

 
29.4 C -3.14 ± 3.10 0.00 ± 0.00 

 4385 µatm 
27.2 C 4.24 ± 2.13 6.14 ± 1.97 

 
29.4 C -11.25 ± 6.84 -26.00 ± 8.26 

 
  

160



 

Supplementary Table 8. Mean relative abundance of monosaccharides ± SE (n=5) under the full factorial combination of ambient (465 µatm) and 
elevated (1160 µatm) pCO2 and ambient (27.2 °C) and elevated (29.4 °C) temperature in Porolithon cf. onkodes, Lithothamnion proliferum, Lithophyllum 
cf. insipidum, and Sporolithon cf. durum. Values for L. cf. insipidum reflect one month of experimentation, whereas those of the remaining species reflect 
two months. Tukeys HSD post hoc pairwise comparisons from two-way ANOVAs are indicated in superscript where present. Where there was a main 
pCO2 effect, asterisks indicate the pCO2 level with significantly greater values. Where there was a main temperature effect, bolded data indicates the 
temperature level with significantly greater values. Where an interactive effect between pCO2 and temperature was present, unalike lowercase letters 
indicate significant differences between treatments. 

  Porolithon cf. onkodes Lithothamnion proliferum 
 pCO2 465 µatm 1025 µatm 465 µatm 1025 µatm 
 temperature 27.2 C 29.4 C 27.2 C 29.4 C 27.2 C 29.4 C 27.2 C 29.4 C 
µM D-glc 2057 (±497) 3132 (±424) 3872 (±725)* 3992 (±620)* 1690 (±348) 2774 (±561) 1386 (±141) 3052 (±216) 

Mol
% 

GulA 13.4 (±0.9)a 16.2 (±0.7)ac 18.8 (±1.6)bc 15.3 (±0.6)ac 6.7 (±0.2) 5.0 (±0.9) 4.6 (±0.4) 5.9 (±0.2) 
ManA 11.6 (±1.0) 12.4 (±0.2) 12.9 (±0.9) 12.2 (±0.6) 6.9 (±0.2) 6.1 (±0.8) 5.7 (±0.4) 6.6 (±0.2) 
Man 21.8 (±1.2) 18.3 (±0.8) 21.2 (±3.0) 17.7 (±0.8) 20.8 (±1.1) 19.6 (±1.2) 21.4 (±2.8) 20.3 (±0.7) 
LRib 3.3 (±0.4)* 4.4 (±0.6)* 2.3 (±0.4) 3.3 (±0.3) 1.9 (±0.3)ac 3.3 (±0.4)b 2.7 (±0.3)bc 1.9 (±0.2)ac 
GlcN 1.8 (±0.1) 1.8 (±0.2) 1.4 (±0.2) 1.9 (±0.2) 4.0 (±0.3) 4.1 (±0.5) 3.7 (±0.3) 3.6 (±0.4) 
UNI-B 1.0 (±0.1)a 2.0 (±0.1)b 3.4 (±0.1)c 2.6 (±0.3)bd 0.1 (±0) 0.2 (±0.2) 0.0 (±0) 0.0 (±0) 
GlcA 5.0 (±0.3) 5.0 (±0.2) 4.3 (±0.3) 5.4 (±0.4) 4.1 (±0.1) 4.4 (±0.1) 4.6 (±0.4) 4.4 (±0.1) 
GalA 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0.1)a 0.4 (±0)b 0.1 (±0.1)a 0.1 (±0.1)a 
Gal 18.7 (±1.0) 18.3 (±0.1) 20.2 (±1.2) 20.1 (±0.5) 42.9 (±1.1) 43.4 (±1.8) 44.7 (±2.7) 43.6 (±0.9) 
Xyl 7.6 (±0.3)a 6.7 (±0.2)ac 5.9 (±0.5)bc 7.1 (±0.2)ac 5.1 (±0.1) 5.3 (±0.2) 4.7 (±0.4) 5.2 (±0.3) 
LAra 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.6 (±0) 0.5 (±0) 0.4 (±0) 0.4 (±0) 
UNI-C 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 1.0 (±0.1) 0.8 (±0.1) 0.9 (±0) 1.0 (±0) 
UNI-D 6.3 (±0.3) 5.9 (±0.2) 5.7 (±0.5) 5.8 (±0.5) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
LFuc 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.9 (±0) 0.9 (±0) 0.8 (±0) 0.9 (±0) 
UNI-E 7.7 (±0.5) 7.3 (±0.3) 6.6 (±0.7) 7.1 (±0.5) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
UNI-F 1.4 (±0) 1.4 (±0.1) 1.2 (±0.1) 1.4 (±0.1) 3.2 (±0.1) 3.2 (±0.4) 3.1 (±0.1) 3.4 (±0.1) 
UNI-G 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 2.7 (±0.1) 2.9 (±0.1) 2.8 (±0.2) 2.8 (±0.1) 

  Lithophyllum cf. insipidum Sporolithon cf. durum 
µM D-glc 4948 (±1124) 8861 (±1278) 4833 (±616) 6196 (±730) 860 (±78) 851 (±110) 1301 (±290)* 1645 (±389)* 

Mol
% 

GulA 8.6 (±1.0) 7.5 (±0.5) 9.2 (±0.7) 7.9 (±0.9) 0.6 (±0.1) 0.6 (±0) 0.7 (±0.1) 0.7 (±0.1) 
ManA 9.9 (±1.1) 8.6 (±0.4) 9.9 (±0.8) 8.7 (±0.9) 1.0 (±0.1) 1.0 (±0) 1.0 (±0.1) 1.1 (±0.1) 
Man 4.4 (±0.3) 4.6 (±0.4) 4.7 (±0.4) 4.6 (±0.3) 36.0 (±5.9) 21.8 (±2.0) 25.3 (±2.3) 35.3 (±5.7) 
LRib 3.1 (±0.3) 2.7 (±0.1) 2.5 (±0.2) 2.6 (±0.3) 1.7 (±0.1) 2.3 (±0.3) 2.4 (±0.2) 1.9 (±0.2) 
GlcN 1.6 (±0) 1.6 (±0.1) 1.3 (±0.2) 1.5 (±0.2) 0.5 (±0) 0.4 (±0) 0.4 (±0) 0.4 (±0) 
UNI-B 1.9 (±0.3) 3.0 (±0.2) 1.9 (±0.3) 2.0 (±0.1) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
GlcA 5.9 (±0.3) 6.6 (±0.2) 6.3 (±0.2) 6.3 (±0.2) 4.1 (±0.6) 5.7 (±0.3) 4.8 (±0.6) 4.0 (±0.5) 
GalA 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
Gal 45.0 (±1.2) 43.1 (±0.5) 44.5 (±0.6) 44.2 (±1.2) 34.6 (±3.0) 37.8 (±0.3) 35.5 (±1.2) 34.0 (±2.8) 
Xyl 11.4 (±0.3) 12.0 (±0.2) 12.6 (±0.3)* 12.9 (±0.3)* 9.3 (±1.3) 12.5 (±0.6) 10.4 (±1.0) 8.7 (±1.2) 
LAra 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
UNI-C 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
UNI-D 2.6 (±0.3) 2.8 (±0.2) 2.5 (±0.2) 2.7 (±0.1) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
LFuc 1.9 (±0.1) 1.9 (±0.1) 2.0 (±0.2) 1.9 (±0.2) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
UNI-E 2.6 (±0.1) 2.6 (±0.1) 2.3 (±0.2) 2.7 (±0.1) 5.2 (±0.4) 5.8 (±0.1) 5.3 (±0.4) 5.0 (±0.4) 
UNI-F 2.4 (±0.2) 2.3 (±0.1) 2.1 (±0.2) 2.3 (±0.2) 10.2 (±1.1) 12.7 (±0.2) 11.8 (±1.0) 10.7 (±1.1) 
UNI-G 0.8 (±0.2) 1.0 (±0.1) 0.6 (±0.2) 0.8 (±0.2) 0.0 (±0) 0.0 (±0) 0.0 (±0) 0.0 (±0) 
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Supplementary Table 9. Two-way ANOVA results showing the effects of pCO2 (two levels) and temperature (two levels) on monosaccharide 
abundances for P. cf. onkodes, L. cf. insipidum, L. proliferum, and S. cf. durum. 
  

  GulA ManA Man LRib GlcN 
    df MS F p df MS F p df MS F p df MS F p df MS F p 

P. cf. onkodes pCO2 1 25.17 4.48 0.050 1 1.65 0.61 0.447 1 2.11 0.15 0.707 1 5.72 5.45 0.033 1 0.09 0.52 0.482 

 temp 1 0.80 0.14 0.711 1 0.03 0.01 0.921 1 61.70 4.29 0.055 1 5.26 5.01 0.040 1 0.34 2.03 0.175 

 pCO2* temp 1 48.45 8.62 0.010 1 3.07 1.13 0.303 1 0.00 0.00 0.994 1 0.00 0.00 0.990 1 0.29 1.70 0.212 

 Residuals 16 5.62   16 2.71   16 14.39   16 1.05   15 0.17   
L. cf. insipidum pCO2 1 1.10 0.35 0.565 1 0.01 0.00 0.959 1 0.07 0.11 0.749 1 0.57 2.02 0.175 1 0.26 2.66 0.129 

 temp 1 7.10 2.23 0.155 1 7.17 2.11 0.166 1 0.01 0.01 0.922 1 0.05 0.17 0.686 1 0.08 0.87 0.369 

 pCO2* temp 1 0.08 0.03 0.873 1 0.03 0.01 0.933 1 0.12 0.18 0.674 1 0.28 0.97 0.338 1 0.07 0.72 0.414 

 Residuals 16 3.18   16 3.40   16 0.68   16 0.28   12 0.10   
L. proliferum pCO2 1 1.10 0.99 0.340 1 0.71 0.85 0.373 1 1.68 0.16 0.696 1 0.19 0.51 0.488 1 0.48 0.89 0.363 

 temp 1 0.18 0.16 0.694 1 0.00 0.00 0.995 1 5.86 0.56 0.469 1 0.57 1.56 0.233 1 0.00 0.01 0.941 

 pCO2* temp 1 8.93 8.06 0.015 1 3.30 3.96 0.068 1 0.02 0.00 0.969 1 5.07 13.99 0.002 1 0.06 0.10 0.754 

 Residuals 13 1.11   13 0.83   13 10.51   13 0.36   13 0.54   
S. cf. durum pCO2 1 0.03 1.82 0.199 1 0.03 0.86 0.368 1 18.60 0.19 0.672 1 0.06 0.32 0.581 1 0.00 0.41 0.533 

 temp 1 0.00 0.00 0.953 1 0.00 0.05 0.825 1 38.30 0.38 0.545 1 0.02 0.12 0.731 1 0.00 0.44 0.522 

 pCO2* temp 1 0.00 0.18 0.678 1 0.04 1.10 0.310 1 686.80 6.87 0.019 1 1.16 6.09 0.026 1 0.00 0.03 0.869 
  Residuals 14 0.01     16 0.03     15 100.00     15 0.19     11 0.00     
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  UNI-B GlcA Glc GalA Gal 

    df MS F p df MS F p df MS F p df MS F p df MS F p 

P. cf. onkodes pCO2 1 6.51 84.3 0.000 1 0.07 0.13 0.723 1 8950152 5.36 0.034 - - - - 1 6.34 1.13 0.308 

 temp 1 0.12 1.5 0.246 1 1.69 3.12 0.096 1 1783959 1.07 0.317 - - - - 1 4.71 0.84 0.377 

 pCO2* temp 1 2.34 30.3 0.000 1 1.42 2.63 0.124 1 1138646 0.68 0.421 - - - - 1 10.07 1.79 0.204 

 Residuals 10 0.08   16 0.54   16 1669812   - - - - 14 5.63   
L. cf. insipidum pCO2 1 0.84 3.34 0.089 1 0.01 0.02 0.886 1 9656271 2.03 0.174 - - - - 1 0.56 0.23 0.639 

 temp 1 1.51 6.01 0.028 1 0.54 1.86 0.192 1 34796105 7.31 0.016 - - - - 1 5.84 2.42 0.146 

 pCO2* temp 1 0.99 3.97 0.066 1 0.55 1.89 0.188 1 8126343 1.71 0.210 - - - - 1 2.66 1.10 0.315 

 Residuals 8 0.25   16 0.29   16 4761406   - - - - 12 2.42   
L. proliferum pCO2 - - - - 1 0.04 0.35 0.567 1 9426 0.02 0.897 1 0.13 344 0.000 1 4.37 0.36 0.560 

 temp - - - - 1 0.27 2.58 0.134 1 7803410 14.51 0.002 1 0.17 459 0.000 1 0.22 0.02 0.895 

 pCO2* temp - - - - 1 0.01 0.05 0.829 1 357403 0.66 0.430 1 0.13 344 0.000 1 2.69 0.22 0.647 

 Residuals - - - - 13 0.11   13 537914   9 0.00   13 12.23   
S. cf. durum pCO2 - - - - 1 1.50 1.20 0.290 1 1905199 6.01 0.026 - - - - 1 10.22 0.67 0.429 

 temp - - - - 1 0.95 0.76 0.398 1 139712 0.44 0.516 - - - - 1 1.47 0.10 0.762 

 pCO2* temp - - - - 1 7.57 6.03 0.026 1 156035 0.49 0.493 - - - - 1 20.24 1.33 0.273 
  Residuals - - - - 16 1.26     16 317165     - - - - 11 15.18     
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  Xyl Ara UNI-C UNI-D Fuc 

    df MS F p df MS F p df MS F p df MS F p df MS F p 

P. cf. onkodes pCO2 1 1.78 2.97 0.104 - - - - - - - - 1 0.79 1.04 0.324 - - - - 

 temp 1 0.08 0.14 0.716 - - - - - - - - 1 0.07 0.09 0.765 - - - - 

 pCO2* temp 1 5.82 9.75 0.007 - - - - - - - - 1 0.38 0.50 0.492 - - - - 

 Residuals 16 0.60   - - - - - - - - 16 0.77   - - - - 

L. cf. insipidum pCO2 1 5.49 14.59 0.002 - - - - - - - - 1 0.05 0.25 0.622 1 0.00 0.03 0.877 

 temp 1 0.89 2.37 0.143 - - - - - - - - 1 0.21 1.05 0.320 1 0.00 0.01 0.928 

 pCO2* temp 1 0.11 0.30 0.590 - - - - - - - - 1 0.01 0.04 0.844 1 0.01 0.08 0.778 

 Residuals 16 0.38   - - - - - - - - 16 0.20   15 0.10   
L. proliferum pCO2 1 0.19 0.60 0.451 1 0.00 0.95 0.357 1 0.00 0.15 0.713 - - - - 1 0.00 0.66 0.434 

 temp 1 0.43 1.38 0.261 1 0.01 2.82 0.132 1 0.00 0.15 0.709 - - - - 1 0.02 5.74 0.034 

 pCO2* temp 1 0.14 0.45 0.516 1 0.00 0.96 0.357 1 0.07 7.03 0.029 - - - - 1 0.01 1.95 0.188 

 Residuals 13 0.31   8 0.00   8 0.01   - - - - 12 0.00   
S. cf. durum pCO2 1 9.61 1.73 0.207 - - - - - - - - - - - - - - - - 

 temp 1 2.73 0.49 0.493 - - - - - - - - - - - - - - - - 

 pCO2* temp 1 29.85 5.37 0.034 - - - - - - - - - - - - - - - - 
  Residuals 16 5.56     - - - - - - - - - - - - - - - - 
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  UNI-E UNI-F UNI-G Gal:Xyl Gal (all):Xyl 

    df MS F p df MS F p df MS F p df MS F p df MS F p 

P. cf. onkodes pCO2 1 1.94 1.46 0.245 1 0.07 2.66 0.124 - - - - 1 0.21 3.59 0.076 1 0.20 2.49 0.134 

 temp 1 0.00 0.00 0.963 1 0.11 3.95 0.066 - - - - 1 0.16 2.65 0.123 1 0.13 1.67 0.214 

 pCO2* temp 1 1.08 0.81 0.381 1 0.03 1.23 0.285 - - - - 1 0.17 2.81 0.113 1 0.70 8.88 0.009 

 Residuals 16 1.33   15 0.03   - - - - 16 0.06   16 0.08   
L. cf. insipidum pCO2 1 0.03 0.30 0.590 1 0.12 0.76 0.396 1 0.06 1.41 0.257 1 0.33 4.31 0.055 1 0.63 5.10 0.039 

 temp 1 0.24 2.73 0.118 1 0.00 0.00 0.985 1 0.07 1.78 0.205 1 0.00 0.01 0.907 1 0.00 0.01 0.926 

 pCO2* temp 1 0.13 1.48 0.242 1 0.08 0.50 0.489 1 0.07 1.72 0.212 1 0.00 0.06 0.817 1 0.02 0.16 0.696 

 Residuals 16 0.09   16 0.16   13 0.04   15 0.08   15 0.12   
L. proliferum pCO2 - - - - 1 0.01 0.11 0.746 1 0.00 0.01 0.906 1 1.97 3.24 0.095 1 2.44 2.72 0.123 

 temp - - - - 1 0.12 1.14 0.307 1 0.07 1.05 0.325 1 1.43 2.35 0.149 1 1.43 1.59 0.229 

 pCO2* temp - - - - 1 0.11 1.03 0.330 1 0.03 0.41 0.533 1 0.94 1.54 0.236 1 1.25 1.39 0.259 

 Residuals - - - - 12 0.10   13 0.06   13 0.61   13 0.90   
S. cf. durum pCO2 1 0.65 1.19 0.292 1 0.00 0.00 0.991 - - - - 1 0.57 2.89 0.109 1 1.21 3.93 0.065 

 temp 1 0.07 0.12 0.736 1 1.44 0.30 0.594 - - - - 1 0.00 0.02 0.905 1 0.00 0.01 0.924 

 pCO2* temp 1 0.83 1.50 0.238 1 15.34 3.17 0.095 - - - - 1 1.31 6.63 0.020 1 2.40 7.77 0.013 

  Residuals 16 0.55     15 4.84     - - - - 16 0.20     16 0.31     
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Supplementary Table 10. Two-way ANOVA results showing the effects of pCO2 (two levels) and temperature (two levels) on net calcification (G) and 
surficial Cinorg content for P. cf. onkodes, L. cf. insipidum, L. proliferum, and S. cf. durum. G data for P. cf. onkodes were log-transformed.	

  G Cinorg 
    df MS F p df MS F p 

P. cf. onkodes pCO2 1 0.04 2.22 0.159 1 1.96 8.64 0.011 

 temp 1 0.03 1.75 0.207 1 0.88 3.86 0.070 

 pCO2* temp 1 0.00 0.11 0.742 1 0.12 0.52 0.482 

 Residuals 14 0.02   14 0.23   
L. cf. insipidum pCO2 1 5.43 12.07 0.003 1 0.06 0.30 0.593 

 temp 1 0.12 0.27 0.613 1 0.83 4.20 0.061 

 pCO2* temp 1 0.67 1.49 0.241 1 1.02 5.17 0.041 

 Residuals 15 0.45   13 0.20   
L. proliferum pCO2 1 0.38 3.33 0.093 1 0.47 4.76 0.047 

 temp 1 0.01 0.13 0.728 1 0.24 2.48 0.138 

 pCO2* temp 1 0.29 2.53 0.138 1 1.25 12.62 0.003 

 Residuals 12 0.11   14 0.10   
S. cf. durum pCO2 1 0.31 12.57 0.004 1 0.04 0.50 0.492 

 temp 1 0.16 6.61 0.023 1 1.70 20.77 0.001 

 pCO2* temp 1 0.45 18.36 0.001 1 0.74 9.00 0.011 
  Residuals 13 0.02     12 0.08     
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