
 
 

 

 

 
 
 
 

The ecophysiology of coral reef macroalgae and  

their plasticity to environmental changes 
 

 

 

 

Maureen Ho 

BSc, MSc 

 

 

 

 

Australian Rivers Institute 

Griffith School of Environment and Science 

Griffith University 

 

 

Submitted in fulfilment of the requirements of the degree of 

Doctor of Philosophy 

 

 

 

March 2021  



 2 

Abstract 
 Macroalgae, or seaweeds, are photosynthetic primary producers found in marine, 

freshwater, and estuarine environments; however, most diversity is found in marine 

environments. Macroalgae consist of a diverse range of functional groups including 

filamentous, fleshy and encrusting, and calcareous crustose or non-crustose algae. The 

diversity and complexity of macroalgae serve different ecological roles and their 

physiological response under various environments will have implications on 

community assemblages and overall reef community structure. 

On coral reefs, changing environments continue to result in highly variable 

responses in non-calcified macroalgae compared to their calcified counterparts. Yet the 

roles of physiological mechanisms in fleshy macroalgae are comparatively 

understudied. Macroalgae with varying inorganic carbon (Ci) affinities can have trait 

variability within physiological processes, making general predictions of responses to 

environmental stress difficult. Simultaneously, physical gradients such as depth or 

stressors like warming are interacting with various changing abiotic factors, e.g. 

elevated pCO2, and affecting resource availability. The underlying drivers involved in 

macroalgal responses will be indicative of their capability to tolerate a rapidly changing 

environment. Thus, I aimed to examine the physiological plasticity of non-calcifying 

macroalgae across various environmental gradients in the context of global change and 

to elucidate the physiological mechanisms influencing any changes in macroalgal 

responses. Three separate experiments were conducted on the Great Barrier Reef, 

Australia, to investigate various changes in growth rates, inorganic carbon uptake, 

photosynthetic and respiration rates (using O2 evolution), and photophysiology (using 

the PAM) of tropical reef macroalgae.  

In chapter 2, I examined the responses of four species of fleshy macroalgae with 

varying affinities for inorganic carbon to three temperatures under ocean acidification 

(OA). I conducted a tank experiment to assess changes in growth, oxygen evolution (i.e. 

metabolism), and carbon physiological responses to individual and interacting warming 

and OA conditions. I found that HCO3- -using species benefitted from OA while CO2 -

using species were unaffected, which was reflected from carbon isotope values. Both 

respiration and photosynthesis resulted in varying responses and there was a decoupling 

between photosynthesis and growth rates. Additionally, I found that if only two 

temperature levels were examined, 24 ºC and 30 ºC, physiological responses would 
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have been unaffected. In chapter 3, I selected an ecologically important brown algal 

genus, Lobophora, as the model organism to determine functional relationships in their 

physiological responses to a temperature gradient. I conducted a tank experiment at five 

temperature levels to assess growth, photosynthetic, and respiration rates. I found that 

growth had a non-linear response curve while photosynthesis and respiration had 

negative linear responses curves as a function of temperature. Importantly, responses 

across four temperature levels from 24.5 ºC to 30 ºC elicited negligible responses (as 

seen in Chapter 2). However at 32 ºC, there were detrimental effects. Finally, in chapter 

4, I examined the ability of macroalgae to modulate their physiology to changes in light 

in situ with a reciprocal transplant experiment. To examine the underlying physiological 

drivers affecting macroalgal performance further, I complemented the field experiment 

with a tank experiment using four light levels to mimick changes in light along the reef 

slope with OA. I selected two species with different Ci affinities, a HCO3- -user and a 

predominantly CO2 -user, to assess how carbon physiology is affected by light and 

whether it drives changes in growth, metabolism, and photophysiological responses. 

Results indicated the effect of depth in situ affected the HCO3- -user more than the 

predominantly CO2 -user. Conversely, when light interacted with OA, the 

predominantly CO2 -user was more affected physiologically than the HCO3- -user, 

highlighting the energy constraints on species that rely more on CO2 for physiological 

processes.   

Overall, this thesis highlights underlying drivers of physiological responses and 

the ability of macroalgae to modulate their responses in order to buffer a changing 

environment. Environmental gradients will be an important addition to evaluating 

ecophysiological studies for a more comprehensive understanding of physiological 

performance, tolerance, and adaptive capacity in various organisms. As ecosystems 

continue to face global-scale changes and macroalgae become more abundant in tropical 

reefs due to increased substrate availability because of coral mortality, physiological 

information on ecologically relevant species and the underlying mechanistic drivers will 

be critical for understanding pattern responses and providing a scale to which species 

may respond across different taxa. 
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PAM pulse amplitude modulated  

RLC rapid light curve 

RGR relative growth rate 

RCP representative concentration pathway 

SST sea surface temperature 

Na2S2O4 sodium dithionite 

sp. species 

AT total alkalinity 
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Chapter 1: General Introduction 
Macroalgae, or seaweeds, can be found in marine, estuarine, and freshwater 

environments, with the most diversity occurring in marine environments (van den Hoek 

et al., 1995), and generally with more diversity and biomass in temperate than tropical 

systems (Phillips, 2001). Macroalgae are from three protistan groups: Rhodophyta (red 

algae), Chlorophyta (green algae), and Ochrophyta (the predominant class, 

Phaeophyceae; brown algae). Macroalgae consist of a wide range of morphologically 

dynamic functional groups ranging from filamentous algae such as algal turf, non-

calcifying upright fleshy or encrusting algae, and calcifying crustose or non-crustose 

algae (Diaz-Pulido et al., 2007). Although commonly grouped together with seagrasses, 

macroalgae are not true vascular plants, as macroalgae lack vascular tissues and depend 

on cellular diffusion for transport and uptake (Macreadie et al., 2017). Macroalgae also 

lack plant reproductive structures such as flowers and seeds, but instead rely on spore 

dispersal for reproduction (Macreadie et al., 2017). Through evolutionary adaption, 

macroalgae have developed the ability to harvest a range of light wavelengths, while 

using all of the macroalgal tissue for photosynthesis (seagrass are limited to 

photosynthesis in their leaf epidermis) (Raven & Hurd, 2012). Additionally, fleshy 

macroalgae generally grow by attaching onto stable substrata because they lack roots. 

Macroalgae are morphologically different in that the thallus or body is composed of a 

holdfast (the base extension that anchors to substrate); have either blades or fronds 

(leaf-like), or a stipe (stem-like common to large brown algae) extending from the 

holdfast; and in some, gas bladders (floatation organs between stipe and blade) (Figure. 

1.1) (Littler & Littler, 2013; Macreadie et al., 2017). Due to its ability to grow in a wide 

range of light environments, macroalgae can be found in environments as shallow as 

rocky shores to those as deep as 295 m underwater, with the deepest being calcified 

crustose coralline algae (Littler & Littler, 2013). The ubiquitous nature of macroalgae in 

aquatic environments is evidenced by their large distribution worldwide, and their 

diverse morphological and ecological roles in ecosystems. As such, changes in relative 

abundances of macroalgal species through monitoring of certain ecosystems has been 

used to indicate reef condition and potential declines.  
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The role of macroalgae on coral reefs 

Macroalgae are important primary producers and play an integral role in 

biological diversity with the highest diversity occupying marine habitats (van den Hoek 

et al., 1995). On temperate reefs, brown algae such as kelp occupy ~25% of the world’s 

coastlines and are important foundation species (Smale, 2020). Kelp forests provide 

critical canopy habitat support for various invertebrates and fish communities (Duffy et 

al., 2019) and contribute to both carbon and nitrogen fixation (Wernberg et al., 2019). 

Additionally, macroalgae are harvested for a variety of commercial purposes, such as 

for colloids in food additives, agar in candies or gelatinous products, carrageenan in 

condiments, and personal and cosmetic products such as shampoo and toothpaste 

(Littler & Littler, 2013). Seaweeds are also used for pharmaceutical purposes like 

wound dressings and, more recently, a particular species, Asparagopsis taxiformis, has 

been identified to mitigate methane production from cattle (Machado et al., 2014). 

Collectively, macroalgae can provide a beneficial alternative for many natural products.  

On coral reefs, macroalgae have gained attention among the highly diverse 

groups of benthic organisms. Coral reefs are biological hotspots, with highly mixed 

community assemblages composed of structurally complex frameworks of reef building 

organisms such as scleractinian corals, macroalgae, and other calcifying organisms (e.g. 

large benthic foraminifera) (Doo et al., 2020). In particular, coral reefs are well-known 

for their roles in providing ecologic and economic value to communities worldwide 

(Doney et al., 2020) Reef algae directly and indirectly construct coral reefs and can 

define overall reef community structure. Crustose coralline algae are important 

Figure 1.1. Morphological differences between algae (left) and seagrasses 
(right). Algae lack vascular tissues and are composed of a holdfast, blades, and 
sometimes a stipe, while seagrasses have roots, flowers, and leaves.  Source: 
Kris Beckert, Integration and Application Network (ian.umces.edu/media-
library/). 
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framework builders and critical reef builders and facilitators for coral settlement (Adey, 

1998; Macreadie et al., 2017; Negri et al., 2001). Coral reef macroalgae are an 

important food source (Steneck et al., 2003) and provide structural habitat (Graham & 

Nash, 2013) for various reef organisms. Of importance is the fact that reef algae also 

compete with corals for the same resources. Dense algal assemblages can lessen 

available substratum for coral larvae and in some cases, preclude coral recruitment 

(Birrell et al., 2008). This can lead to a reduction in coral populations, potentially 

shifting the benthic community composition to be dominated by fleshy macroalgae. 

Alternatively, coral dominated reefs may also shift to algal dominated reefs, or a “phase 

shift,” due to a disturbance or stressor  (Done, 1992; McCook, 1999). Phase shifts have 

occurred in the past due to both human impacts and natural disturbances. Human 

impacts such as overfishing reduces herbivory while the increase of sediment and 

nutrient runoff results in eutrophication, both of which can benefit macroalgal growth 

(Done, 1992). Natural disturbances such as cyclones, outbreaks of crown-of-thorns 

starfish, or coral diseases can result in coral mortality, providing base substrata for algae 

colonisation (Birrell et al., 2008). Algal colonisation or proliferation can increase further 

coral-algal competitive interactions, leading to further inhibition of coral settlement and 

growth. Competition potential can vary between algal functional groups, but one of the 

most prominent interactors is the brown algae genus Lobophora (Box & Mumby, 2007; 

Jompa & McCook, 2002; Rasher & Hay, 2010). Lobophora can occupy healthy reefs 

and find refuge in crevices (pers. obvs. Heron Island; (Puk et al., 2020), but also, has 

been known to rapidly colonize and dominate coral reefs when a disturbance or pressure 

occurs. This has been reported in the Caribbean (De Ruyter Van Steveninck et al., 1988) 

and in the Great Barrier Reef (Diaz-Pulido et al., 2009) where Lobophora blooms 

occurred and outgrew adult colonies of corals. As such, certain genera of algae like 

Lobophora are more scrutinised than others. It is not clear what drives these temporal 

shifts in Lobophora and other macroalgal densities, as many concurrent factors 

contribute to changes in ecosystem state. 

 The natural state of macroalgae varies spatially and temporally, and is 

influenced by five main groups of factors: availability of resources, ‘supply side’ factors 

like recruitment, physical gradients and disturbances, interactions of species, and the 

interactions or effects of evolutionary history among these factors (McCook, 1999). As 

anthropogenic impacts continue to increase, resource availability such as light, space, 

and dissolved inorganic carbon (DIC) concentrations are changing and having 
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differential physiological impacts on macroalgae. Simultaneously, physical gradients 

such as depth, or stressors like warming, are interacting and affecting resource 

availability. These factors rarely occur independently and can have profound interacting 

impacts on coral reefs. The vulnerability of coral reefs continues to increase and effects 

such as climate change are more pronounced for tropical coral reefs due to its narrow 

thermal tolerance (Hoey et al., 2016). Specifically, Australia’s Great Barrier Reef 

(GBR) has been increasingly under pressure (Wolff et al., 2018) and in the last five 

years has sustained three mass coral bleaching events (ARC CoE Coral Reef Studies, 

2020). Increased warming and heatwaves are having lasting effects on reef recovery and 

understanding the role of macroalgae post-disturbance will be important for overall 

coral reef assessment and conditions. Thus, increasing research by examining responses 

in non-calcifying, or fleshy, macroalgae (i.e. seaweed) to rising anthropogenic impacts 

is crucial for better predictions of overall reef conditions. 

 

Global changes and environmental tolerance 

Ocean warming and acidification 

 Global environmental changes are creating more suitable habitats for some algal 

species than others (i.e. non-calcifying vs. calcifying algae), contributing to increasing 

seaweed abundances. Notably, the increase in CO2 emissions into the atmosphere has 

resulted in two key global threats to marine environments: ocean acidification (OA) and 

rising sea surface temperatures (SST). OA is the absorption of CO2 into the oceans, 

causing a shift in seawater chemistry with little to no change in total alkalinity, while 

reducing seawater pH (Doney et al., 2009). A 0.3-0.4 pH unit reduction in surface 

seawater is predicted to occur throughout this century under the Representative 

Concentration Pathway (RCP 8.5) business-as-usual conditions (van Vuuren et al., 

2011). As a result, the relative proportions of dissolved inorganic carbon (summation of 

dissolved CO2, [HCO3-], [CO3]2-) will shift. Concentrations of bicarbonate (HCO3-) and 

CO2 will increase (two sources of inorganic carbon [Ci] that macroalgae use for 

photosynthesis and growth) (Fernández et al., 2014), while the calcium carbonate 

saturation state (omega) will decrease, thus affecting calcifying organisms using 

different forms of calcium carbonate to build their skeletons (Kleypas et al., 2006). 

While the degree of sensitivity to OA varies among taxa for both calcifying and non-

calcifying organisms (Kroeker et al., 2010), studies have commonly shown a general 
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negative effect of OA on calcification and survival for calcifiers (Andersson et al., 

2009; Edmunds, 2011; Fabricius et al., 2011; Pörtner, 2008), but positive (e.g. 

(Cornwall et al., 2012; Gaylord et al., 2015; Kuebler et al., 1991) or negligible 

responses (Fernández et al., 2015; Israel & Hophy, 2002; Rautenberger et al., 2015) for 

non-calcifying algae. Thus, the change in the chemical equilibria of the oceans will 

differentially affect various marine organisms and, in turn, will potentially affect 

various communities and ocean ecosystems. 

 Concurrently, there is rising concern for increases in global mean temperature. 

Atmospheric CO2 emissions are contributing to ocean warming with a projected global 

mean temperature increase of another 2-4 ºC and a decrease in net primary productivity 

in tropical oceans between 7-16% by 2100 (Oppenheimer, In press). Since temperature 

plays a critical role in biological and physiological processes, changes in temperature 

are expected to impact metabolic pathways of organismal physiology, as well as 

population-level algal distribution patterns. Algal performance is typically dependent on 

temperature, instantaneously affecting metabolic processes of photosynthesis and 

respiration (Kordas et al., 2011). Enzymatic reactions typically increase with 

temperature, which have the potential to increase metabolic performance. However, 

once the temperature exceeds the optimum temperature or an organism’s thermal limit, 

detrimental effects in organismal physiology are observed (Ji et al., 2016). Additionally, 

thermal tolerance is variable among algal species depending on their habitat and thermal 

history; some species may be less susceptible to ocean warming than others or have 

larger thermal windows if exposed to larger temperature fluctuations (Kübler et al., 

1999; Padilla-Gamiño & Carpenter, 2007). Two species of Laurencia found in different 

thermal environments have been shown to have a greater tolerance to elevated 

temperature when acclimatised to larger seasonal changes (Padilla-Gamiño & 

Carpenter, 2007). This emphasises that the ability for species to acclimatise and/or adapt 

to environmental fluctuations such as temperature can ultimately affect the distribution 

and abundance of species (Gaylord et al., 2015).  

 Interspecific variation in responses to OA and temperature are common, but the 

magnitude and extent of how species will respond to these environmental changes are 

still unknown. An increasing number of studies are examining the interactive and 

cumulative effects of multiple stressors to determine whether the effects are non-

additive (e.g. synergistic or antagonistic) or additive on reef organisms. Complication 

arises because environmental conditions can change simultaneously, and the direct and 
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indirect effects of these changes are mediated through the interaction of species within a 

community as well as an ecosystem. For example, OA can negatively affect calcifiers 

via eliciting increased dissolution rates, but positively affect fleshy seaweeds by an 

increase in available CO2 (Kroeker et al., 2013). Temperature can further exacerbate 

OA effects on calcifiers, leading to bleaching and decreased survival (Diaz-Pulido et al., 

2011; Harley et al., 2012), but can enhance metabolic processes for non-calcifiers, 

promoting growth (Johnson et al., 2014). Conversely, if OA does benefit fleshy 

macroalgae, then it can act synergistically with temperature by ameliorating negative 

effects of temperature and increasing the temperature optimum. This can shift 

competitive interactions between calcifying and non-calcifying species such as corals 

and algae to favour fleshy algae and potentially shift community composition, leading 

to ecosystems being dominated by algae (Kroeker et al., 2012). More so, many studies 

have shown responses in reef organisms to be species-specific as well as non-linear 

and/or non-additive, making it difficult to predict how certain taxa will respond to 

increasing human impacts. However, an organism’s plasticity to environmental change 

and overall tolerance in the presence of stress highlights potential longer term 

evolutionary effects in which intra-generational effects (e.g. epigenetic factors) can lead 

to adaption of the species (Kawecki, 2008). As such, examining the responses of a 

variety of macroalgal species to global change will be crucial to making predictions of 

organismal fitness and impacts on functional groups.  

 

Environmental tolerance  

The basic concept of tolerance relates to an organism’s response to stress. Stress 

is defined as when resource availability or a specific environmental factor becomes 

limiting or excessive in that it results in reduced species performance (Niinemets & 

Valladares, 2008). In ecology, understanding species’ tolerance ranges provides 

information about physiological performance and survivorship. The range is largely 

determined by an organism’s tolerance to a particular environmental condition(s) and is 

defined by a maximum, minimum, and optimum limit in which the organism can 

survive, a concept known as Shelford’s law of tolerance (Lynch & Gabriel, 1987). The 

ability of the organism to still perform when an environmental condition goes below or 

above the optimum conditions characterises the tolerance curve. In turn, tolerance 

curves provide the geographic range limits and species distribution based on the optimal 



 25 

environmental conditions for the species to grow (Billings, 1970). This concept has 

been extensively examined to understand an organism, population, or community’s 

tolerance under environmental change.  

Traditionally, studies examine the performance or productivity of an organism in 

relation to an environmental resource to determine the response curve; this is classically 

idealised by a bell-shaped response curve (Niinemets & Valladares, 2008), with the 

optimum level representing the organism’s maximum level of performance, the 

optimum range (Fig. 1.2). The difficulty in examining performance tolerance curves 

arises from the disparity in developing these tolerance curves and naturally occurring 

environmental variation. When the environment deviates too far on either side from the 

optimum range, it becomes a ‘stress,’ and thus, performance can change. While 

performance tolerance curves generally are defined by a range measured across an 

environmental gradient, studies have traditionally examined contrasting environmental 

levels within a factorial statistical framework (i.e. low vs. high) to observe patterns or 

develop general trends in responses or processes (Riesch et al., 2018) instead of 

measuring tolerance across an actual range (Niinemets & Valladares, 2008). For 

example, warming studies have examined responses under ambient and +2 ºC 

conditions, and over the last decade OA studies have commonly examined ambient pH 

and low pH (i.e. 0.3-4 units lower), both representing the end-of-century predicted 

levels (e.g. Kram et al., 2016; van der Loos et al., 2019; Zou & Gao, 2009)). However, 

there are more levels incorporated when studies are conducted on natural CO2 vents 

(e.g., Celis-Plá et al., 2015; Cornwall et al., 2017; Enochs et al., 2015). More recently, 

manipulative tank studies such as OA studies have incorporated a third or fourth level, 

either the pre-industrial level or a medium CO2 treatment (Bergstrom et al., 2020; Diaz-

Pulido et al., 2014; Doropoulos & Diaz-Pulido, 2013; Hofmann et al., 2011; Zweng et 

al., 2018). The benefit of these studies has been illustrated under a business-as-usual 

scenario of what is expected in terms of organisms’ response to an extreme scenario. 

However, contrasting environments determine the tolerance at the low and high end of a 

particular environmental condition and, when only evaluated at two levels, can provide 

an underestimate or overestimate of a response. Furthermore, the physiological response 

curves are rarely bell-shaped but instead, mostly asymmetric (Figure 1.2b). The 

differential tolerance to resource availability can vary, resulting in a negative or positive 

skew and this variation is in part due to the organism’s plasticity (Figure 1.2b) 

(Niinemets & Valladares, 2008). For macroalgae, physiological processes like 
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photosynthesis are heavily modulated by the environment, so examining the factors that 

influence their physiology is important to understand overall macroalgal plasticity. 

 

Carbon assimilation in macroalgae and their plasticity to environmental changes 

Carbon assimilation 

 The dissolved inorganic carbon (DIC) speciation in seawater currently is 

composed of bicarbonate (HCO3-, the dominant form of DIC [92%]), CO2 (1%), and 

carbonate (CO32-, the remainder [7%]) (Zou et al., 2011). Since macroalgae can only 

assimilate CO2 and/or HCO3- for photosynthesis and growth, their ability to take up 

different carbon sources heavily depends on how much inorganic carbon is available 

(Raven et al., 2008). All algae acquire CO2 diffusively, but the rate of diffusion is much 

slower (~10,000 times slower) in seawater than air (Kubler et al. 1999). Therefore, 

many species have developed CO2-concentrating mechanisms (CCMs) to access the 

large pool of HCO3- available. This evolutionary development allows active uptake of 

HCO3- in one of two ways: 1) by readily dehydrating HCO3- to CO2 extracellularly via 

the enzyme, carbonic anhydrase (CA) (Badger, 2003), or 2) through direct HCO3- 

uptake intracellularly via the anion exchange protein (Giordano et al., 2005; Moroney & 

Somanchi, 1999). By doing so, it prevents carbon limitation and provides an advantage 

for photosynthesis and growth (Zou, 2005). Commonly, photosynthesis and growth are 

coupled physiological responses modulated by the environment and are largely 

dependent on their source of inorganic carbon. Yet, little is known about the role of 

physiological mechanisms by which macroalgae assimilate carbon. 

Figure 1.2. Illustration of physiological response curves of an organism to availability of resource 
(e.g. an environmental factor). A) A traditional response curve depicting a bell-shaped symmetric 
curve with an optimum range and when resource availability deviates less or more than the range, it 
becomes a stress. B) An asymmetric response curve of either a negatively (dotted) or positively 
(dashed) skewed response as a function of tolerance to either limiting or excess availability of a 
resource (e.g. temperature or nutrients). Source: Niinemets and Valladares (2008) 
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 It is predicted that by 2100, dissolved CO2 concentrations would increase by 

190%, and HCO3-, only by 14% (The Royal Society, 2005). This substantial increase in 

CO2 availability can affect species interactions and alter population abundances in 

various ways, especially for macroalgae that use different carbon sources. Overall 

predictions of macroalgal responses within functional groups have been difficult 

because 1) the capacity to switch carbon sources is not uniform across species, and 2) 

species can vary in their use of inorganic carbon, i.e. having low or high affinity for 

DIC (Cornwall et al., 2017). Many studies have differentiated fleshy macroalgae into 

two general groupings based on their DIC use: CO2-only users (species lacking CCMs) 

and HCO3-/CO2 users (species with CCMs) (Cornwall et al., 2012; Giordano et al., 

2005; Harley et al., 2012; Hepburn et al., 2011; Ho & Carpenter, 2017; Kübler et al., 

1999; Raven & Hurd, 2012; Zou, 2005). Species that lack CCMs and rely solely on 

diffusive CO2 (i.e. obligate CO2-users) are likely carbon-limited under current 

conditions. The increase in dissolved CO2 concentration is predicted to benefit or 

positively affect the productivity of CO2-only users (Hepburn et al., 2011; Kübler et al., 

1999). In turn, increased productivity of CO2-only users may lead to species occupying 

higher light habitats ((Kübler & Dudgeon, 2015)). Currently, obligate CO2-users tend to 

occupy deeper depths and are light limited to reduce reliance on energy demands for 

CCM activity (Cornwall et al., 2015). However, if current carbon limitations are 

alleviated due to OA, then CO2-using algae are expected to have increased productivity 

and growth (Kübler & Dudgeon, 2015). Although it is predicted that CO2 enrichment 

will benefit those that strictly rely on diffusive CO2, the bulk of inorganic carbon in 

seawater will still be HCO3-. Since macroalgae with CCMs generally are not DIC 

limited, CO2 enrichment elicits how underlying mechanisms will be affected in species 

with CCMs.  

Species with CCMs are able to use the large HCO3- pool in seawater by 

facilitating its conversion of HCO3- to CO2 and are currently thought to have a 

competitive advantage (Zou, 2005). With the shift in relative proportions of DIC, 

species with CCMs are predicted to have little benefit in terms of productivity. Instead, 

it is predicted that CCM activity may be down-regulated and the energetic costs may be 

used elsewhere (e.g. rapid growth) (Hurd et al., 2009). Additionally, CCM activity is 

not solely dependent on increased inorganic carbon availability. Environmental factors 

such as light and temperature play an important interactive role on algal productivity 

(Iniguez et al., 2017; Kübler & Dudgeon, 2015). Understanding how various macroalgal 
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species will respond to OA is important to better predict how global environmental 

changes may influence the composition of macroalgal communities. Furthermore, 

examining the flexibility of inorganic carbon-use will provide knowledge on the ability 

of macroalgae to acclimate and adapt to a changing environment. 

 

Physiological plasticity  

 Understanding the plasticity of organisms is critical in predicting the trajectory 

of biological responses to climate change. Examining how individuals maintain fitness 

performance under a changing environment indicates its level of stability and adaptive 

capability – how much the performance level changes becomes a measure of the 

individual’s plasticity (Bradshaw, 1965). When the response of an individual changes as 

an artefact of the environment, it can be physiological or morphological, both of which 

are types of plastic responses (Bradshaw, 1965). Many studies have already shown 

changes in physiological performance, species distribution, and decline in species 

abundance to ocean warming and/or acidification (Fabricius et al., 2011; Gardner et al., 

2003; Harvey et al., 2013; Ji et al., 2016; Long, 1991; Verges et al., 2014; Wernberg et 

al., 2011). However, it is currently hypothesised that increased plasticity of species has 

the potential to be a good predictor of adaptive capacity to projected climate change, as 

increased phenotypes have a higher probability to persist (Hofmann & Todgham, 2010). 

However, these hypotheses are difficult to test as the magnitude and rate of stress 

responses are still hard to predict and testing across multiple generations is difficult. 

 Like many other organisms, macroalgae can experience natural variations in 

environmental conditions (e.g. temperature, depth, or CO2 concentrations) that can 

affect their phenotypic responses (e.g. physiology, morphology, or behaviour). This has 

been classically shown by a number of studies evaluating different acclimation potential 

to temperature (Bischoff & Wiencke, 1993; Orfanidis & Haritonidis, 1996). Following 

similar terminology as Sunday et al. (2014), acclimation here includes acclimatization 

under natural conditions and experimental lab acclimation where both can influence 

how species will cope with the changing environment. Species that are able to acclimate 

to short-term changes in temperature or in habitats where temperatures vary seasonally 

may be more tolerant to longer-term temperature fluctuations (Keith et al., 2014). 

Testing organismal capacity or tolerance levels to environmental changes can provide 

insight to potential adaptation trajectories of certain species or functional groups. 
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 The physiological capacity of organisms can be studied by assessing their ability 

to acclimate or adapt to environmental variations. It can help organisms buffer against 

environmental changes, potentially increasing their resilience or ability to persist in a 

rapidly-changing environment (Donelson et al., 2017). For seaweeds, evaluating their 

phenotypic responses related to DIC availability can provide insight into potential shifts 

in carbon assimilation and help understand the role of plasticity in macroalgae. For 

example, studies have shown no significant difference in growth rates under OA 

conditions (Harvey et al., 2013; Liu & Zou, 2015), yet it is predicted that metabolic 

rates will increase under OA, which can lead to an increase in growth rates (Harley et 

al., 2012; Ji et al., 2016; Kuebler et al., 1991). In the case of macroalgal growth rates, an 

observation of no trait responses to effects of OA does not mean there is no response to 

a changing environment. Instead, it can indicate increased plasticity in which underlying 

physiological mechanisms in metabolic processes are altered to help maintain their 

performance (Sunday et al., 2014). While photosynthetic responses are typically used to 

make inferences on growth rates, differences (or lack thereof) in growth rates are not 

always coupled directly with changes in net photosynthesis. A review by Davison 

(1991) focused on how changes in temperature affected photosynthetic responses in 

macroalgae. He discussed the discrepancy between responses of photosynthesis and 

responses of growth, and linking the relationship between the two responses. 

Regardless, growth rates are a common indicator for performance and fitness in fleshy 

macroalgae (Yong et al., 2013) and can be related to evolutionary strategies across taxa 

(Raven & Hurd, 2012). They can visibly show the effects of environmental drivers or 

stressors, such as an increase or decrease in abundance or a shift in regional temperature 

ranges, which can be linked to growth rates of organisms. For example, a review by 

Wernberg et al. (2011) on the impacts of climate change on the temperate regions of 

southern Australia listed a number of habitat-forming algae that have declined in 

abundance or have shifted poleward. These shifts in species distribution can ultimately 

result in trophic consequences. Thus, evaluating the role of plasticity in macroalgae can 

help improve the understanding of physiological mechanisms involved in their ability to 

persist and/or adapt in a continuously changing environment.  

  Environmental acclimation is especially important to elucidate the role of 

plasticity in macroalgae. Both the effects of depth (i.e. light) and CO2 concentration can 

individually and interactively affect carbon physiology in macroalgae. For instance, 

Cornwall et al. (2017) used natural CO2 seeps to examine macroalgal distribution and 
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found that certain physiological traits can be used to predict patterns in macroalgal 

assemblages. Those that had a lower affinity for DIC or didn’t have CCMs can benefit 

from OA based on their distribution along the seeps (i.e. lower pH had more species 

lacking CCMs). However, the study did not test changes in responses or the capacity of 

algae to acclimate and/or adapt to varying physical conditions. Understanding the role 

of plasticity in physiological mechanisms and overall performance patterns requires 

examining abiotic factors along a gradient; rarely are environmental conditions binary 

(e.g. low and high, cold or hot). Environmental variation plays a key role in how species 

have acclimated and adapted over time to maintain performance and survivorship. 

Considering organismal response along environmental gradients can enhance our 

understanding of pattern responses and a scale to which species may respond across 

different taxa. 

 

Thesis aims 

The overall aim of this thesis is to investigate the physiological plasticity in non-

calcareous macroalgae and the physiological mechanisms influencing or altering their 

responses in a continuously changing environment. Particularly, this thesis examines 

responses to an environmental gradient in the context of future climate conditions and, 

examines the effects of both single- and multiple-stressors on macroalgae in both field 

and laboratory experiments. Three separate experiments were conducted in the Great 

Barrier Reef, Australia from January 2018 to August 2019 to examine responses in 

macroalgal performance: 

 

Chapter 2: To investigate the individual and interactive effects of OA and 

warming on macroalgae with varying inorganic carbon sources. 

This data chapter was conducted on Heron Island, southern Great Barrier Reef 

using a manipulative tank experiment examining four species under ambient and OA 

conditions with three temperature levels, and tested the following three hypotheses: 

• H10: Temperature and OA will have the same effect on macroalgal 

physiological responses 

• H20: CCM and non-CCM species do not respond differently to OA 

• H30: There is no synergistic effect between temperature and OA on 

macroalgae 
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Chapter 3: To examine how species within a population respond along a 

temperature gradient and the capacity to acclimate to varying temperatures. 

This data chapter was conducted on Lizard Island, northern Great Barrier Reef 

examining thermal performance for Lobophora sp. under five temperature levels in a 

manipulative tank experiment and tested the following hypothesis: 

• H10: The relationship between temperature and the trait response is linear 

 

Chapter 4: To investigate the effect of depth (i.e. light) and OA on the carbon 

uptake strategies and photosynthetic output of two species of macroalgae in an in situ 

transplant experiment and a manipulative OA tank experiment. 

 This data chapter was conducted on Heron Island, southern Great Barrier Reef in 

a reciprocal transplantation field experiment at 5 and 10m and a manipulative tank 

experiment assessing the effects of OA and four light levels, mimicking the gradient of 

the reef, on two species of fleshy macroalgae (a facultative HCO3- -user and a 

predominantly CO2 -user). The following hypotheses were tested:  

• H10: There was no change in species responses in carbon assimilation to 

depth (transplant exp.) or OA (tank exp.) 

• H20: The predominantly CO2 -using species (carbon-limited) did not 

benefit metabolically from increased light when transplanted to a 

shallower depth 

• H30: OA did not increase physiological responses in the CCM species or 

the predominantly CO2 -using species and when combined with higher 

light levels had no interactive effect on the carbon-limited species 
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variation in responses to OA and temperature are common, but
the extent to which species will respond to the magnitude and
rate of interacting environmental changes is still unknown. As
coral reefs continue to face accelerating rates of global change
(Hoegh-Guldberg et al., 2017), increasing studies are examining
how various reef organisms will respond to interactive and cumu-
lative effects to determine whether simultaneous environmental
changes are non-additive (e.g. synergistic or antagonistic).

Coral reef macroalgae generally have been negatively associated
with reef degradation (McCook, 1999; Diaz-Pulido, 2007). When
bare substrate becomes readily available after a disturbance and/
or grazing pressure is heavily reduced, fleshy macroalgae can
quickly colonize and proliferate. One of the most prominent
examples of reef degradation and macroalgal proliferation was
seen on Caribbean reefs in the 1980s (Hughes, 1994). The in-
crease in macroalgae colonizing bare space can have various
effects. In some cases, macroalgae can reduce and/or prevent
coral recruits from settling (Birrell, 2008; Roth et al., 2018). In
other cases (e.g. when space is limiting), macroalgae can either (i)
outcompete other benthic organisms for space (Tanner, 1995;
Box and Mumby, 2007) or (ii) find refuge within branches of
coral colonies such as Acropora (Brown et al., 2018). While there
are negative associations, marine macroalgae are critical primary
producers and provide important ecosystem functions such as
habitat structure and food for reef animals, and the capture and
storage of CO2 (Adey, 1998; Hill et al., 2015). Future increases in
anthropogenic influences will affect macroalgae, ultimately hav-
ing varying effects scaling up to marine food webs and ecosystem
health (Duffy et al., 2019). Despite the integral role macroalgae
play in coastal and marine ecosystem function, the responses in
fleshy macroalgae on coral reefs, and specifically, the role of vary-
ing carbon uptake strategies to interacting environmental changes
such as OA and warming, are relatively understudied.

All macroalgae use diffusive CO2 for photosynthesis, but the
CO2 uptake rate via RuBisCO is much slower (!10 000 times
slower) in seawater than air (Kübler et al., 1999). As a result of
carbon limitation, the majority of macroalgae has developed
CO2-concentrating mechanisms (CCMs) to actively uptake
HCO3 , the dominant form of DIC (!92%) in seawater, primar-
ily for photosynthesis (Zou et al., 2011). The two most common
uses of CCMs may be employed either by an external enzyme,
carbonic anhydrase (CA), to dehydrate HCO3 to CO2, or by the
direct uptake of HCO3 using an anion exchange (AE) protein
(Giordano et al., 2005). Species able to use HCO3 generally have
shown positive or negligible responses to OA (Israel and Hophy,
2002; Hepburn et al., 2011; Fernández et al., 2015; Britton et al.,
2016; Ho and Carpenter, 2017). However, it has been difficult to
predict overall responses within functional groups because the ca-
pacity to switch carbon sources is not uniform across species, and
species can vary using inorganic carbon, i.e. low vs. high affinity
for DIC (Cornwall et al., 2017a). Under current CO2 concentra-
tions, the less common species of macroalgae (i.e. non-CCMs)
that rely solely on diffusive CO2 as the DIC uptake strategy are
considered at a disadvantage (Kübler and Dudgeon, 2015). In
particular, many species of red algae compared to brown and
green algae are unable to take up HCO3 , and generally have been
found to occupy lower light environments where energetic con-
straints limit active carbon uptake (Hepburn et al., 2011). This is
supported by Diaz-Pulido et al. (2016) who quantified carbon-
use strategies in macroalgae on the Great Barrier Reef (GBR), and
found that non-CCMs were only found in red macroalgal species

and predominately at the deeper depths. This was also seen by
Cornwall et al. (2015) in temperate reefs where species abundance
differed between species with or without CCMs. In particular,
non-CCM species increased with depth, with the largest propor-
tion being red algae. This highlights patterns in macroalgal
assemblages across and within reef habitats and links the distribu-
tion patterns to physiological traits.

The majority of fleshy macroalgae (!65%) is CCM species, re-
lying on HCO3 as the main inorganic carbon source for photo-
synthesis (Kübler and Dudgeon, 2015). However, the pCO2 level
projected for year 2100 [Representative Concentration Pathway
(RCP) 8.5] reflects a !200% increase in CO2 concentrations, but
only a !24% increase in HCO3 (Koch et al., 2013). Thus, non-
CCM species are predicted to show enhanced photosynthesis
and/or growth to OA compared to their CCM counterparts under
increased CO2 concentrations (Zou, 2005). CCM species may be
less responsive to the large increase in CO2 concentrations be-
cause of the mechanisms’ direct energy requirements for HCO3

uptake. This can be indicative by the stable carbon isotope (d13C)
values, which generally infers the inorganic carbon (Ci) source
macroalgae use (Raven et al., 2002). Facultative CCM species
(normally d13C values between 11& and 30&) may shift
their d13C values under elevated CO2 conditions to become more
negative, suggesting more reliance on passive diffusion of CO2

and less on HCO3 , and may allocate the energy for other physio-
logical processes instead of active HCO3 uptake (Hurd et al.,
2009). Non-CCM species (normally d13C < 30&) will have a
much larger carbon pool available, and d13C values may become
less negative (i.e. more positive) (Raven et al., 2002), which may
alleviate carbon-limitation and positively affect physiological pro-
cesses (Zweng et al., 2018). However, responses in non-CCM spe-
cies are not well understood because the majority of macroalgae
uses HCO3 (Maberly, 1990; Koch et al., 2013; Kübler and
Dudgeon, 2015), resulting in studies predominately focusing on
fleshy CCM species. A handful of studies (Diaz-Pulido et al.,
2016; Cornwall et al., 2017b; Zweng et al., 2018; Lovelock et al.,
2020; Pajusalu et al., 2020) have measured natural d13C values in
both temperate and tropical algae to determine the carbon uptake
strategy in those species. However, there are even fewer studies
examining changes in carbon physiological responses of tropical
reef macroalgae when subjected to both OA and temperature.

The aim of this study was to test the interactive effects of OA
and temperature on the physiology of tropical non-calcifying (i.e.
fleshy) macroalgae with different preferences for inorganic car-
bon. We examined if changes occurred in the carbon physiology,
metabolic responses, and growth rates of macroalgae to elevated
pCO2 across three different temperatures. We used algal tissue
stable isotope values to determine if physiological responses in
macroalgae were linked to their carbon uptake strategies (i.e.
CCM vs. non-CCM), and whether species changed their DIC use
under OA. We tested the hypotheses that (i) growth and meta-
bolic responses would positively increase, but differ in magnitude
depending on the DIC uptake strategy (i.e. non-CCM species
would have a greater change in response), (ii) species with differ-
ent carbon physiologies would respond positively under OA, but
non-CCM species would benefit more, that is, have a greater re-
sponse under OA compared to CCM-species (i.e. non-CCM spe-
cies would have more negative d13C values), and (iii) the effects
of temperature and OA on algal metabolism would be non-
additive as an increase in temperature can increase metabolism,

2 M. Ho et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsaa195/6032771 by guest on 16 D

ecem
ber 2020



 46 

 

 
  

and a reduction in seawater pH can promote physiological
responses.

Methods
Study site and species collection
This study was conducted from mid-February to early March
2018 at the Heron Island Research Station (HIRS), located in the
southern GBR, Australia. Four fleshy species of macroalgae across
the three phyla were chosen due to their abundance in austral
summer on Heron Island: two red species (Amansia rhodantha
and Plocamium hamatum), one brown species (Lobophora sp.),
and a green species (Avrainvillea nigricans) (Figure 2). Twenty-
four individuals of each species were hand collected, placed into
clear zip-lock bags, and stored in lightly shaded large plastic con-
tainers for transport back to the station. P. hamatum and A. nigri-
cans were collected from the reef slope at Tenements Reef
(23!25.9830S 151!55.9700E), and A. rhodantha at Harry’s Bommie
(23!27.4860S 151!55.6860E) at "5–6 m depth for both sites. The
foliose morphology of Lobophora sp. was collected in the lagoon
at "4 m depth, as the only individuals found on the reef slope
were encrusting, epiphytized, and unsuitable to collect. Species
were common in their respective collected regions, and were se-
lected based on their potentially differing carbon uptake strategies
from previous literature (Diaz-Pulido et al., 2016). Shortly after
collection, algae were transferred into an outdoor flow-through
seawater table, cleaned of epiphytes, and within two days were
placed into randomly allocated individual treatment tanks (see
below).

Experimental setup
To test the independent and combined effects of OA and temper-
ature on macroalgae with different affinities for Ci, six 200-l
header tanks were exposed to a fully factorial design. Six combi-
nation treatment levels were created with either ambient or low
pH (pH 8.12 or 7.7) and three different target temperature levels,
26, 28, and 30!C. Header tanks were supplied with fresh filtered
(via filter cartridges with nominal filter size "20 lm) seawater di-
rectly pumped from the sea and into an outdoor flow-through
set-up at HIRS. The outdoor set-up consisted of four outdoor
tables, each table holding 24 2.2 l tanks (total 96 tanks). Opened
header tanks were set-up and shaded under the outdoor tables
and the mixed seawater was pumped up into the individual tanks.
A manifold was constructed in the middle of the tables to distrib-
ute the mixed seawater to the individual tanks. Each individual
tank (n 4 per species per treatment) was randomly assigned a
treatment combination, and held an individual alga subjected to
14 6 2 days treatment. pH levels 8.12 and 7.7 were the ambient
and year 2100 levels under RCP 8.5, respectively (IPCC, 2014).
To obtain the targeted low pH of 7.7, which equated to "1000
matm, pure CO2 was bubbled directly into the header tank. Each
ambient ("400 matm) and elevated ("1000 matm) pCO2 treat-
ment was individually controlled and maintained using a pH-stat
aquacontroller (Neptune systems). Temperature levels corre-
sponded to low, ambient, and high temperature with the pro-
jected %2!C increase by year 2100 under the same RCP scenario.
For the low temperature treatment, seawater was pumped
through a chiller (Hailea HC 500A) into the header tank. For the
high temperature treatment, individual Aqua Heat 300W tita-
nium rod heaters were placed directly into the header tanks to
achieve target levels. Each header tank had a mixing pump

(HQB-3500) and a circulating pump (HQB-2500) with a flow
valve attached to the output valve to control the amount of sea-
water pumped into a connecting manifold. Each manifold had a
series of smaller tubes distributing the treatment seawater into
open individual tanks. Each individual tank was supplied with a
high flow rate of incoming seawater ("410 ml/min, measured
weekly) to ensure water motion and continuous replacement of
seawater. To control for outdoor sunlight, a mesh shade cloth
covered the entire aquaria set-up to match the average light levels
at peak hour where species were collected ("530mmol photons
m 2 s 1). All 96 tanks were cleaned every 2–3 days.

Carbonate chemistry
pH and temperature were measured daily between 0800 and 0900
(Aquaread AP-2000). pH metre was calibrated daily, first to NBS
buffers 4.0 and 7.0, then to the provided RapidCal solution (pH
7.0). Seawater samples were collected from the header tanks for
measurements of total alkalinity (AT). AT was measured in ran-
domly selected individual tanks per each header tank every 2 days
and remained stable (AT variation &30mmol kg 1). AT measure-
ments were determined using an automatic titrator (Metter-
Toledo T50) fitted with a glass pH electrode (Mettler-Toledo
DG115-SC). The pH probe was calibrated to TRIS buffer at the
start of each day of titrations. Titrations followed the standard
operating protocol 3b (Dickson et al., 2007), and referenced to
certified reference materials provided by A.G. Dickson (Batch
162) for accuracy and precision of titrated seawater samples. The
seawater carbonate chemistry was calculated from measured sa-
linity, temperature, AT, and pHT with R package seacarb (Gattuso
et al., 2019). pHT was converted from the measured pHNBS using
R package AquaEnv (Hofmann et al., 2010) to report parameters
on the total scale (Table 1).

Response variables
Relative growth weights
Relative growth rates (RGRs) were measured using algae wet bio-
mass spun dry at the beginning and end of the experiment (n 4
per treatment). Individuals were spun in a salad spinner with 3
pulses for 10 s and immediately weighed (60.001 g). RGR,
expressed as % day 1, was calculated as RGR ln (Wf/W0)/t '
100, where Wf is final weight, W0 is initial weight, and t is time in
days of treatment. RGR were calculated over 14- to 16-day treat-
ment periods for all species except P. hamatum (t 7 days).

Net photosynthesis and respiration
Metabolic rates (i.e. net photosynthesis and respiration) were
measured on all surviving individuals (n 4 per species/interact-
ing treatment except P. hamatum) at the end of the experiment.
Individuals were randomly selected by temperature treatment
and placed into custom-made acrylic chambers filled with their
respective CO2 treatment seawater. Incubations were conducted
based on temperature treatments maintained using a two-bath
freshwater setup. One bath was placed on a 10-point magnetic
stir plate and second bath fitted with a Juloba heater (GmbH
Model CORID CO) to maintain temperature treatment
(Figure 1). Both water baths had a mini pump (5 W HJ-542) to
circulate the freshwater between the two baths. The base of each
acrylic chamber held a stir bar to create water motion, and a plas-
tic spindle positioned "3 to 4 cm above the stir bar to separate
the incubated alga. Due to morphological differences between
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species, P. hamatum and A. rhodantha were placed in 610-ml
chambers, and Lobophora sp. and A. nigricans were placed in
!150-ml chambers. Smaller chambers were used to lessen the
volume to detect a change in O2 evolution in a timely manner.
Four chambers were used concurrently to measure net photosyn-
thesis and respiration, estimated as change in dissolved oxygen
over time.

Changes in dissolved oxygen were measured with PreSens dip-
ping oxygen optodes (PSt3) connected to the Fibox 4 oxygen-10
sensor (Precision Sensing GmbH, Germany). Each chamber was
fitted with an oxygen and temperature probe, both calibrated
each morning using a 2-point calibration in air-saturated water
(100%) and no-oxygen water (0%; supersaturated sodium
dithionite, Na2S2O4). Fibre optic halogen lights (Olympus LG-
PS2) provided light for photosynthesis incubations, providing
similar PAR levels [i.e. !530mmol photons m 2 s 1; measured
with a LiCor 2p quantum season (LI-190SA) and a LI-1400 m] to
what the algae experienced in treatment. Subsequent to photo-
synthesis incubations (!30 min), individuals were dark-adapted
(!20 min) by covering the entire water bath with a black opaque
shroud with no external lights on before beginning light-
enhanced dark respiration (LEDR) measurements (!90 min).
LEDR assumes that respiration rates measured after net photo-
synthesis and dark-adaption are similar to measuring complete
dark respiration (i.e. at night) (Comeau et al., 2016a). While me-
tabolite profile can differ between dark-adaption and at night
measurements, studies have shown no difference in measuring

net respiration rates during different times of the day (Griffin and
Turnbull, 2012). For P. hamatum, individuals began bleaching
shortly after collection, likely due to light stress as they are lower-
light adapted species, and were replaced after two days with new
individuals (kept in darker environments prior to treatment).
However, individuals were highly sensitive to temperature treat-
ments, particularly under 30#C where all individuals fully
bleached. Therefore, remaining individuals from 26#C (n 4)
and 28#C (n 3) temperature treatments were removed for final
measurements after 7 days. All other species were subjected to the
full experimental treatment and took 4 d to complete respirome-
try measurements. Following incubations, algae were dried at
60#C for 48 h and weighed. Metabolic rates were normalized to
dry biomass and expressed as mmol O2 g 1 h 1.

d13C analysis
Algal tissue of the entire thallus was used to determine stable C
isotopes (d13C expressed as &). All individuals were dried at
60#C for 48 h at the end of treatment and brought back to
Griffith University (Nathan) to process for isotope analysis.
Samples were prepared and ground to a fine powder using a
stainless steel ball in a Grinder MM-400 (Retsch Mixer Mill;
!2 min grind) and were individually weighed into pressed tin
capsules. Samples were combusted at 1000#C and d13C was deter-
mined using a Sercon Europe elemental analyser coupled to a
mass spectrometer (Hydra 20-22), and expressed as the isotope
ratio (13C/12C) in standard delta notation per mil (&) relative to
VPDB standard.

Data analysis
Two-way ANOVA with Tukey’s Honestly Significant Difference
(HSD) tests were used to test differences between the pCO2 and
temperature treatments for most response variables. For photo-
synthesis and growth of P. hamatum, a two-sample t-test was
used due to low survival at higher temperatures. All data were
evaluated for assumptions of normality and equality of variance
using residual and Q–Q plots. Statistical analyses were performed
using R v 3.6.3 (R Core Team, 2020).

Results
Experimental conditions
The carbonate chemistry was successfully maintained throughout
the experiment. Temperatures did not differ within CO2 by tem-
perature treatments, but did vary between temperature treat-
ments (F2,77 183.77, p< 0.001). Over the duration of the

Figure 1. Experimental set-up for respirometry measurements. One
freshwater bath held a Juloba heater (right side) and another bath
with four acrylic incubation chambers was placed on top of a 10-
point magnetic stir plate (left side). Freshwater was re-circulated
using mini pumps (HJ-542) to maintain temperature treatments.

Table 1. Parameters of seawater carbonate chemistry.

Treatments
Temperature
(#C) pHtot

pCO2

(matm)
CO2

(mmol kg 1)
HCO3
(mmol kg 1)

DIC
(mmol kg 1)

Total alkalinity
(mmol kg 1)

LT-ACO2 26.38 6 0.20 8.07 6 0.01 363 6 16 9.95 6 0.46 1665.7 6 21.0 1895.5 6 16.5 2215 6 16
LT-HCO2 (13) 26.51 6 0.22 7.65 6 0.03 1154 6 104 31.62 6 2.94 1966.5 6 28.1 2102.6 6 23.7 2239 6 28
AT-ACO2 28.32 6 0.18 8.03 6 0.01 395 6 17 10.35 6 0.46 1672.6 6 15.3 1903.4 6 13.0 2237 6 21
AT-HCO2 28.55 6 0.21 7.70 6 0.03 1018 6 80 26.46 6 2.08 1909.3 6 26.0 2056.2 6 19.7 2214 6 15
HT-ACO2 30.08 6 0.18 8.01 6 0.01 430 6 18 10.80 6 0.47 1681.1 6 18.8 1912.5 6 14.1 2231 6 10
HT-HCO2 30.22 6 0.18 7.67 6 0.04 1125 6 98 28.19 6 2.52 1933.9 6 27.0 2082.5 6 21.3 2239 6 15

Mean seawater carbonate chemistry for the six combination treatments. LT, low temperature; AT, ambient temperature; HT, high temperature crossed with ei-
ther ACO2,ambient CO2 or HCO2, high CO2 levels. pCO2, CO2, HCO3 , and DIC were calculated from recorded measurements of salinity, pHtot (total scale), and
temperature [n 14 except LT-HCO2 (n 13); mean 6 SE], and total alkalinity (n 7; mean 6 SE) using seacarb package in R (Gattuso et al., 2019).
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experiment, average treatment temperatures for ambient and low
pH treatments were 26.38 6 0.20 and 26.51 6 0.22 (n 13),
28.32 6 0.18 and 28.55 6 0.21, and 30.08 6 0.18 and 30.22 6 0.18
(mean 6 SE, n 14 unless otherwise specified), respectively. pH
differed between pCO2 treatments (F1,77 271.01, p< 0.001),
with ambient pH between 8.01 and 8.08 and low pH between
7.65 and 7.70 (Table 1), but not between temperature treatments.
pCO2 treatments also differed between pH treatments (F1,77

165.4, p< 0.001) but not temperature. pCO2 ranged from
362.7 6 16 to 429.7 6 18 matm for ambient pCO2 treatment and
1017.7 6 80 to 1154.1 6 104 matm for high pCO2 treatment.
Mean total alkalinity (AT) did not differ between treatments
(Table 1).

Relative growth rates
Growth rates of A. rhodantha were significantly different between
the temperature treatments (F2,18 4.080, p 0.035) and be-
tween pCO2 treatments (F1,18 8.743, p 0.008). Mean growth
rates decreased with increasing temperature, with growth rates at
26"C significantly higher than at 30"C (Figure 2). Between pCO2

treatments, A. rhodantha had higher growth rates at high pCO2

across all temperatures. At 30"C, A. rhodantha had negative

growth rates (i.e. less biomass) under ambient pCO2 but was mit-
igated by OA. There was a significant interactive effect on the
growth rates of Lobophora sp. (F2,18 4.827, p 0.021; Table 2),
where temperature had a strong effect depending on pCO2 treat-
ment. Lobophora sp. decreased in growth by 128% from 26 to
30"C under ambient pCO2, resulting in negative growth at 30"C
but was slightly alleviated under OA (Figure 2). Therefore, ele-
vated pCO2 slightly alleviated the negative effect of increased tem-
perature on growth for both Lobophora sp. and A. rhodantha.
Overall growth rates of A. nigricans were negative (less biomass)
at the end of the treatment period, with no difference across any
treatments (Figure 2). The remaining individuals of P. hamatum
at 28"C had visibly less biomass and were needed for isotope
analysis and dry weight, therefore, those individuals were ex-
cluded from growth rates measurements (i.e. spun dry) to reduce
adding stress. Only growth rates for P. hamatum at 26"C between
pCO2 treatments were analysed, and no differences were detected
(Table 2).

Net photosynthesis and respiration
Net photosynthesis of A. rhodantha showed no significant differ-
ence to either treatment (p> 0.05; Table 2). For Lobophora sp.,

Figure 2. Mean (6 SE) RGRs (% day 1) of (a) Lobophora sp., (b) A.rhodantha, (c) A. nigricans, and (d) P. hamatum (n 4) at ambient
(orange dots) and high CO2 (blue–green dots) conditions (n 4) across three temperature levels (P. hamatum photograph by Kristen
Brown). Treatments with different lower case letters are statistically different (Tukey’s HSD, p$ 0.05).
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two individuals in each pCO2 treatment at 30!C were removed
from analysis due to recording failure during photosynthesis
measurement (n 2). However, logging resumed during respi-
ration (n 4). There was a significant interaction between pCO2

and temperature on Lobophora sp. (F2,14 4.478, p 0.031) and
on A. nigricans (F2,18 9.167, p 0.002). Net photosynthesis of
Lobophora sp. at ambient pCO2 decreased from 26 to 28!C,
however this was marginally significant (Tukey’s HSD,
p 0.055). Despite the significant interaction effect for
Lobophora sp. (Figure 3 and Table 2), Tukey’s HSD did not re-
veal differing groups. Tukey’s conservative nature can mask bor-
derline treatment mean comparisons which may not detect
which groups in fact differ from each other. Photosynthetic rates
of A. nigricans at 28!C increased under high pCO2 but decreased
at 30!C under high pCO2 (Figure 3). Photosynthesis of P. hama-
tum did not differ between ambient and elevated pCO2 treat-
ments at 26!C (Table 2). However, there was high sensitivity to
increased temperatures, with partial bleaching on individuals at
28!C and complete mortality at 30!C, thus those treatments
were removed from analysis.

There was an interactive effect of temperature and pCO2 on
O2 consumption for A. rhodantha, Lobophora sp., and A. nigri-
cans (Table 2). Respiration rates of A. rhodantha increased from
ambient to high pCO2 treatments at both 28 and 30!C by
roughly 50 and 68%, respectively (Figure 4). In addition, O2

consumption significantly increased from 28!C under ambient
pCO2 to 30!C under high pCO2, but respiration at 28!C under
high pCO2 decreased when only temperature was increased (i.e.
at 30!C under ambient pCO2, Figure 4). For A. nigricans, respi-
ration increased from 26 to 28!C under high pCO2, and at 28!C,
A. nigricans consumed more O2 under elevated CO2 levels
(Figure 4). Respiration rates for Lobophora sp. decreased from
26 to 28!C under ambient pCO2, whereas those of P. hamatum
did not vary significantly between pCO2 treatments at 26!C
(Table 2).

d13C analysis
Both A. rhodantha and Lobophora sp. (p< 0.001; Table 2) had
significantly different d13C isotope values between pCO2 treat-
ments, with a higher affinity for CO2 (i.e. more negative d13C
values) under high CO2 (Figure 5). Mean d13C values for A. rho-
dantha under ambient CO2 were 16.9& and shifted to

18.9& under high CO2. Mean d13C values for Lobophora sp.
under ambient CO2 shifted from 10.99& to 13.1& under
high CO2. Temperature also had an effect on the d13C of
Lobophora sp. (Table 2), but not on any of the other species.
Post-hoc analysis showed a significant difference between mean
d13C at 28!C ( 12.5&) and 30!C ( 11.6&) in Lobophora sp.
d13C values for both A. nigricans and P. hamatum were unaf-
fected by CO2 and temperature treatments (Figure 5).

Discussion
Understanding changes in physiological responses in macroalgae
can provide insight into potential shifts of macroalgal abun-
dance under global changes. To our knowledge, this is one of
the first studies in coral reefs to experimentally test changes in
carbon-uptake strategies on multiple species of tropical fleshy
macroalgae using varying sources of DIC under multiple tem-
perature and pH levels, and the effects on macroalgal physiolog-
ical responses. Four species were categorized based on theirTa
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measured d13C values following Cornwall et al. (2017b) physio-
logical groupings of d13C values: A. rhodantha and Lobophora sp.
as facultative HCO3 -users or CCM-species (values ranged be-
tween 11& and 20&), A. nigricans as a non-CCM species
with low-affinity for HCO3 (i.e. predominately a CO2 -user be-
cause values ranged between 28& and 30&) and P. hamatum
as a non-CCM species or CO2-user (values < 30 &). All four
species exhibited varying changes in physiology to manipulated
future conditions and deviated from the commonly predicted
responses under OA conditions. For carbon physiological
responses, we expected all species to respond under OA and for
non-CCM species to exhibit a greater reduction in d13C values.
However, our results indicated the opposite of what we hypothe-
sized; that is, species more dependent on diffusive CO2, i.e. non-
CCM species, did not show more negative d13C values than the
CCM-species under OA. On the contrary, both CCM-species had
a significant response with d13C values while the predominately
CO2-user and non-CCM counterparts were unaffected by OA. As
suggested by van der Loos et al. (2019), inorganic carbon uptake
strategies may infer potential responses, but alone, cannot predict
generalizations in responses to global change, such as OA.

Both A. nigricans and P. hamatum (predominately CO2-user
and non-CCM species, respectively) had little change in their
d13C values with the increased availability of CO2 while CCM spe-
cies had more negative d13C values. This response contradicts
predictions in the literature that suggest the stable carbon isotope
values of seaweeds, particularly non-CCM species, are influenced
by CO2 enrichment due to decreased DIC limitation (Hepburn
et al., 2011; Koch et al., 2013). A reduction in d13C values in re-
sponse to increased CO2 uptake may indirectly translate to in-
crease physiological performance and growth, however, the lack
of response to OA from A. nigricans and P. hamatum suggests po-
tential limitations for carbon fixation in these species unrelated to
CO2 enrichment. RuBisCO activity depends on the alga’s sur-
rounding environment (e.g. nutrient, light, and temperature),
and how well the alga has adapted to changes in CO2 and O2

concentrations (Bowes, 1991). If the alga cannot acclimate to
changing CO2 conditions or has inefficient RuBisCO activity (e.g.
low activity), the capacity to fix carbon would still be limited re-
gardless of increased CO2 concentrations (Israel and Hophy,
2002). This notion is supported by van der Loos et al. (2019),
who suggests that non-CCM species are also sensitive to increased
H" concentrations, but unlike CCM species with varying affini-
ties for HCO3 , non-CCM species may have different affinities for
CO2. This is possible because various autotrophs can have differ-
ent forms of RuBisCO (Giordano et al., 2005), and the enzyme
activity is modulated heavily by environmental conditions such
as light or CO2 (Salvucci, 1989). While the role of RuBisCO in
photosynthesis and photorespiration has been extensively studied
(Salvucci, 1989; Bowes, 1991; Badger, 2003; Giordano et al.,
2005), and some knowledge of kinetic properties in RuBisCO
among various algae is reported (Badger et al., 1998), the change
in RuBisCO kinetics (i.e. the catalytic activity) in response to fu-
ture OA conditions is less understood. This requires further re-
search to examine RuBisCO activity and how it influences the
capacity for non-CCM species to fix carbon.

Photosynthesis and growth had varying responses to elevated
CO2 despite the CCM species having more negative d13C values.
The decreased d13C values in CCM species are similar to other
studies where CO2 was manipulated (Bender-Champ et al., 2017;
Iniguez et al., 2017; van der Loos et al., 2019). CCM species may
decrease the enzymatic activity of their CCM under OA by relying
more on diffusive CO2, though it is unknown what physiological
response may change as a result. It is suggested that the energy
normally used for HCO3 :CO2 conversion may instead be used
for other biological or physiological processes such as growth, cel-
lular repair, and/or photosynthesis (Hurd et al., 2009), and re-
cently, in fatty acid composition (Britton et al., 2020). Net
photosynthesis of Lobophora sp. marginally decreased from ambi-
ent to high pCO2 at 26#C and seemed to decrease from 26 to
30#C (though not statistically different). There was also a general

Figure 3. Net photosynthesis of all four species under ambient
(white bars) and high (dark grey bars) CO2 at three different
temperatures. Bars represent mean 6 SE (n 4 except Lobophora
sp. at 30#C was n 2) normalized to dry weight. Bars with dissimilar
lower case letters are significantly different from one another
(Tukey’s HSD, p% 0.05) and the asterisk indicates marginal
significance between treatments (p 0.055).

Figure 4. Respiration rates of all four species under ambient (white
bars) and high (dark grey bars) CO2 at three different temperatures.
Bars represent mean 6 SE (n 4) normalized to dry weight. Bars
with dissimilar lower case letters are significantly different from one
another (Tukey’s HSD p% 0.05) and the asterisk indicates marginal
significance between treatments (p 0.052).
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decrease in growth rates of Lobophora sp. with increasing temper-
ature. This decline was evident across both pCO2 treatments, and
although not significant, growth rates were slightly higher under
OA at 30!C, indicating a synergistic effect and the potential for
CO2 enrichment to mitigate the negative effects of high tempera-
ture. Unlike Lobophora sp., A. rhodantha lacked any differences in
photosynthetic responses across all treatments, yet growth
responses varied. A. rhodantha generally decreased in growth with
increased temperatures, and between pCO2 treatments, A. rho-
dantha had higher growth rates under OA conditions. Similar to
Lobophora sp., negative growth rates of A. rhodantha at 30!C were
alleviated under OA. These responses only partially supported
our first hypothesis that growth and metabolic rates would posi-
tively increase, and further highlights the variability in physiologi-
cal responses under interacting environmental conditions.

Photosynthesis is commonly used to make inferences about
growth rates, but the growth optima tend to be a few degrees
lower than the photosynthetic optima (Davison, 1991), therefore,
the relationship between the two is not always coupled. In our
study, net photosynthesis of Lobophora sp. was unaffected yet
growth rates decreased with increasing temperature depending on
CO2 treatment. A. nigricans exhibited an opposite effect of each
temperature level at each pCO2 level. Net photosynthesis signifi-
cantly increased by threefold from ambient to high pCO2 at 28!C,
but was negatively affected at 30!C under OA, suggesting that in-
creased temperature combined with increased pCO2 resulted in
an antagonistic effect. This is not translated to growth, which was
unaffected across treatments in A. nigricans, but also, had overall
negative growth across all temperatures. We standardized the
measurement of growth rates for all species by using algal wet
biomass to decrease variation. Perhaps due to the blade-like mor-
phology and the coenocytic nature of the algal thallus of A. nigri-
cans, using linear extension rates to measure growth would be
more appropriate than wet biomass in this case, and something

to consider for the future. Regardless, the lack of relationship be-
tween photosynthesis and growth in macroalgae is not uncom-
mon, particularly within carbon uptake strategies. For example,
van der Loos et al. (2019) examined physiological responses in
two temperate species, a non-CCM and a CCM species, to CO2

enrichment. The non-CCM species was unaffected by increased
CO2 but the CCM species decreased in d13C values and increased
in growth despite no photosynthetic enhancement, suggesting a
down-regulation of CCM activity. Conversely, Zweng et al.
(2018) examined eight tropical macroalgae, three of which were
fleshy CCM species and saw photosynthetic enhancement under
OA across all three species, however, the changes in carbon physi-
ology (i.e. stable C isotope) to the treatments were not measured.
These studies focused on CO2 enrichment, so the interacting ef-
fect with temperature is still unclear. Future work should incor-
porate the role of temperature, relationships between
physiological responses, and examine where (if CCM activity is
reduced) the conserved energy is being allocated when DIC sub-
strate changes, which may better explain the mixed responses in
carbon physiology.

Continuing increase in CO2 emissions exposes benthic reef
organisms to simultaneous changes in seawater acidity and tem-
perature. We hypothesized that temperature and OA would have
a non-additive effect on metabolic responses, and this was partic-
ularly true for respiration rates, but only for a couple of species
for photosynthesis. Both Lobophora sp. and A. nigricans had over-
all higher mean net photosynthesis compared to A. rhodantha, re-
gardless of carbon uptake strategy. This may be explained by their
morphological similarities, as both species are sheet/blade-like
and therefore have a well exposed surface-area: volume ratio with
little self-shading to photosynthesize (Littler and Littler, 1980)
compared to a species like A. rhodantha. A. rhodantha had no
change in photosynthesis to OA or temperature, but importantly,
metabolic rates of both Lobophora sp. and A. nigricans resulted in

Figure 5. The mean (6 SE) stable carbon isotope values (d13C) of all four species: Lobophora sp. and A. rhodantha (both CCM species), A.
nigricans (a predominately CO2-user), and P. hamatum (non-CCM species) exposed to ambient (orange dots) or high CO2 (blue–green dots)
at 26, 28, or 30!C for 14–15 days. Unseen error bars were too small and hidden by the circles. Missing data points indicate no survival.
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significant interacting pCO2 and temperature effects; net photo-
synthesis and respiration rates differed between CO2 treatments
depending on temperature. Our results indicate the difficulty in
linking carbon physiology to responses like primary productivity
and growth.

Most species in this study exhibited a general parabolic re-
sponse at high pCO2 across temperatures, with the highest net
photosynthesis at 28!C. Although speculative, these results may
potentially highlight the photosynthetic optimum for these spe-
cies, and past that, can lead to decreased photosynthetic rates.
Similar parabolic responses have been seen in other macroalgal
species in regards to photosynthesis or growth, highlighting the
benefits of using a range of levels to better understand lower, up-
per, and optimal tolerance levels (Kuebler et al., 1991; Pakker
et al., 1995). Unfortunately for P. hamatum, inferences cannot be
made due to high mortality at increased temperatures, so the
results for this species are inconclusive. However, this does high-
light the high sensitivity P. hamatum has to warming. As coral
reefs continue to face simultaneous effects of ocean warming and
acidification, it would be beneficial to include more treatment
levels to avoid either false linear responses or an underestimation
in physiological responses of organisms to global change. For ex-
ample, Comeau et al. (2016b) examined the relationship between
calcification and five levels of temperature (24–32!C) and two
levels of pCO2 on a coral species and an algal species. They found
that the coral exhibited a positive asymmetric parabolic response,
with the highest effect at 28!C. If the study only examined
responses between 24 and 30!C, the response would have been
negligible. More research is needed to look at response curves
across more than three levels of temperature under OA to refine
thresholds above or below which physiological responses in algae
change or are compromised.

The remaining three species all exhibited interactive effects for
respiration, responding differently to CO2 treatments across tem-
peratures. Opposite to photosynthesis, A. rhodantha had overall
higher mean respiration under elevated CO2 at 28 and 30!C.
Interestingly, O2 consumption of A. rhodantha decreasing from
28!C at high pCO2 to 30!C at ambient pCO2, but mitigated by
OA at 30!C illustrates the role of the CO2 effect. In addition,
while A. rhodantha did not differ in photosynthetic rates, growth
was enhanced with CO2 enrichment. Similar to photosynthetic
responses, respiration of A. nigricans increased under OA at 28!C,
but there were no differences in growth. Evaluating the relation-
ship between respiration and growth could be beneficial in better
understanding the energy budget in macroalgae (Zou et al.,
2011). If respiration rates are stimulated under OA, it can have
implications on primary productivity as increased respiration can
contribute to seawater pH decline. However, respiration has been
shown to have little or no response (Zou et al. 2011) because res-
piration can have a different optimal thermal range and even
larger acclimation capacity. Thus, species may respond more im-
mediately to changing environmental conditions in terms of pho-
tosynthesis or growth than in respiration (Ji et al., 2016).

This study highlights the variability in physiological responses
to interacting environmental conditions and examines the carbon
uptake strategy in fleshy macroalgae as an important underlying
mechanism to understanding physiological responses. Our results
showed a decrease in d13C values for CCM species but not in
non-CCM species, yet responses or lack thereof in carbon physi-
ology was not necessarily translated to metabolic or growth
responses. Currently, there is little understanding of changes in

carbon physiology in tropical fleshy macroalgae under interacting

temperatures and OA, and how the changes in Ci affect macroal-

gal physiology. Studies that examined OA and temperature on

CCM activity have been on polar species (Iniguez et al., 2017). In

addition, most studies that examined OA and temperature have

focused on photosynthesis and growth in macroalgae (Liu and

Zou, 2015; Celis-Plá et al., 2017) or examined OA on photophysi-

ology of temperate algae (Nunes et al., 2016; McCoy et al., 2020).

Other studies that have examined Ci acquisition and the physio-

logical responses in macroalgae generally are CCM-species sub-

jected solely to OA (Johnson et al., 2017; Britton et al., 2019), OA

and light/nutrients (Bender-Champ et al., 2017; Zweng et al.,

2018), or are limited to 1 and 2 species (Fernández et al., 2015;

van der Loos et al., 2019). Studies are particularly sparse when ex-

amining non-CCM species to OA (Britton et al., 2019; van der

Loos et al., 2019), with past studies occurring mostly in temperate

systems (Kim et al., 2016; Kram et al., 2016; Cornwall et al.,

2017b). Regardless, stable carbon isotopes of macroalgae can pro-

vide important insight to various physiological pathways such as

photosynthesis (Fernández et al., 2015), dissolved organic carbon

release (Iniguez et al., 2017) or serve as a potential monitoring

tool for trait-based patterns and algae distribution (Stepien,

2015).
Although CO2 concentration is predicted to greatly increase

compared to HCO3 by year 2100, HCO3 will still be the domi-

nant Ci source (The Royal Society, 2005; Koch et al., 2013).

Along with the access to such a large carbon pool, HCO3 -users

also may be at an advantage in high light environments as irradi-

ance greatly affects RuBisCO activity and photosynthesis

(Salvucci, 1989; Hepburn et al., 2011). Conversely, CO2-users

generally occupy lower light environments, and can be more sus-

ceptible to photoinhibition, as seen in our case with P. hamatum.

Temperature also can modulate carbon fixation and inherently,

RuBisCO activity (Davison, 1991). Increases in temperature can

be detrimental to CO2 diffusion because it decreases the diffusive

CO2 entry (Raven et al., 2002), therefore, if algae are unable to

maintain carbon fixation, then CO2 enrichment would unlikely

benefit non-CCM species. However, as Hepburn et al. (2011) sug-

gested, CO2 enrichment may potentially ‘level the playing field’

for non-CCM species, rather than suggesting non-CCM species

will outcompete CCM species. Our work aligns with van der Loos

et al. (2019) on the difficulty of predicting macroalgal responses

to oceanic change solely based on their carbon physiology when

DIC affinity can vary. Furthermore, our study exposed algae to

short-term interacting OA and warming conditions. While all

species did exhibit lowest growth and photosynthesis at the high-

est temperature after 2 weeks, longer-term studies would benefit

to elucidate further changes in carbon physiology, metabolism,

and growth, and understanding potentially longer acclimation

periods to interacting global changes. Future experiments should

incorporate measuring changes in carbon uptake strategies when

examining macroalgal physiological responses to multiple stres-

sors. This can only enhance our understanding and predictions of

both vulnerable and more resilient species in light of global

change.
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Chapter 3: Determining physiological response curves to temperature of a 

dominant coral reef seaweed in the Great Barrier Reef  

 

Introduction 

Temperature is one of the greatest determinants of species survivorship. The 

change in temperature differentially affects species distribution (Smale, 2020) and plays 

a critical role in physiological and biochemical rates, regulating processes like growth 

and reproduction, and inherently, on species performance (Kordas et al., 2011). 

Organism fitness and performance largely depends on and is maintained through the 

stability of environmental conditions. Historically, when an environmental factor of 

interest exceeds the optimum range, it becomes a ‘stress,’ and the physiological 

responses to that stress is illustrated as a bell-shaped symmetric response curve. This is 

commonly known as Shelford’s law of tolerance, where a particular level of 

environmental factor limits the organism’s performance, defining the minimum, 

maximum, and optimum level of tolerance to a stress in order to survive and exist 

(Niinemets & Valladares, 2008). This is largely due to a resource (in this case, an 

environmental condition) controlling the organism’s relative performance. When that 

resource changes (i.e. increases or decreases), it assumes a gradual decline in 

performance. However, environmental changes such as seawater chemistry, light 

availability, or temperature can vary, and it can differentially affect the biology and 

physiology of organisms. Thus, response curves to resource availability or other 

environmental factors are more often asymmetric (Niinemets & Valladares, 2008) as 

not all species respond the same, and the optimum range of performance can vary 

largely under different environments. As the environment continues to change, the 

ability for organisms to tolerate and/or adapt to environmental change is key to 

understanding species-level responses, survivorship, and overall ecological function. 

Current climate change models project greenhouse gas emissions to increase 

global mean temperature by another 2-4 ºC, with net primary productivity in tropical 

oceans predicted to decrease between 7-16% by 2100 (Oppenheimer, In press). Since 

the 1950’s (Bindoff et al., In press), increasing anthropogenic impacts have resulted in 

shifts of species interactions and composition (Kordas et al., 2011), changes in habitat 

structures (e.g. Agostini et al., 2018; Graham, 2014), and alterations to local 

communities (Vergés et al., 2016; Wernberg et al., 2011). On coral reefs, the rise in sea 
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surface temperatures (SST) is eliciting global concern as reefs are facing unprecedented 

heat stress in recent years. The intensity of heat stress has resulted in global coral-

bleaching events, with the third one in just the last two decades from 2014-2017 (Eakin 

et al., 2019). Coral bleaching is strongly associated with ocean warming, where if 

thermal stress is severe and prolonged enough, lead to coral bleaching, and potentially 

to mortality (Eakin et al., 2019). Conversely, the negative effects on corals are not 

similarly translated to fleshy macroalgae. Ocean warming has differential effects on reef 

organisms (Anton et al., 2020), and for fleshy macroalgae, the temperature tolerance 

range may be broader due to its wider biogeographic distribution (Padilla-Gamiño & 

Carpenter, 2007). Fleshy macroalgae have often been associated with reef degradation, 

as macroalgae can quickly occupy bare or dead substrate, and eventually prevent coral 

recruitment and settlement (Birrell et al., 2008). However, macroalgae does contribute 

to overall biodiversity on coral reefs, and the challenge with increasing temperature is 

improving our knowledge and capability to predict the ecologically important 

consequences of climate change on benthic reef organisms. 

 Fleshy macroalgae are globally geographically distributed, and this is largely 

governed by temperature (Adey & Steneck, 2001). Adaptation to certain temperature 

regimes dictates overall distribution of macroalgae, and changes in the environment can 

have direct and indirect effects on species scaling up to ecosystem (Harley et al., 2012). 

Macroalgal performance typically is associated with temperature because variation in 

temperatures can affect metabolic rates (Pakker et al., 1995). Photosynthesis and growth 

in macroalgae are tightly coupled (Davison, 1991); an increase in temperature can 

enhance metabolism (i.e. photosynthesis) and growth if the change remains within their 

(upper) thermal tolerance window (Harley et al., 2012; Kram et al., 2016). Similarly, 

metabolic processes like CO2 fixation or sequestration also are strongly regulated by 

temperature, which affects primary production (Tait & Schiel, 2013). In turn, this can 

have indirect effects on overall distribution and abundance of species. Algal species 

have different thermal limits depending on their habitat, and for tropical macroalgae, the 

thermal range may be more limited than temperate species (Padilla-Gamiño & 

Carpenter, 2007). Species that are exposed to larger temperature fluctuations may have 

a higher tolerance limit and be less susceptible to ocean warming. Here, we define 

tolerance limit as the organism’s ability to perform within an optimal environmental 

range, but if exceeded, it can lead to detrimental effects to their physiology and 

ultimately, result in mortality. While extensive research has shown how physiological 
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performance can be limited by temperature (Eggert, 2012; Pörtner, 2010), thermal 

breadth can vary highly across individuals within a species range. The variation in 

thermal physiology within-species may have important implications to understanding 

population-level sensitivity to climate change. To explore performance relationships to 

temperature, organisms can be subjected to a range of temperature levels to examine 

temperature tolerance and/or temperature-dependent performance traits. Yet, little is 

known about thermal responses curves for tropical fleshy seaweeds (Pakker et al., 

1995), in particular for brown algae, which are generally the dominant component of 

coral reefs.  

The aim of our study is to examine the relationship between performance traits 

and a temperature gradient and whether the relationship is linear or nonlinear. By 

evaluating a larger gradient of an environmental parameter, it can help infer individual 

variation within species to the thermal variability. A recent report has recorded daily 

seawater temperature gradually increasing over the past decade by 0.026 ± 0.013 ºC 

year -1 on the Great Barrier Reef (Fabricius et al., 2020). We chose the algal genus, 

Lobophora, on the Great Barrier Reef as the model organism to evaluate the effects of 

temperature on different physiological traits. Lobophora is abundant across multiple 

tropical coral reef habitats (Diaz-Pulido et al., 2009; Nugues & Bak, 2007; Vieira, 2020; 

Vieira et al., 2016), and has been negatively associated with impacts on coral reefs due 

to coral-algal competition (e.g. Diaz-Pulido et al., 2011; Rasher & Hay, 2010) and coral 

growth (Box & Mumby, 2007). Due to logistical constraints, Lobophora sp. was not 

able to be identified down to species level with molecular analysis. However, the genus 

level was adequate to explore changes in algal physiology to temperature. Here, we 

examined responses in foliose Lobophora sp. to a wider temperature range to determine 

functional relationships in their physiological responses to temperature. We measured 

rates of photosynthesis, respiration, and growth under five different temperature levels 

at Lizard Island, northern Great Barrier Reef during austral spring. The aim was to 

determine the response curves to temperature and, whether the relationships between 

temperature and photosynthesis, respiration, and growth are non-linear. 

 

Methods 

 We hand collected foliose individuals of Lobophora sp. via SCUBA in the 

Lizard Island lagoon, northern Great Barrier Reef, Australia in September 2018. Algae 
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were placed into clear zip-lock bags, transported back to Lizard Island Research Station 

(LIRS), and immediately placed in a flow-through seawater table. Individuals were 

cleaned and prepped within 2 d for the experimental treatment.  

To test the physiological responses in Lobophora sp. as a function of 

temperature, we conducted manipulative tank experiments using five target temperature 

levels: 24 ºC (ambient temperature), 26 ºC, 28 ºC, 30 ºC, and 32 ºC (n = 3 tanks). We 

targeted to have 2 ºC increments between each level. This temperature range was 

selected from the annual temperature range experienced in the lagoon of Lizard Island 

(AIMS, 2020), and adding +2 ºC (IPCC RCP8.5) to 30 ºC, the average summer 

temperature for the lagoon. Fresh seawater was pumped from the LIRS reservoir tank 

through a filter housing (filtered with a 200-micro filter) attached to 1 of 3 manifolds, 

and pumped directly into 15, 32-L treatment tanks each with its own flow valve control. 

Each tank had seven individuals of Lobophora, each individual attached onto a 2.5 x 2.5 

cm PVC pipe to keep the individuals off the bottom of the tanks and exposed to water 

mixing. Total of twenty-one algal individuals were evenly divided among the triplicate 

tanks for each temperature level. Each tank held a mixing pump (Aqua One 8W) to 

generate water motion. Incubation tanks were initially set to the ambient seawater 

temperature measured when experiment started. Initial temperature monitoring revealed 

LIRS reservoir tank distributing seawater at ~27 ºC while in situ temperature 

measurements were ~24 ºC. Therefore, an additional 200-L sump was set-up connected 

to a chiller (Hailea HC 500A) to cool down the seawater to ~24 ºC, and subsequently 

was pumped into the ambient and 26 ºC treatment tanks. Treatment tanks from 26 ºC to 

32 ºC had individual heaters (EHEIM 50W) to control for higher temperatures. 

Individuals were acclimated in randomly assigned treatment tanks and temperature was 

gradually increased by 0.5 ºC per day until acquired target temperature levels. 

Temperature was monitored using the Neptune Aquacontroller set-up with 5 

temperature probes (probes were moved ~2 d among temperature treatments).  

We were interested in fully illustrating a response curve and needed 5 

temperature levels. Our experiment was limited in total number of tanks within a 

restricted space, so we decreased our tank replication to 3 tanks per temperature level to 

include 5 temperature levels. We accounted for having multiple individuals in each tank 

by using the tank average of each response variable and used the calculated averages 

per tank in our statistical analyses. Individuals were not subsampled from the same 
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individual for measurements. Individuals were well spaced within each tank and were 

moved every ~2 d to eliminate position effects. 

Growth rates  

Thallus of each individual was carefully blotted to remove excess water and 

weighed at the start and end of the treatment period to determine change in wet weight. 

Relative growth rates (RGR, % day-1), were calculated using RGR = ln (Wf/W0) / t x 

100, where Wf and W0 are final and initial weights, respectively, and t is time in days of 

treatment period. 

 

Algae metabolism 

Estimation of oxygen evolution was measured over time to determine 

photosynthetic and respiration rates. Measurements were conducted across 4 days at the 

end of the twenty-three day treatment period. Metabolic incubations were conducted on 

five individuals per tank (15 individuals per treatment). Individuals were randomly 

selected from each temperature treatment and placed in ~610 mL acrylic chambers 

filled with their respective treatment seawater. Temperature was maintained using a 

two-bath freshwater set-up: one bath was placed on a 10-point magnetic stir plate and 

another bath fitted with a Juloba heater (GmbH Model CORID CO). Freshwater was re-

circulated between the baths using 5W HJ-542 mini pumps (Fig. 3.1A). Five 

incubations were used concurrently on the stir plate. Water motion was created with a 

stir bar at the base of each chamber, and a circular opaque mesh (~ 7 x 7.5 mm hole 

size) separating the stir bar from the incubated alga (Fig. 3.1B). Each chamber was 

fitted with an oxygen and temperature probe, calibrated each morning using a 2-point 

calibration in air-saturated water (100%) and supersaturated seawater (0%) created with 

sodium dithionite (Na2S2O4). Changes in dissolved oxygen were measured with PreSens 

dipping oxygen optodes (PSt3) connected to the Fibox 4 oxygen-10 sensor (Precision 

Sensing GmbH, Germany). Chambers were illuminated with an LED light (MarsAqua 

300W) position 25 cm above the incubation chambers, providing PAR levels ~200 

µmol photons m-2 s-1 (measured with a 2π quantum sensor, LI-190SA, and a LiCOR LI-

1400m) to what the algae experienced in the tanks.  

 Following photosynthesis incubations (~30 minutes), all lights were turned off 

and individuals were dark-adapted for 20 minutes using a dark shroud covering the 

entire water bath before beginning dark respiration incubations (~90 minutes). We ran 

respiration following photosynthesis incubations rather than separately at night 
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following the common assumption that dark and light respiration yield little difference 

(Comeau et al., 2016; Griffin & Turnbull, 2012). Following incubations, algae were 

dried at 60 ºC for 48 hr and weighed. Metabolic rates were normalised to dry biomass 

and expressed as µmol O2 g-1 hr-1. 

 

Statistical analyses 

 Response variables of individuals within each tank were averaged to calculate 

tank means, and each mean was used for the statistical analysis. We ran a one-way 

analysis of variance (ANOVA), followed by Tukey’s Honestly Significant Difference 

(HSD) test to detect differences between temperature treatments for all response 

variables. Polynomial regressions were performed to check curvatures and assess the 

relationship between each algal functional response to temperature. If second order 

polynomial regression was not significant, models were refitted with a linear regression. 

Data were evaluated using R v 3.6.3 (R Core Team, 2020), and all response variables 

met assumptions of normality and equality of variance based on graphical analyses of 

residual and Q-Q plots. Graphs were created in R using the ggplot 2 package 

(Wickham, 2016). 

 

Results 

 The mean daily temperatures across each temperature level during the 

experiment were 24.76 ± 0.04 (ambient temperature), 26.16 ± 0.03, 27.99 ± 0.04, 30.01 

± 0.05, and 31.80 ± 0.06 (mean ±SE, n = 75). The ambient temperature initially 

recorded in the lagoon during collection period was ~24 ºC and our temperature 

treatments were increased by 2 ºC increments. By week 2 of the experiment, the 

Figure 3.1. (A) Respirometry set-up with a freshwater bath on top of a multi-point magnetic stir plate and 
holding five acrylic incubation chambers (photo insert top left corner) under an LED light and the right water 
bath holding a Juloba heater to maintain temperature treatments. Each water bath had a mini pump (5W HJ-
542) for recirculation. (B) A schematic diagram of a 610mL incubation chamber with a magnetic stir bar at the 
bottom and an opaque mesh above the stir bar to separate the stir bar from each algal individual.  
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ambient temperature had reached 24.5 ºC however, we decided to not increase the 

following four temperature treatments by 0.5 ºC as the highest temperature treatment 

would have been 32.5 ºC. Temperature had a significant effect on relative growth rates 

of Lobophora sp. (F4,10 = 6.25; p = 0.0087). Tukey’s post-hoc analysis revealed no 

difference in growth rates between the four lowest temperature treatments, 24.5 ºC, 26 

ºC, 28 ºC, and 30 ºC. The mean RGR was 2.09 ± 0.32, 2.35 ± 0.11, 2.31 ± 0.37, and 

2.42 ± 0.38 % day-1, respectively, over the 23 ± 4 days treatment period. However, 

under the 32 ºC temperature treatment, Lobophora sp. had the greatest depression in 

growth, with a mean RGR of 0.73 ± 0.07 % day-1, decreasing by ~70% from the 30 ºC 

treatment (Fig. 3.2). The second order polynomial regression was significant indicating 

a non-linear relationship between growth and temperature (R2 = 0.6065, p = 0.0037). 

 

 
 

  

Figure 3.2.  The relative growth rates of Lobophora grown under five different 
temperature levels: 24.5 (ambient), 26, 28, 30, and 32 ºC. Values are mean ± SE (n =3). 
Dissimilar letters denotes significantly different. 
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Net photosynthetic rates were 79.4 ± 14, 52.7 ± 7.4, 61.2 ± 6.5, and 62.0 ± 9.3 

µmol O2 g-1 hr-1 at 24, 26, 28, and 30 ºC, respectively. Net photosynthesis decreased by 

~34 % from 24 to 26 ºC but had relatively no change in photosynthetic rates between 

26, 28, and 30 ºC (Fig. 3.3). Similar to growth rates, temperature significantly decreased 

photosynthetic rates at 32 ºC, with a mean rate of 11.5 ± 5.8 µmol O2 g-1 hr-1 (F4,10 = 

7.399; p = 0.0049). The relationship between temperature and photosynthesis was 

refitted and had a negative linear relationship (adjusted R2 = 0.4248, p = 0.0051), where 

with every 1 ºC increase in temperature, there was ~ 6.329 µmol O2 g-1 hr-1 decrease. 

Temperature had no effect on respiration rates (F4,10 = 2.536; p = 0.106) despite similar 

patterns under the highest temperature treatment. O2 consumption gradually increased 

from ~ -20 µmol O2 g-1 hr-1 at 24 ºC ranging to ~ -47 µmol O2 g-1 hr-1 at 30 ºC and was 

slightly alleviated at 32 ºC to ~ -37 µmol O2 g-1 hr-1 (Fig. 3.4). Similarly, regression did 

not have a significant second order polynomial regression, indicating a linear response. 

The refitted model resulted in significant negative coefficients (adjusted R2 = 0.3086, p 

= 0.0185), with ~2.881 µmol O2 g-1 hr-1 decline per 1 ºC increase. 

 

  

Figure 3.3. Photosynthetic rates of Lobophora at 24.5 (ambient), 26, 28, 30, and 32 ºC 
normalised to dry weight. Values are mean ± SE (n =3). Dissimilar letters denote 
significantly different. 
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Discussion 

 The present study examined physiological responses of a dominant coral reef 

macroalga, Lobophora sp. to a temperature gradient. Specifically, we examined the 

relationship between photosynthesis, growth (wet biomass), and respiration to five 

different temperature levels and assessed whether Lobophora acclimated to increasing 

temperatures. We found temperature to have a strong effect on both net photosynthesis 

and growth rates but no effect on respiration rates of Lobophora. We found the greatest 

negative effect for both responses at 32 ºC. Our results emphasize the critical role of 

temperature on macroalgal physiology, demonstrate the non-linearity in the 

physiological responses to environmental stressors and identify a critical temperature 

level above which the metabolism and growth of a dominant reef alga may be seriously 

compromised.  

The ability for macroalgae to maintain physiological performance heavily 

depends on temperature and changes in temperature can affect metabolic pathways as 

well as algal distribution. Algal performance is typically associated with temperature 

because it can instantly affect photosynthesis and respiration (Kordas et al., 2011). 

Typically, enzymatic reactions increase with temperature, which can increase metabolic 

performance. However, when the environmental factor of interest (e.g. temperature) 

deviates too much from the optimum range in which the organism can perform, it 

becomes a stressor and performance can change. In this case, when temperature 

increases beyond the range which macroalgae typically experience or tolerate, it led to 
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Figure 3.4. Respiration responses of Lobophora at 24.5 (ambient), 26, 28, 30, and 32 
ºC normalised to dry weight. Values are mean ± SE (n = 3). 
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negative effects. This was exhibited by both photosynthetic and growth responses of 

Lobophora sp. at 32 ºC. Across the first four temperature treatments, we found no 

change in photosynthesis or growth despite the ~ 6 ºC difference. Beyond 30 ºC, the 

physiological performance drastically declined. The 2018 annual thermal variability for 

the Lizard Island lagoon where we collected our individuals ranged from 24 to 30 ºC 

(AIMS, 2020). Therefore, the algae would be tolerant to the large temperature 

fluctuations because they are acclimatised to the thermal variability within the seasonal 

range it typically experiences. This would explain why there was little change in 

photosynthesis and growth responses across the 24 to 30 ºC treatments. Additionally, 

there may be an underlying plastic response to acclimation known as, phenotypic 

buffering (Sunday et al., 2014). A target trait response may not exhibit any change to 

experimental acclimation, however, another response may be acting as a buffer. While 

our results showed both responses were maintained through to 30 ºC, there was initially 

a slight decrease in photosynthetic rates, although not statistically significant, from 24 

to 26 ºC. It potentially indicates that plasticity in photosynthesis helped support growth 

maintenance.  

This population of Lobophora sp. exhibits a wide optimum range, but it is likely 

that 30 ºC is close to their upper thermal limit. Tropical seagrasses have thermal optima 

between 27 to 33 ºC and tropical macroalgae tend to exhibit limits ~2-3 ºC lower (Koch 

et al., 2013), which would be ~30 ºC and support our results. Performance was 

maintained to 30 ºC, and exceeding that level had a negative impact that led to 

drastically reduced performance. This was further translated by a slight negative 

correlation with respiration rates gradually increasing with increasing temperature. 

While temperature did not have a significant effect on respiration, the relationship 

between photosynthesis and respiration is important.  Increased respiration admist 

warming could have repercussions for coral reef metabolism. If temperature exceeds the 

tolerance threshold, photosynthesis declines (as we see in our results), but respiration 

rates remain stable, CO2 respired may influence the dissolved inorganic carbon pool in 

seawater (Carvalho & Eyre, 2011), potentially decreasing seawater pH. As previous 

studies have found similar negligible responses in both seagrasses and macroalgae 

(e.g.Collier et al., 2011; Zou & Gao, 2013), future focus on the thermal breadth of 

respiration rates may be insightful. Thermal acclimation may limit photosynthetic and 

respiration responses to temperature yet there seems to be little acclimation information 

on respiration responses in macroalgae compared to photosynthesis and growth (Zou & 
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Gao, 2013). Tropical plants have been known to decrease carbon loss to respiration by 

acclimating to higher temperatures (Koch et al., 2013), and species that are able to 

acclimate to greater temperature fluctuations would be able to maintain respiration 

rates. For marine calcifiers, increased respiration can negatively affect CaCO3 

precipitation, ultimately lowering net calcification (Koch et al., 2013). In terrestrial 

plants, respiration can contribute to 30-65% of total atmospheric CO2 release, which 

ultimately would define whether an ecosystem becomes a CO2 net source or sink (Atkin 

& Tjoelker, 2003). Less is known of overall respiration carbon flux from macroalgae 

and further investigation is needed to examine the relationship between photosynthesis 

and respiration in marine macroalgae admist warming. 

Classic studies of species tolerance to resource availability illustrates bell-

shaped curves, but response curves are typically asymmetric (Bernhardt et al., 2018; 

Niinemets & Valladares, 2008). Additionally, experiments (e.g. warming simulations) 

commonly have used two levels to elicit and evaluate organismal responses to extreme 

environmental conditions (i.e. low or ambient vs. high levels) (Riesch et al., 2018). This 

allows us to derive general patterns on the responses to those conditions, however, 

thermal sensitivity varies among species. In order to examine species tolerance and the 

potential to change, we need to incorporate a gradient to know at what point it becomes 

a ‘stressor’ and leads to a negative effect. In our study, if we only looked at ambient and 

30 ºC treatment, there would have been very little change in measured responses despite 

the 6 ºC difference. If we had examined the ambient and 32 ºC treatment, we would 

only be able to conclude that there was a negative effect. That provides an 

underestimation of the physiological response curves to temperature. This was similar 

to Comeau et al. (2016) who examined response curves of a coral and alga across 5-6 

temperatures and found that if only two temperatures were compared, very different 

results would have been interpreted. In summary, our results suggest that the tolerance 

limit of Lobophora sp. is within the range it typically experiences at Lizard Island and 

was able to acclimate to increasing temperature and maintain overall performance. 

However, it is in the upper thermal limit as 32 ºC exceeded the limit and led to negative 

effects. One particular species on the GBR, L. variegata, is known to have seasonal 

dieback during austral summer (Diaz-Pulido et al., 2009), further indicating thermal 

sensitivity to higher temperatures. The ability for species to acclimate and/or adapt to 

environmental fluctuations such as temperature can ultimately affect the distribution 

and abundance of species (Gaylord et al., 2015). This study links single measures of a 



 68 

species’ thermal sensitivity to the local temperatures of a given location and provides 

empirical information on the individual variation in thermal performance. However, 

temperature regimes can vary across spatial and temporal scales. Further research would 

benefit to include multiple populations at local and regional scales to make inferences 

on warming vulnerability and thermal niches. Importantly, the use of examining 

environmental gradients benefit in understanding within-species tolerance and 

predicting population responses and thresholds to future environmental changes.  
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Chapter 4: Physiological plasticity in macroalgae: responses to ocean 

acidification and light on the Great Barrier Reef and a transplant 

experiment 
 

Introduction 

The present-day levels of CO2 are currently 414 ppm, almost 50% above pre-

Industrial Revolution of 280 ppm (Doney et al., 2020; Roleda & Hurd, 2012). 

Cumulative carbon emissions largely stemmed from increased human activities and the 

ocean has become a natural sink, absorbing roughly 30% of atmospheric CO2 (Gruber et 

al., 2019). This absorption changes seawater chemistry, reducing carbonate ions and 

seawater pH, and increasing acidity and HCO3-, a process termed ocean acidification 

(OA) (Doney et al., 2020). OA generally has contrasting effects on the physiology of 

calcifying and non-calcifying photosynthetic taxa (Edmunds et al., 2016; Kroeker et al., 

2013). Given that calcifying organisms rely on carbonate ion availability to produce 

calcium carbonate (CaCO3) skeletal frameworks, it is not a surprise that species that 

calcify generally are more sensitive to OA, although results vary among taxa (Comeau 

et al., 2014). For non-calcifying organisms, i.e. fleshy macroalgae, the ability to use 

inorganic carbon (i.e. HCO3- and/or CO2) for photosynthesis largely depends on the 

presence of CO2-concentrating mechanisms (CCMs) (Raven & Hurd, 2012). Species-

specific use of inorganic carbon strategies has resulted in differing physiological 

responses to OA (Cornwall et al., 2012; Chapter 2: Ho et al., 2020; van der Loos et al., 

2019; Zweng et al., 2018). 

 Future CO2 emissions are projected to increase CO2 concentrations by a much 

greater proportion (190%) than HCO3- by 2100 (The Royal Society, 2005). While all 

marine macroalgae assimilate CO2 diffusively, many species cannot achieve maximum 

photosynthetic production alone due to the slow rate of CO2 diffusion in seawater 

(Giordano et al., 2005; Kübler et al., 1999). The presence of CCMs aids species to 

efficiently convert HCO3- to CO2 intracellularly or extracellularly with the enzyme, 

carbonic anhydrase (CA) (Maberly, 1990; Raven & Hurd, 2012). Although the active 

uptake of HCO3- is energetically costly, the high concentration pool of HCO3- currently 

available enhances carbon assimilation for HCO3- users and can benefit photosynthetic 

production (Koch et al., 2013). Furthermore, with increased availability of dissolved 

inorganic carbon (DIC), photosynthesis is hypothesised to increase under OA (Israel & 
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Hophy, 2002; Mercado & Gordillo, 2011; Raven & Hurd, 2012), but the magnitude and 

direction of shifts in responses may vary as species vary both in their use of inorganic 

carbon (Ci) and capacity to switch between inorganic carbon sources (Cornwall et al., 

2017). Studies (e.g. Bergstrom et al., 2020; van der Loos et al., 2019) have examined 

changes in inorganic carbon sources within short-term experiments using carbon isotope 

values. This indicates that species can switch inorganic carbon preferences depending 

on their surrounding environment. Carbon uptake strategies can be identified with tissue 

δ13C of macroalgae to infer CCM presence or absence and shifts in carbon physiology. 

Carbon isotope measurements are not absolute proxies but can serve as useful indicators 

of inorganic carbon source.  Macroalgae with CCMs tend to range from -11‰ and -

30‰, indicating reliance on HCO3- and CO2, and those without CCMs generally have 

δ13C < -30‰ (Raven et al., 2002). Non-CCM species, the species relying exclusively on 

CO2, are hypothesised to have an increase in productivity and a decrease in carbon 

limitation under OA (Hepburn et al., 2011). CCM species able to use HCO3- and CO2 

facultatively are expected to exhibit little photosynthetic change, but OA may allow 

species to reallocate the energy from enzymatic interconversion activity to other 

biological processes (Hurd et al., 2009). This may indicated by more negative δ13C 

values under increased CO2 availability, where CCM species rely more on CO2 than 

HCO3-, and thus seeing increased productivity in other biological responses. More 

recent findings have broken these groupings down even further (Bergstrom et al., 2020; 

Cornwall et al., 2017; van der Loos et al., 2019), but regardless, the flexibility of 

inorganic carbon use and how species respond to OA may lead to increased 

competitiveness of some macrophytes (Stepien, 2015).  

The photosynthetic capacity in macroalgae to harvest sunlight varies with 

seawater chemistry and depth. The availability of inorganic carbon and light may 

differentially affect the assimilation efficiency in algae and their physiological 

processes. Hepburn et al. (2011) examined various species between seasons and found 

that CCM species at a deeper depth had lower δ13C values while non-CCM species 

exhibited little variation in δ13C values across depth regardless of seasons, suggesting 

that lower light limits the energetic demand for active uptake in CCM species. Light 

availability can promote or inhibit photophysiology and under current CO2 conditions, 

non-CCM macroalgae are more carbon- and light-limited than algae with CCMs 

(Dudgeon & Kübler, 2020). However, light limitation can modulate photosynthetic 

responses to OA more so than carbon-limitation. For example, Rautenberger et al. 
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(2015) found light to be the main driver in growth and photosynthetic responses and not 

OA. Conversely, Zweng et al. (2018) found that eight fleshy species were facultative 

HCO3- -users and exhibited a positive photosynthetic response to OA. Photosynthetic 

enhancement under OA is expected if other environmental conditions, such as light or 

nutrients, are not limiting. Thus, the mechanisms of carbon acquisition and response to 

light are complex.  Additionally, in situ light differences from vertical depth gradients 

play an influential role in the structuring of marine macrophyte communities and studies 

have shown an inverse relationship between increasing depth (i.e. lower light) and 

increased reliance of diffusive CO2 mechanisms in macroalgae (Cornwall et al., 2015; 

Diaz-Pulido et al., 2016). 

Natural environments can have large variability and gradients of light that not 

only drive the composition of macroalgal communities structures but can result in 

within-species variation (Hepburn et al., 2011). Macroalgae exhibit large variations of 

change in photosynthesis, growth, and carbon physiology despite the widely predicted 

response that fleshy macroalgae will benefit and exhibit enhanced physiological 

performance under increased global change (Bender-Champ et al., 2017; Dudgeon & 

Kübler, 2020). This suggests the role of physiological plasticity in macroalgae will be 

an important indicator to predicting the trajectory of biological responses to 

environmental change. Physiological plasticity is the change in an individual’s response 

under altered environmental conditions and, depending on the changed environment 

may result in performance being optimised or enhanced to maintain fitness (Donelson et 

al., 2019). Species able to acclimatise (in the field) and/or acclimate (in the lab) to short- 

or long- term changes will vary in their physiological responses but may provide insight 

to their plasticity and the underlying physiological mechanisms involved to maintain 

performance. This in turn can provide an indicator of an individual’s adaptive capacity, 

however, this is different to adaptation. Environmental change can promote adaptation 

but selection for favourable phenotypes and a change in genetic variation for greater 

fitness must occur to result in adaptation (Donelson et al., 2019). However, adaptation 

requires changes across generations and majority of studies are limited by time. Thus, 

evaluating physiological plasticity is beneficial as it can occur on a much shorter time 

frame. To better test the capacity in algae to maintain performance under environmental 

change, a depth gradient was used in combination with elevated pCO2 to examine the 

role of underlying physiological mechanisms and the effects that OA and light have on 

algal performance. 
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 As mentioned, macroalgae have shown variable responses to OA and this may 

be due to their differing carbon uptake strategies. The ability of macroalgae to modulate 

certain physiological processes (e.g. photosynthesis) can be a buffering mechanism and 

indicative of their physiological plasticity, allowing macroalgae to acclimatise to a 

changing environment. Previous work has indicated and shown that algae are able to 

exhibit changes in their carbon physiology under short-term experiment (e.g. 7 days; 

(van der Loos et al., 2019). To better understand the physiological responses in tropical 

reef macroalgae to a changing environment, and in particular how OA and different 

light regimes affect carbon- and photo- physiology, I conducted two complementary 

experiments on two dominant species of algae (a predominantly CO2 -user and a HCO3- 

[CCM present] -user) in the southern Great Barrier Reef. In the first experiment, I 

examined whether carbon assimilation, photophysiology, and metabolic function 

changes in response to light in situ by reciprocally transplanting algae at 5 and 10m. 

This allowed insight into acclimatisation mechanisms in macroalgae to environmental 

change. In the second experiment, I examined the same responses in algae to a light 

gradient (i.e. four light levels mimicking the depth gradient on the reef slope) and when 

interacted with OA, alleviated carbon-limitation in one species and down-regulated 

CCM activity in another species. The addition of two light levels was to better examine 

functional responses and the underlying mechanisms driving those responses for a better 

understanding of the physiological plasticity in macroalgae. For the transplants, I 

predicted that HCO3- -use would be inversely related to depth (Cornwall et al., 2015) by 

using δ13C values as a proxy; the species more reliant on CO2 would have decreased 

diffusive CO2 uptake (less negative δ13C values) at 5m depth and the CCM species 

would exhibit little change regardless of depth. For both species, shallower depth would 

positively enhance photosynthetic activity, however, the magnitude of effect would be 

larger for the predominantly CO2 -using species. For the tank experiment, I predicted 

that OA and higher light levels would elicit a positive response in physiological 

responses, similarly with species more reliant on CO2 than HCO3- exhibiting a greater 

response and CCM species with little change to δ13C values but increased 

photosynthetic and growth activity.  
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Material and methods 

General approach 

 Two experiments were carried out at Heron Island, southern Great Barrier Reef, 

Australia during 2019 Austral winter. I chose austral winter as it provided more stable 

weather conditions on the reef slope and the logistical availability to conduct two 

experiments simultaneously.  Two fleshy macroalgal species were selected based on 

their abundance on the reef (Brown et al., 2018), their presence along the reef slope 

gradient (pers. observation), and their carbon uptake strategy; a HCO3- -user, Hypnea 

pannosa (based on Hypnea sp.; Raven et al., 

2002) and a predominantly CO2 -user, 

Avrainvillea nigricans (based on same 

species from Chapter 2: Ho et al., 2020) 

(Fig. 4.1). An in situ reciprocal transplant 

experiment was conducted at Tenements 1 

(23°26'0.97"S, 151°55'40.98"E; Fig. 2) 

between 10 July to 01 Aug 2019 to examine 

the effect of depth (i.e. light) on photo- and 

carbon- physiology of macroalgae. Twenty 

300 x 300 x 300mm custom-made black 

cages were deployed onto the reef, with 10 cages at 5m depth and 10 cages at 10m 

depth (see below). Each cage was randomly distributed along a ~30m distance across 

the reef slope at each depth and held 5 individuals of the same species in each cage (see 

below for description). Simultaneously, a manipulative tank experiment was conducted 

at Heron Island Research Station (HIRS) from 15 July to 01 Aug 2019 to examine the 

interactive effects of light and OA on the physiological responses of the same two 

species of algae. The physiological responses measured were relative growth rates, 

tissue δ13C, oxygen evolution, and photophysiology.  

 

Figure 4.1. Top two photos are Hypnea pannosa 
(top left: species in situ with dark-adapted leaf 
clip; top right: attached to PVC stand) and bottom 
two photos are Avrainvillea nigricans (bottom 
left: species in situ; bottom right: attached to PVC 
stand). 
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Experimental design and setup 

Transplant experiment 

 To examine the effect of depth (i.e. light) on photo- and carbon- physiology of 

macroalgae, a reciprocal transplant experiment was conducted off the reef slope of 

Heron Island. Tenements 1 was a suitable location to conduct the transplant experiment 

due to boating and diving accessibility and algal distribution, (Fig. 4.2A). 20 cages (10 

at each depth) were haphazardly deployed on SCUBA across the reef slope. Cages were 

necessary to prevent herbivory. Refer to Fig. 4.4 for detailed cage construction, but in 

short, flat surfaces were located as randomly spaced as possible across a ~30m distance 

on the reef slope at Tenements 1 (Fig. 4.2B; Fig. 4.3).  Then a 300 x 300mm sheet of 

black mesh (10 x 10mm hole size) was attached onto the flat, bare substrate; this served 

as the false bottom (Fig. 4.4A). Cages were constructed as collapsible cages and each 

actual bottom had 5- 2.5cm H PVC stands (25” inner diameter; ID) attached to it as the 

holders for algae attachment (Fig. 4.4B). Bases of PVC stands were drilled so a cable tie 

could secure it to the actual bottom (Fig. 4.4C and D). Flattened cages were brought 

down for deployment and upon assembly, the four sides would pop-open and were 

cable-tied to the previously installed false bottoms. Lids were shut by backward cable-

ties to allow for easy access on subsequent dives for physiological measurements. 

A total of 100 individuals (50 of each species) were collected between 

Tenements 1 and Tenements 2 (Fig. 4.2B) for the transplant experiment, ~50m east of 

transplant experiment site so no disturbance occurred at designated transplant site. 

Individuals were hand collected on SCUBA, with 25 individuals of each species 

collected at both 5m and 10m depth. Ten additional individuals of each species at each 

Figure 4.2. Location of Heron Island in the southern Great Barrier Reef, Queensland, Australia (map 
insert left). A) Sites of Tenements 1 (orange pin #1) and Tenements 2 (red pin #2) in regard to Heron 
Island. B) At Tenements 1, two depths were chosen for the reciprocal transplant experiment, 5m (white 
line) and 10m (orange line), where cages were deployed across 30m distance along the reef slope. Source: 
Google Earth 
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depth were collected, five for cage controls and for baseline physiological 

measurements. Individuals were placed into plastic bags upon collection and transferred 

into an opaque plastic tub with shade cloth to avoid photoinhibition. Light levels at 5m 

and 10m depth were measured using the 2π light meter of the pulse amplitude 

modulated (PAM) fluorometer and were mimicked in the opaque plastic tubs using 

varying shade cloths for the boat transport back to HIRS for transplant preparation.  

Algae were then placed in multiple flow-through aquaria in their respective light levels 

from collection (i.e. 5m or 10m) for ~2d as they were cleaned, weighed, and attached 

onto 4.5cm H PVC (20” ID) stands. 

 

Figure 4.3. A schematic map of the reef slope where the in situ reciprocal transplant experiment was conducted. The 
top half are 10 cages at 5m and the bottom half are 10 cages at 10m depth. Cages (black squares) were deployed as 
randomly spaced as possible across a 30m distance and when a suitable flat bottom was found. Each numbered cage 
was randomly assigned a species, where S indicates species collected at 5m transplanted to 10m, and D indicates 
species collected at 10m and transplanted to 5m. This is represented with: S = shallow, D = deep, C = controls. 
Additional 3 individuals of each species were tagged with orange cow tags 10m from transplant site as uncaged 
controls and used as proxy for field baseline measurements. 
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Tank experiment 

 To examine the effect of light and OA on the physiological responses, I 

conducted a manipulative tank experiment in HIRS. Individuals of H. pannosa and A. 

nigricans were hand collected via SCUBA at 5m depth. Individuals were placed into 

plastic bags and transported in an opaque plastic tub with shade cloth back to HIRS. 

Algae were placed in a flow-through seawater table, cleaned and prepped for the tank 

experiment.  

 Two outdoor 200-L header tanks were set-up and distributed into individual 2.2-

L tanks for a fully factorial design. Eight treatment levels were created: two levels of 

pH, ambient or low pH (pH 8.12 or 7.7) and four different target light levels mimicking 

the reef depth at 2.5m, 5.0m, 7.5m, and 10m (Fig. 4.5). Header tanks were supplied with 

fresh filtered seawater (filtered through cartridges with nominal filter size ~20 micron) 

pumped directly from the sea and into an outdoor flow-through aquaria set-up at HIRS. 

The outdoor set-up consisted of four outdoor tables, each table holding 20 – 2.2-L 

plastic tanks (total 80 tanks). Open header tanks were set-up and shaded under the 

outdoor tables and an additional 200-L sump was set-up connected to a chiller (Hailea 

HC300A) to cool down the station’s stored reservoir seawater to the ambient treatment 

and pumped directly into the header tanks. A manifold was constructed in the middle of 

the tables to distribute the respective treatment seawater to the individual tanks. One 

header tank had the ambient seawater pH directly pumped from the station’s reservoir 

into the individual tanks. The other header tank mixed both ambient seawater pH and 

pure CO2 bubbled directly into the header tank to obtain the targeted low pH of 7.7 

([end-of-century business-as-usual level]; IPCC, 2014), equating to ~1000 µatm. Each 

ambient (~400 µatm) and elevated (~1000 µatm) pCO2 treatment was individually 

controlled and maintained using a pH-stat aquacontroller (Neptune systems). Each 

header tank had a mixing pump (HQB-3500) and a circulating pump (HQB-2500) with 

a flow valve attached to the output valve to control the flow of sweater pumped into the 

connecting manifold. Each manifold was plumbed with a series of smaller tubes to 

distribute the treatment seawater into open individual 2.2-L tanks. Each individual tank 

was supplied with a high flow rate of incoming seawater (~400-ml/min) for water 

motion exchange and continuous seawater replacement. The aquaria setup had some 

uneven sunlight exposure due to the orientation of the station’s building in relation to 

the sun rising and setting. To control for the outer two tables receiving higher sunlight 

intensity, a mesh shade cloth was angled from the top of the table frame down to shade 
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the aquaria set-up (Fig. 4.5). To mimic the target light levels for each sample, a series of 

shade cloths with different UV blocks were used to wrap around each 2.2-L clear tank. 

The four light levels consisted of: 2.5m (no shade cloth), 5.0m (1 white shade cloth; 

50% block), 7.5m (1 coloured cloth; 70% block), and 10m (2 coloured cloth; 90% 

block). Each individual tank (n = 4 per species per treatment) was randomly assigned a 

treatment combination and held an individual alga. All 80 tanks were cleaned every 2-3 

days. 

 

pH and temperature were measured daily at 0900 with a handheld pH meter 

(Mettler Toledo, SevenGo Duo SG98) fitted with a pH electrode probe (Mettler-Toledo 

InLab Routine Pro). pH meter was calibrated to TRIS buffer. Seawater samples were 

collected from header tanks and random individual tanks every 1-3d for measurements 

of total alkalinity (AT). AT was determined using an automatic titrator (Mettler-Toledo 

T50) fitted with a glass pH probe (Mettler-Toledo DG115-SC). The pH probe was 

calibrated to TRIS buffer ever 5d of titrations. Titrations followed standard protocol 

(Dickson et al., 2007) and referenced to certified reference materials (CRM) Batch 175 

for accuracy and precision, and yielded average ~1 µmol kg-1 of nominal value (SE = 

0.7 µmol kg-1, n = 6). Seawater carbonate chemistry was calculated from measured 

temperature, salinity, AT, and pHT with R package seacarb (Gattuso et al., 2019).  

Figure 4.5. Top image is a schematic diagram for the outdoor tank experiment. Two header tanks, 
one for each pH, placed under the bottom left table were plumbed into a manifold that distributed 
ambient or low pH seawater into 80- 2.2-L tanks. The green shade cloth covered the aquaria setup. 
The bottom image an ariel view of the four tables with the randomized treatment distribution. Each 
tank was one of eight treatment combination (legend on the right): 2.5m, 5.0m, 7.5m, or 10m light 
level crossed with ambient pCO2 (ACO) or high pCO2 (HCO) treatment (by Freya Womersley). 
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Response variables 

Metabolic performance 

Photosynthesis and respiration rates were measured using laboratory incubations 

to estimate oxygen evolution over time. Each sample was placed into a custom-made 

acrylic chamber filled with respective treatment seawater. Two sizes of acrylic 

chambers were used based on algal size: 610-ml chamber for H. pannosa and ~150-ml 

chambers for A. nigricans. Smaller chambers allowed for a lesser volume to detect a 

change in O2 evolution in a timely manner. A combination of six chambers were used 

concurrently to measure the change in dissolved oxygen over time (Fig. 4.6). The 

incubation setup allowed measurements to be run according to the light level treatments, 

but individuals between cages (from transplants) or between pH treatments (from tanks) 

were randomly selected. A freshwater bath was placed on a 10-point magnetic stir plate 

and room air temperature was maintained at ~20 ºC matching the ambient seawater 

temperature. An LED light source (MarsAqua 300W) was hung above the water bath 

and positioned on a PVC frame stand built around the stir plate for stable distance from 

the chambers (~25 cm above) and to achieve the light level at 2.5m (~180 µmol photons 

m-2 s-1). For the lower irradiances, a combination of dimming the light and placing a 

shade cloth between the light fixture and the PVC frame helped to achieve the 

appropriate light level treatments (measured with a LiCor 2π quantum season (LI-

190SA) and a LI-1400 m).  

For measurements, each chamber had a stir bar at the base to create water 

motion and a circular opaque mesh separating the stir bar from the incubated algae. 

Each chamber was fitted with an oxygen (PreSens dipping oxygen optode; PSt3) and 

temperature probe and connected to the Fibox 4 oxygen-10 sensor (Precision Sensing 

GmbH, Germany). Probes were calibrated each morning using a 2-point calibration in 

air-saturated water (100%) and no-oxygen water (0%; supersaturated sodium dithionite, 

Na2S2O4). Photosynthesis incubations typically took ~30m to achieve a change in slope. 

Thereafter, all lights were turned off and entire water bath setup was covered in a dark 

shroud so individuals could dark-adapt for 20 minutes before beginning light-enhanced 

dark respiration (LEDR) incubations (~90 minutes). Studies have shown no difference 

in measuring net respiration rates throughout the day and LEDR assumes that 

respiration measurements after net photosynthesis and dark-adaption are similar to night 
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dark respiration measurements (Comeau et al. 2016). Blank incubations (chambers 

without algae) were also conducted for each treatment type to account for any 

phytoplankton contribution and were accounted for in calculating metabolic rates. At 

the start of the experiment, five individuals of each species per depth were also 

collected for baseline O2 evolution measurements. Algae needed to be sacrificed after 

the incubations so metabolic rates via oxygen evolution were done at the end of the 

experiment. For the transplant experiment, a subset of three individuals per cage were 

randomly chosen and incubated based on the depth level (i.e. light level at 5m or 10m). 

For the tank experiment, each species (n = 4) per interacting treatment were randomly 

chosen. 

 Following incubations, algae were rinsed with deionised water and with 10% 

diluted HCl to remove any calcifying organisms so it would be suitable for isotope 

analysis. Algae were dried at 60 ºC for 48h and weighed. Metabolic rates were 

normalised to dry algal biomass (µmol O2 g-1 h-1). 

 
 
Photophysiology  

Chlorophyll a fluorescence was also measured because it allows for a non-

invasive technique to estimate in situ photosynthetic performance in macroalgae under 

experimental conditions over time. A diving pulse amplitude modulated (PAM) 

fluorometer fitted with a 1.5-mm diameter fibre-optic cable and a blue diode light 

source (470 nm) (Walz, Germany) was used to perform rapid light curves (RLCs) on a 

subset of individuals. Before transplants, we ran RLCs on other individuals in the 

laboratory to assess species variability and dark-adaptation period variability. This 

allowed us to select the gain (2), damp (1), LC width increment (30s) and number of 

increasing saturation intensity (8 levels) to still achieve the shape of a light curve. Due 

Figure 4.6. Experimental setup for respirometry measurements. A 
freshwater bath with six acrylic incubation chambers was placed on top 
of a 10-point magnetic stir plate. 
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to logistical diving constraints from our 10m site and bottom time, we allotted ~9 

minutes/individual for a RLC (5 min dark-adaptation period, 4 min RLC) to ensure 

there was adequate sample size replication. This period was maintained for the tank 

experiment as well. This allowed for each dive to conduct six RLCs at each depth; one 

individual in each cage per species (n = 3). For the tank experiment, 3 individuals per 

treatment combination were randomly selected for RLC. 

 Samples were dark-adapted using a dark leaf clip (Diving-LC; Walz) for a 

uniform distance of 3 mm from the fibreoptics to leaf surface. The fibreoptic cable was 

placed over the clip’s sliding shutter ensuring no light was entering through before 

opening the shutter to begin the RLCs (Fig. 4.7).  

 
We had two dark leaf clips and were able to alternate dark-adaptation on individuals 

between each RLC and maintained the same dark-adaptation period for all samples. 

Eight increasing irradiances of white actinic light were applied to samples for 30s each, 

followed by a saturation light pulse. Each illumination period measured basal (F0) and 

maximal fluorescence (Fm) and was used to calculate effective quantum yield, Y or 

∆F/Fm : 

∆F/Fm or Y = (Fm – F0) / Fm 

 and to calculate maximum quantum yield (Fv/Fm):  

Fv/Fm = Fm – F0 

 Electron transport rate (ETR) was calculated at each irradiance level of RLC 

according to (Schreiber et al., 1995): 

ETR = Y x E x A x FII 

Figure 4.7. Two divers running rapid light curves (RLCs). Algae were dark-
adapted using a dark leaf clip for 5 minutes, then placing the fibreoptics to 
leaf surface (3 mm distance), opening the clip shutter, and running the RLC 
consisting of 8 increasing irradiance levels. Photo by: Aaron Chai 
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 Where Y is effective quantum yield, E is incident solar irradiance (PAR; µmol 

m-2 s-1), and FII is the fraction of photon absorbed by PSII, generally 50% (default is 0.5, 

red algae is 0.15) (Celis-Plá et al., 2014; Torres et al., 2014). A is the thallus absorptance 

calculated as 1 – T (transmittance). Six individuals of each species were averaged for A 

(A. nigricans mean A = 0.884; H. pannosa mean A = 0.635). RLCs were fitted by non-

linear regression to the model of Eilers and Peeters (1988) using R studio package: 

phytotools (Silsbe & Malkin, 2015), yielding three parameters: 1) maximum ETR 

(ETRmax), asymptote of the curve and estimator of photosynthetic rate, 2) 𝛼ETR, the 

initial slope of ETR vs. irradiance curve, and 3) Ek, the saturating light intensity (µmol 

quanta m-2 s-1).  

 

Growth measurement 

 Algae wet biomass was used to calculate relative growth rates (RGRs). Algae 

were blotted dry and weighed at the beginning and end of the experiment (± 0.001g). 

RGR (% day -1) was calculated with ln (Wf / W0) / t x 100, where Wf is final blotted 

weight, W0 is initial blotted weight, and t is time in treatment days. RGRs were 

calculated over 15-18 days for the transplant experiment and 14-17 days for the tank 

experiment (variation in days was due to metabolism measurements conducted over 4 

days). 

 

Carbon isotope analysis 

 The entire algal thallus tissue was used to determine stable C isotopes (δ13C 

expressed as ‰) to infer the Ci source macroalgae use. Algal individuals were dried at 

60 ºC for 48hr after treatment period and brought back to Griffith University (Nathan) 

for isotope analysis. Samples were grounded to a fine powder with a stainless steel ball 

using a Grinder MM-400 (Retsch Mixer Mill; ~2 minute grind) and individually 

weighed into a pressed tin capsule. Samples were combusted at 1,000 ºC and δ13C was 

determined using a Sercon Europe elemental analyser coupled to a mass spectrometer 

(Hydra 20-22). Isotope ratio (13C/12C) was given in a standard delta notation per mil 

(‰) relative to VPDB standard (calibrated to a certified reference material, IAEA-CH-6 

sucrose , -10.45‰, Australian National University, Canberra).  
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Data analysis 

 One-way ANOVA with post-hoc Tukey’s Honestly Significant Difference 

(HSD) tests were used to examine the effects of depth in situ on the ecophysiological 

responses (i.e. relative growth rates, mean isotopic values, metabolic rates, and 

photophysiology parameters) of the macroalgae in the transplantation experiment.  

The responses of the algae in the tank experiment were evaluated using a two-

way ANOVA in which light and pCO2 were fixed effects. Post-hoc Tukey’s HSD were 

used to determine differences between treatments. Statistical analyses were carried out 

using R v 3.6.3 (R Core Team, 2020) and model assumptions were checked for 

adequacy.  

 

Results 

Tank experiment 

 Carbonate chemistry. The carbonate chemistry was successfully maintained in 

the header tanks throughout the experiment. Treatments differed by pH treatments (F1,26 

= 185.3, p < 0.0001); mean ambient pH treatment was 7.92 ± 0.01 (mean pCO2 of 551. 

25 ± 14 µatm) and the mean low pH treatment was 7.67 ± 0.01 (mean pCO2 of 1037.41 

± 19 µatm). The same levels were maintained across light treatments in the individual 

tanks and pH differed by pH treatments (p < 0.0001) but not by light treatments (p = 

0.45) (see Table 4.1). Average temperature in the sumps and replicate tanks were 20.8 ± 

0.19 ºC and 20.2 ± 0.13 ºC, respectively. Mean total alkalinity (AT) did not differ 

between header tanks (p = 0.81) or light treatments (p = 0.87). Light levels mimicking 

the reef slope during peak hours of 11 a.m. to 2 p.m. at 2.5m, 5.0m, 7.5m, and 10m were 

180, 121, 77, and 49 µmol photon m2 s-1, respectively (measured with 2π sensor on 

PAM). HOBO loggers deployed at each depth averaged daily at 5.0m and 10m were 

106 and 50 µmol photon m2 s-1. The 7.5m logger had recording issues and the 2.5m 

logger had corroded.  
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Photophysiology. I calculated three photosynthetic parameters, 𝛼, Ek, and 

ETRmax, from the rapid light curves to examine changes in photophysiology. Initial 

slopes, 𝛼, did not differ between pH or light treatments for either A. nigricans (two-way 

ANOVA; p = 0.665) or H. pannosa (two-way ANOVA; p = 0.872) (Table 4.2). Light 

had a significant effect on Ek for A. nigricans (F3, 16 = 6.133, p = 0.0056) but not for H. 

pannosa across any treatment. A. nigricans exhibited the highest light saturation (Ek) 

under the 5m light treatment, yielding 1430 µmol m-2 s-1, and differed from 7.5m (748 

µmol m-2 s-1) and 10m (572 µmol m-2 s-1) light treatments (Fig. 4.8). Ek at 2.5m was 

1249 µmol m-2 s-1 and significantly higher than the 10m light treatment. Similarly, light 

also had a significant effect on ETRmax (F3, 16 = 4.239, p = 0.022). ETRmax at the 2.5m 

light treatment was higher than the 10m light treatment (Fig. 4.8). Neither Ek (p = 

0.9520) nor ETRmax (p = 0.536) for H. pannosa differed among treatments.  

 

 

Table 4.1. Mean seawater carbonate chemistry for the eight combination treatments including the two header 
tanks. Treatments were ambient CO2 (ACO2) or high CO2 salinity, pHtot (total scale), and temperature (mean 
± SE; n in parentheses) using Seacarb package in R.  

Table 4.2. Tank experiment: results of the two-way ANOVA used to test the effects of pCO2 and light on the 
photosynthetic estimates, α , Ek, and ETRmax, derived from the rapid light curves (RLC) for A. nigricans and 
H. pannosa. 
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Carbon physiology and growth rates. δ13C values were measured and used as a 

proxy of the inorganic carbon source algae use for physiological responses. There was a 

significant interaction effect of pCO2 and light on δ13C values for A. nigricans (two-way 

ANOVA; F3, 32 = 3.639, p = 0.0230) (Table 4.3a). Mean δ13C values were lowest at the 

greatest depth (10m) light treatment (Fig. 4.9). Mean δ13C values at 10m light treatment 

were -28.98‰ and -28.28‰ under ambient and high pCO2, respectively, and 

significantly increased (i.e. became less negative) to -23.24‰ under ambient CO2 at 

7.5m light treatment. Additionally, post-hoc analysis showed a significant difference 

between mean δ13C values at 10m – ambient pCO2 (-28.98‰) to both 2.5m – ambient 

pCO2 (-24.54‰) and 2.5m – high pCO2 (-24.28‰) (Fig. 4.9). Mean δ13C values of H. 

pannosa were -17.7‰ under ambient pCO2 and -18.3‰ under high pCO2, and were 

significantly different between pCO2 treatments (F1, 32 = 8.037, p = 0.0079). For both 

species, relative growth rates did not differ between pCO2, light, or the interacting 

treatments (p = 0.4691) (Table 4.3a; Fig. 4.10). 

 

 

Table 4.3a. Tank experiment: results of a two-way ANOVA used to test the effects of pCO2 and light on relative 
growth rates and carbon isotope values for A. nigricans and H. pannosa. P-values < 0.05 are bolded. 
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Photosynthetic and respiration rates. O2 evolution was measured as a proxy for 

metabolic performance in both A. nigricans and H. pannosa under two pCO2 treatments 

at four different light levels. There was a significant pCO2 effect on photosynthetic rates 

of A. nigricans (two-way ANOVA; F1,24 = 4.294, p = 0.0492), with increased net 

photosynthesis under high pCO2 treatments (Fig. 4.11). Net photosynthesis of H. 

pannosa differed by pCO2 treatments depending on light levels (F3, 24 = 6.296, p = 

0.0167) (Table 4.3b). Net photosynthesis was highest at the highest light level (180 

µmol photon m-2 s-1) under high pCO2. Post-hoc analysis revealed that photosynthetic 

rates at 2.5m light level differed from both 5m and 10m light level treatments (Fig. 

4.11). Under ambient pCO2, photosynthetic rates in H. pannosa did not vary between 

light levels and net photosynthesis generally was lower under high pCO2 despite lack of 

significance within light treatments. Both species had negligible responses in respiration 

to pCO2 and light treatments (A. nigricans: p = 0.461 and H. pannosa: p = 0.539; Table 

4.3b; Fig. 4.12). 

Table 4.3b. Tank experiment: results of a two-way ANOVA used to test the effects of pCO2 and light on 
photosynthetic and respiration rates for A. nigricans and H. pannosa. P-values < 0.05 are bolded. 
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Figure 4.12. Respiration rates of both species under ambient (blue-green dots) and high (orange) pCO2 

at four different light levels. Dots represent mean ± SE (n = 4) normalised to dry weight.  

Figure 4.11. Net photosynthesis of both species under ambient (blue-green dots) and high (orange) 
pCO2 at four different light levels. Dots represent mean ± SE (n = 4) normalised to dry weight. 
Dissimilar letters indicate significant treatment differences (Tukey’s HSD, p ≤ 0.05).  
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Transplant experiment 

 Light and temperature measurements. A HOBO logger (Pendant 

light/temperature loggers) was deployed during the experiment at each depth and 

recorded temperature and light levels every 10 minutes. Mean temperatures at 5m and 

10m were 22.3 ºC and 22.1 ºC, respectively. Light levels calculated from the HOBO 

loggers were averaged between the hours of 11 a.m. and 2 p.m. to match the time period 

of RLCs. Mean light levels were 160 µmol photon m2 s-1 at 5m and 67 µmol photon m2 

s-1 at 10m. The light levels measured at the start of the experiment during RLCs using 

the 2π sensor on the PAM were 120 and 50 µmol photon m2 s-1 at 5 and 10m, 

respectively. Field measurements were also taken for photophysiology, carbon 

physiology, and metabolism as a proxy for baseline in situ measurements and plotted on 

respective response graphs. At the end of the experiment, a couple individuals for the 

baselines were lost, thus, using cages were necessary to avoid herbivory.  

Photophysiology and growth rates. Photosynthetic output of the same three 

parameters from RLCs in the transplantation experiment yielded no difference for 𝛼, Ek, 

or ETRmax for either species (Fig. 4.13, Table 4.4). Similarly, neither species exhibited 

significant differences in relative growth rates when reciprocally transplanted (Fig. 4.14, 

Table 4.5a). A. nigricans had overall negative growth rates (i.e. decrease in biomass) at 

both depths but did not differ between depths.  

 

  

Table 4.4. Transplant experiment: results of one-way ANOVA for the photosynthetic estimates, α , Ek, and 
ETRmax, derived from the RLCs for A. nigricans and H. pannosa. 

Table 4.5a. Transplant experiment: results of a one-way ANOVA used to test the effects of depth on relative 
growth rates and carbon isotope values for A. nigricans and H. pannosa. P-values < 0.05 are bolded. 





 97 

 
 

Carbon physiology. Carbon isotope values differed between depths for H. 

pannosa (F1, 6 = 27.15, p = 0.002) (Table 4.5a). Individuals transplanted from a deeper 

to shallower depth (i.e. light increased) had a higher mean δ13C value (-17.48‰) than 

individuals transplanted to a deeper depth (Fig. 4.15). Individuals transplanted from 5m 

to 10m had a mean δ13C value of -18.57‰. A. nigricans had marginally insignificant 

δ13C values (F1, 6 = 5.901, p = 0.0512). Mean δ13C values were -29.19‰ when 

transplanted to 5m and -28.35‰ when transplanted to 10m. 

Figure 4.14. Relative growth rates of A. nigricans and H. pannosa at their respective 
transplanted depths. Data are mean ± SE (n = 4). 

Figure 4.15. Carbon isotope, δ13C, values of A. nigricans and H. pannosa reciprocally 
transplanted from 5 to 10m and 10 to 5m. Solid circles (n = 4) represent the transplanted 
species and the open circles (n = 1) represent the cage controls of non-transplanted species at 
10m (left) and 5m (right). Five individuals in each cage control were averaged. Field 
baselines were removed due to analysis error. Lower case letters denote differences and ns = 
not significant. 
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Photosynthetic and respiration rates. Net photosynthesis significantly differed 

by transplanted depth for both A. nigricans (F1, 6 = 174.5, p < 0.0001) and H. pannosa 

(F1, 6 = 10.33, p = 0.0183) (Fig. 4.16, Table 4.5b). Mean photosynthetic rate for A. 

nigricans was 41 ± 2.37 µmol O2 g-1 hr-1 when transplanted to 10m. This was 

significantly lower than those transplanted to a higher depth, with a mean 

photosynthetic rate of 102 ± 3.95 µmol O2 g-1 hr-1 when transplanted to 5m. Similarly, 

H. pannosa had a much higher photosynthetic rate when transplanted to 5m, yielding a 

mean of 164 ± 23.16 µmol O2 g-1 hr-1 (Fig. 4.16). When the same species was 

transplanted to 10m, it had a mean photosynthetic rate of 89 ± 3.91 µmol O2 g-1 hr-1. 

Respiration rates of H. pannosa also significantly differed between transplanted depths 

(F1, 6 = 10.26, p = 0.0185). H. pannosa consumed more oxygen when transplanted to a 

shallower depth (to 5m) compared to those transplanted to 10m while A. nigricans 

exhibited no differences in respiration rates between depths (Fig. 4.16).  

Table 4.5b. Transplant experiment: results of a one-way ANOVA used to test the effects of depth on photosynthetic 
and respiration rates for A. nigricans and H. pannosa. P-values < 0.05 are bolded. 
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conducted a tank experiment. This allowed a complementary comprehensive look at the 

underlying mechanisms driving the physiological responses in macroalgae. I found that 

changes in light in situ (i.e. a depth difference) had an effect on carbon physiology and 

oxygen evolution (i.e. net photosynthesis and respiration) of H. pannosa (the HCO3- -

user) but only on net photosynthesis of A. nigricans. Both species did not exhibit 

changes in photophysiolgy using PAM. However, when subjected to a controlled light 

and OA setting (i.e. tank experiment), A. nigricans (a predominantly CO2 -user) had 

changes in carbon physiology, photosynthesis, and photophysiology to either pCO2, 

light, or the interaction, while H. pannosa only had differences in photosynthesis and 

carbon physiology. H. pannosa exhibited more plastic responses under natural light 

differences and A. nigricans exhibited more plastic responses when subjected to 

controlled light and OA conditions. These results suggest that light had a differential 

effect on physiological responses based on the inorganic carbon source of the algae. 

 

Carbon physiological responses 

 Under natural depth differences, carbon physiological responses differed among 

species. δ13C values of H. pannosa were higher when individuals were transplanted 

from 10m to 5m compared to those transplanted from 5m to 10m. The increase in light 

at 5m may have provided more energy to potentially upkeep the energetic demands of 

CCM activity in H. pannosa, which resulted in less negative values. Higher light levels 

can increase the capacity for enzymatic activity (Ow et al., 2016), which would benefit 

HCO3- -users due to the energy required to actively uptake HCO3-. Conversely, H. 

pannosa transplanted from 5m to 10m had slightly lower δ13C values. This suggests 

algae may have acclimatised to the low-light environment, which is plausible as δ13C 

values were close to the control value at 10m, and a decrease in CCM activity under 

lower light due to less energy available (Raven et al., 2011). When additional light 

levels were incorporated and combined with OA under the tank experiment, the light 

effect disappears. Instead, H. pannosa had a significant pCO2 effect and δ13C values 

were more negative, indicating some degree of down-regulation in CCM activity under 

OA. 

On the contrary, transplantation had no effect on δ13C values of A. nigricans. 

The δ13C values of A. nigricans were ~ -29‰, suggesting this species may not be 

exclusively a CO2 -user (δ13C values were not < -30‰) and may operate a CCM, but at 
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reduced capacity due to energetic constraints. Interestingly, in the tank experiment, 

there was a significant interaction between pCO2 and light on δ13C values of A. 

nigricans. Similar to the transplantation results, irradiances mimicking only 10m and 

5m showed no difference in δ13C values between treatments. However, across a gradient 

of light levels, there was a gradual linear increase between δ13C values and irradiance 

(Fig. 4.9). The gradients of light are likely an important factor driving within trait 

variability in species. δ13C values were lowest at the deepest depth under ambient pCO2 

conditions but were slightly higher under elevated pCO2 despite non-significance. At 

the highest irradiance mimicking the shallowest depth (2.5m), δ13C values of A. 

nigricans increased, suggesting more reliance on HCO3-. This is contradictory to 

literature because elevated CO2 concentrations are expected to alleviate carbon-

limitation, which would shift δ13C to more negative values (Stepien et al., 2016). There 

is the possibility that species more reliant on CO2 are not just carbon-limited but, due to 

long-term acclimation, don’t have the adaptive capacity to exploit the increased CO2 

concentrations (Kübler & Dudgeon, 2015; van der Loos et al., 2019). Additionally, 

nutrient availability in the bulk medium can affect the cellular demand for certain 

resources to assimilate carbon (Giordano et al., 2005), and energetic requirements vary 

at different levels of light and CO2, which in turn, affect carbon physiology (Lovelock et 

al., 2020). However, as mentioned earlier, A. nigricans may operate a CCM at reduced 

capacity. A different species, Avrainvillea amadelpha, found in deep habitats at Lizard 

Island, northern Great Barrier Reef had δ13C values of -17.3‰ (Diaz-Pulido et al., 

2016), indicating use of HCO3- and illustrates within genus variation in carbon 

physiology. So, although speculative, the increase in light in the tank experiment may 

be benefitting the species in that it is alleviating energetic constraints more so than 

carbon constraints. These results highlight strong interplay between light and CO2 and 

the importance of examining trait variability. Light can highly fluctuate on coral reefs 

with changing tides, cloud cover, overall weather, and even within habitats, which 

would naturally influence physiological responses in macroalgae. 

 

Photophysiological, metabolic, and growth responses 

Under natural depth differences, transplanting algae to either depth did not elicit 

differences in photophysiological responses in either species. A limitation with using 

the PAM for physiological measurements is that it only estimates photosynthesis in situ 
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and lacks the incorporation of respiration measurements. So, oxygen evolution also was 

measured to better understand energy balance of macroalgae to depth differences. The 

increase in light increased reliance on HCO3- for H. pannosa and this was further 

translated to increased photosynthetic and respiration rates, suggesting that increase in 

light increased energetic activity within species. Net photosynthesis and respiration of 

H. pannosa increased by 84% and 47%, respectively, when transplanted from 10m to 

5m. Presumably, H. pannosa was more metabolically active with the increase in light. 

There also were slightly higher growth rates of H. pannosa at the shallower depth 

despite non-significance. In the tank experiment, despite δ13C values of H. pannosa 

decreasing under elevated pCO2, the down-regulation didn’t necessarily translate to 

using the energy elsewhere. Some of that conserved energy may have been potentially 

allocated to maintaining growth rates, at least from 7.5m depth to shallower depths, 

however, there were no treatment differences. This supports the hypothesis that HCO3- -

users may down-regulate CCM activity but would see minimal changes in 

photosynthesis or growth under elevated CO2 concentrations (Hepburn et al., 2011; 

Roleda & Hurd, 2012). Studies in cold water systems have also found a lack of response 

in growth under elevated CO2 in some species (Gordillo et al., 2016). Although there is 

speculation that the conserved energy may be allocated to other physiological outputs 

(Hurd et al., 2009), it was not observed in H. pannosa.  

Net photosynthesis in H. pannosa increased under OA but only at the highest 

light level (i.e. mimicking shallowest depth). There were no differences between light 

treatments at ambient conditions, particularly at 5m and 10m light levels, contradictory 

to what was seen in the transplants. There was a general trend of respiration of H. 

pannosa with increasing light but overall no difference to pCO2 or light treatments. 

Generally, there seems to be little response in respiration of non-calcifying algae to OA, 

regardless of Ci source (e.g. Carvalho & Eyre, 2011; Zou & Gao, 2013; Zou et al., 

2011). Few studies have seen changes or an increase in respiration rates of non-

calcifying algae. Britton et al. (2019) saw an increase in respiration in two non-CCM 

species under OA and our previous study showed an increase in respiration rates but 

was mainly driven by temperature interacting with OA (Chapter 2:  Ho et al., 2020). 

Briggs and Carpenter (2019) found differences in respiration of a crustose coralline alga 

under dark-adapted respiration while light-adapted respiration showed no difference, 

suggesting the effect light has on modulating physiological responses. In this case, the 

gradual decline may suggest potential susceptibility to photoinhibition under excessive 
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light availability. Thus, the increase in net photosynthesis under high pCO2 and high 

light may be algae adjusting their photosynthetic apparatus as a means of 

photoprotection (Copertino et al., 2006). There was also an overall trend of higher 

growth rates of H. pannosa under OA treatments but similarly, overall rates declined 

with increasing light indicating reduced partial photoacclimation despite the potential of 

OA inducing growth. 

For A. nigricans, despite lacking changes in δ13C values, photophysiology, 

respiration, and growth among transplants, the increase in light at 5m did increase 

photosynthetic activity by 149% for the predominantly CO2 -user. This was a much 

larger magnitude of increase in photosynthesis compared to H. pannosa in situ. 

Chronically, species more reliant on CO2 are light- and carbon- limited  (Hepburn et al., 

2011; Raven et al., 2014). In the tank experiment, the increase in light provided more 

direct benefits to photosynthesis than carbon physiology for A. nigricans. δ13C values of 

A. nigricans increased under OA and increasing light and a similar trend was seen for 

net photosynthesis. There was a significant pCO2 effect on oxygen production of A. 

nigricans, with increasing net photosynthesis under elevated CO2 levels, particularly at 

80 and 120 µmol photon m2 s-1. This suggests the predominantly CO2 -user benefitted 

under OA to some degree. This is interesting because Kübler and Dudgeon (2015) 

modelled predictions of how light, CO2, or temperature would affect algal productivity. 

They found that OA should benefit non-CCM species, but that light intensities, 

temperature, and boundary layers would play a critical role in the magnitude of effect. 

Particularly, lower irradiance at higher pCO2 would have small photosynthetic increase 

compared to sub-saturating irradiances where photosynthetic rates at ≥ 800 µatm pCO2 

are predicted to double. A. nigricans had the lowest photosynthetic rate at the lowest 

irradiance but a 53% increase at 120 µmol photon m2 s-1 and a 48% increase at 80 µmol 

photon m2 s-1 at 1000 µatm pCO2. This is in line with the model where photosynthetic 

rates roughly doubled. However, under the highest light treatment, photosynthetic rates 

reduced. Yet, Ek and ETRmax of A. nigricans increased with increasing light. 

Photophysiological responses in A. nigricans were driven primarily by light. 

Rautenberger et al. (2015) also found that ETRmax, Ek, as well as 𝛼 differing between 

light treatments but not under elevated CO2 conditions. One potential explanation is that 

algae are able to regulate internal pH at ~7.3 and the photosynthetic apparatus may 

already be tolerant to a wide pH range (Rautenberger et al., 2015), hence responses in 

photophysiology were unaffected by OA but more sensitive to another factor such as 
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light. Overall, growth rates were negative, suggesting potential loss in biomass of A. 

nigricans. Future improvement would be complementing the measurement of wet 

biomass with an alternate method to measure growth rates for this species. Regardless, 

this provides insight to physiological mechanisms underlying responses in fleshy 

macroalgae, for more CO2 -reliant species, studies that only alleviate one environmental 

limitation (e.g. CO2 -only or light -only) may not see full benefits to physiological 

responses. 

 

Conclusion 

 In conclusion, H. pannosa exhibited more plastic responses under in situ 

changes to environmental factors while A. nigricans exhibited more plastic responses 

under a controlled OA and light experiment. The photosynthetic apparatus can exhibit 

diverse plasticity in optimising light capture across gradients of light (e.g. Copertino et 

al., 2006; Hepburn et al., 2011) and when coupled with carbon physiology may provide 

insight to the underlying drivers constraining physiological responses. Even more 

difficult is investigating changes in situ as natural variability in environmental 

conditions may result in within trait variability. Furthermore, depth alone can highly 

govern the distribution of algae based on their flexibility to use DIC and ability to 

harvest light (Cornwall et al., 2015).  The use of Chl a fluorescence to estimate 

photosynthetic output in situ in a transplantation experiment can provide some insight to 

the limitations of physiological processes influenced by spatial constraints of species 

distribution. Limitations may be due to energy constraints such as inorganic carbon 

source, light, or temperature (Kübler & Dudgeon, 2015; Stepien et al., 2016). While 

photophysiological responses seem to fall in line with other studies of species-specific 

responses (e.g. McCoy et al., 2020; Rautenberger et al., 2015), the high variability 

should be interpreted with caution as the manipulation of light and dark-adaptive period 

alone can highly affect rapid light curve measurements (Ihnken et al., 2010). Thus, 

complementing photophysiological measurements with photorespirometry and stable C 

isotopes can help to better understand energy balance in macroalgae. Additionally, 

conducting a controlled tank experiment with a gradient of light levels to examine the 

role of light limitation and how it interacts with OA provides a more comprehensive 

understanding to carbon capture, energy allocation, and light harvesting in macroalgae.  
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Different environmental drivers and thus resource availability affect species’ 

tolerances differently, and over time, the plasticity in species (i.e. to modify their 

responses in order to maintain physiological performance) has greatly influenced their 

overall distribution (Niinemets & Valladares, 2008). Using gradients of environmental 

conditions, whether to also detect limitation or saturation, will be beneficial to better 

estimate and predict changes in fitness performance to global change. For example, light 

generally results in asymptotic curves (Eilers & Peeters, 1988) while temperature 

generally results in parabolic curves (Bernhardt et al., 2018), and these differences in 

response curves can only be detected by measuring functional responses to multiple 

levels of an environmental parameter. If only two levels are investigated, it can be an 

under- or over- estimation of a response and can create a false-linear projection. 

Understanding energy balance in response to light would require more complete studies 

of photoacclimating mechanisms in macroalgae but using δ13C of macroalgae can be an 

important proxy to provide insight into ecophysiological responses of macroalgae. 

Ultimately, the sensitivity in carbon physiology is an important underlying mechanism 

in physiological responses and can have implications for further understanding 

geographic distribution of macroalgae and monitoring changes to future conditions.  
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Chapter 5: General discussion 

Summary of findings 

 The overall aim of this thesis was to examine the underlying drivers in the responses 

of non-calcifying macroalgae and their physiological plasticity to different environments in 

the Great Barrier Reef. Specifically, this thesis examined various physiological responses to 

environmental gradients including temperature and light, independently or interacting, with 

ocean acidification (OA). In chapter 2, I found that the interaction between OA and different 

temperature levels affects species differently depending on their carbon uptake strategy. 

Macroalgae with CO2 -concentrating mechanisms (CCMs) had more negative δ13C values 

under OA (i.e. relied less on HCO3-), while macroalgae more reliant on CO2 had no change in 

δ13C values. Additionally, I found that there was a decoupling between photosynthetic and 

growth rates. In chapter 3, I demonstrated functional response curves to a temperature 

gradient consisting of five levels. Growth had a non-linear relationship as a function of 

temperature, but photosynthesis and respiration had linear responses. In chapter 4, I 

demonstrated the underlying mechanisms driving physiological responses in two species of 

macroalgae in two experiments: a reciprocal transplant experiment and a manipulative tank 

experiment with 4 light levels interacting with OA. The change in light in situ affected the 

physiological responses in the HCO3- -user more than the predominantly CO2 -user. However, 

when light interacted with OA, conditions affected the physiology of the predominantly CO2 

-user more than the HCO3- -user. Across all experiments, I manipulated one environmental 

parameter to include a target of at least 4 or more treatment levels to examine the direction of 

functional responses to environmental change. By examining gradients of environmental 

parameters, I was able to achieve a more comprehensive understanding of the physiological 

capacity in tropical non-calcifying macroalgae to projected future environmental conditions. 

 

Chapter summaries 

Chapter 2 focused on the interactive effects of OA and warming on four species of 

fleshy macroalgae with varying affinities for inorganic carbon. I used the stable carbon 

isotope (δ13C) values of macroalgal tissue to infer the inorganic carbon source that the 

macroalgae use. I determined two species as HCO3- -users (CCM-species), one as a 

predominantly CO2 user (reduced capacity of CCM) and one as a sole CO2 -user (non-CCM 

species). HCO3- -users down-regulated CCM activity under OA and CO2 -users were 

unaffected. This suggests that under future CO2 conditions, these specific HCO3- -users 
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benefit under OA and contrary to literature, the two CO2 -using species in this chapter did not 

benefit under OA. This invites further investigation into RuBisCO kinetics to examine 

capacity of non-CCM species to fix carbon and whether non-CCM species have the adaptive 

capacity to exploit elevated CO2 conditions. Regarding temperature, CO2 -using species were 

more sensitive to increasing temperatures: the sole CO2 -user had reduced survival across all 

physiological responses. There was a decoupling of growth and photosynthesis as I found a 

general decline in growth rates of the HCO3- -users to interacting OA and temperature did not 

result in a similar response in photosynthesis. Originally, this study targeted four temperature 

levels to achieve a gradient; however, the highest temperature level could not be achieved. It 

would merit testing a larger temperature gradient interacting with OA to revisit how varying 

carbon uptake strategies are affected. Regardless, species in this study generally exhibited a 

parabolic photosynthetic response at elevated CO2 across temperatures despite non-

significance. These results show that if physiological responses were examined at two levels, 

24 ºC and 30 ºC, it would have been negligible. This highlights the necessity to include more 

levels of the environmental stressor(s) when investigating species responses. Additionally, 

this study demonstrates that even with three temperature levels interacting with OA, changes 

or lack thereof in carbon physiology does not translate to energetic benefits in growth or 

metabolism, highlighting the need to identify and measure other physiological processes to 

understand the effects of OA on algae fully. This study also highlights species’ sensitivity to 

high temperatures, particularly the sole CO2 -user, with negative implications in an 

increasingly warming environment. 
Chapter 3 aimed to examine the relationship between the performance (i.e. 

physiological traits) of a dominant coral reef macroalga, Lobophora sp., to a temperature 

gradient and if the functional relationships were non-linear. Building from the previous 

chapter of only achieving three temperature levels, this study successfully maintained five 

temperature levels to illustrate how temperature affects biochemical reaction rates (i.e. 

metabolism) and, in turn, how temperature affects metabolism maintenance, to infer inter-

individual variability to thermal variation. I demonstrated that increasing temperature resulted 

in negative physiological responses and that not all relationships were linear. Growth rates 

were maintained across a range of 6 ºC but drastically declined at the highest temperature of 

32 ºC, resulting in a non-linear response curve. Like Chapter 2, when evaluating temperatures 

at and between 24 ºC and 30 ºC, negligible responses were seen. Similarly, photosynthesis 

did not differ between temperature treatments until reaching 32 ºC. However, both 

photosynthesis and respiration exhibited negative, linear relationships with increasing 
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temperature. These findings reiterate the importance of assessing more than two levels of an 

environmental parameter for a better estimation of physiological responses. Examining 

physiological responses only to the ambient temperature at the time of the experiment, 24.5 

ºC, and the projected +2 ºC warming increase would have resulted in an underestimation of 

its physiology. Furthermore, this study highlights the wide breadth of tolerance in Lobophora 

sp. to temperature. The 6 ºC increase did not enhance metabolism or growth but the 

performance levels were maintained across all physiological responses, suggesting this 

species is functioning within its thermal tolerance levels. However, when temperatures 

exceeded 30 ºC, temperature became a stressor and resulted in a negative effect.  

Chapter 4 aimed to examine the ability of macroalgae to modulate their physiology to 

a change in depth in situ and to the effects of various light levels under OA. I conducted a 

reciprocal transplantation at 5m and 10m and demonstrated how two species, a HCO3- -user 

and a predominantly CO2 -user, responded to differences in depth in situ. My results 

indicated that neither transplanted depth affected photophysiological responses (using the 

PAM) in both species. However, δ13C values, photosynthetic and respiration rates (using O2 

evolution) in HCO3- -using species increased when transplanted from 10m to 5m and only 

photosynthetic rates changed in the predominantly CO2 -using species. The HCO3- -user 

seemed to exhibit more plastic responses to changes in light in situ and relied more on HCO3- 

with increased light. This suggests that species able to actively uptake HCO3- are able to use 

the additional energy provided by higher light towards benefitting other physiological 

processes (e.g. increase in photosynthesis and respiration). On the contrary, the 

predominantly CO2 -using species only had an increase in photosynthetic rates under 

increased light. These results highlight the energy constraints on species that rely more on 

CO2 for physiological processes (i.e. carbon limitation) and that light alone may only benefit 

one physiological process (in this case, photosynthesis) as they are energetically inefficient. I 

also aimed to examine the underlying physiological drivers affecting the capacity of 

macroalgae to change their physiological responses across a light gradient interacting with 

OA in a tank experiment. My results indicated that the predominantly CO2 -using species, the 

green alga A. nigricans, was more responsive, exhibiting changes in photophysiology, carbon 

physiology, and photosynthesis. Both Ek and ETRmax increased with light. Net photosynthesis 

increased under OA treatments, particularly at light levels mimicking 5m and 7.5m depth. 

This demonstrates partial alleviation of carbon- and light-limitation, as higher light and 

elevated CO2 resulted in a gradual linear increase in δ13C values. δ13C values were inversely 

related to light; lower light levels had more negative δ13C values (-29‰), indicating reliance 
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on diffusive CO2, and high light levels had more positive δ13C values (-24‰) indicating 

reliance on HCO3-. In addition, δ13C values of A. nigricans were not < -30‰, indicating it 

may have a low functioning CCM that at higher light and OA resulted in more positive δ13C 

values. Growth rates lack differences for neither species in both experiments. These findings 

demonstrate the importance of light as an underlying driver within trait variability in species 

and that species with varying affinities for inorganic carbon will be selective in favouring 

certain energetically efficient physiological processes over others. 

 

Knowledge gaps and concluding remarks 

Overall, this thesis was effective in showing the underlying drivers of physiological 

responses and the physiological capacity in macroalgae to buffer environmental changes. The 

findings from this thesis highlight the importance of using environmental gradients to 

determine physiological performance tolerance curves and the difficulty in establishing 

curves due to natural environmental variation. When an environmental condition becomes a 

"stress,” it alters the performance of an individual (Niinemets & Valladares, 2008). 

Classically, contrasting environments are used to establish general patterns in responses of 

organisms (Riesch et al., 2018). I demonstrate in this thesis that looking at only two 

contrasting environments (i.e. ambient vs. future conditions) generally results in no 

difference in responses. Instead, incorporating a gradient establishes a response curve that 

better illustrates the direction of response to a changing environment. Furthermore, the 

selective use of inorganic carbon is modulated by the environment, and this is predicted to 

shift, in turn, directly and indirectly affecting different physiological processes (Giordano et 

al., 2005). This will be heavily associated with the energetic requirement needed to maintain 

certain processes depending on what conditions are changing (e.g. light levels, CO2, 

temperature, nutrients, etc.). Understanding which physiological processes are more 

responsive or sensitive compared to others will be important in evaluating macroalgal 

plasticity. 

Plasticity is defined as the amount of change or expression in an organism’s genotype 

to persist in an altered environment or across different environments (Bradshaw, 1965). 

Plasticity is important because the fundamental purpose of biology and ecology is to 

understand and predict how organisms will respond to a changing environment (Hofmann & 

Todgham, 2010). Typically, organisms or populations are subjected to a range of 

environmental conditions usually involving present- and future- day levels (Riesch et al., 
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2018). Target trait responses of interest are observed and measured to understand physiology. 

In some cases, organisms may have a positive or negative response to an environmental 

change, but in other cases, species may exhibit no change in a response. When a targeted trait 

response results in no change, it can also indicate ‘phenotypic buffering’ in which the 

organisms are relying on underlying mechanisms to buffer the changing environment 

(Sunday et al., 2014). For example, algal growth rates may not change under certain 

environmental conditions (e.g. elevated CO2), but inorganic carbon-uptake strategies may 

shift either in relying more on diffusive CO2 by down-regulating CCM activity or relying 

more on HCO3- by increasing energy availability (Raven et al 2002; Hepburn et al 2011). In 

three of my four experiments, algal growth rates were unaffected (except Lobophora sp. in 

chapter 2), though carbon physiology, metabolism, or photophysiology had differing 

responses to varying treatments. Ultimately, my objective was to understand and determine 

species’ capacity to acclimatise or acclimate to future global conditions. This was best tested 

by incorporating gradients to investigate physiological responses. While some target trait 

responses to treatments did not result in differences, the lack of response does not indicate 

that the organism is unaffected by certain drivers. Instead, we have to consider organisms’ 

tolerance to a varying environment, their ability to buffer these changes by maintaining 

performance or allocating energy to another more important physiological process, their 

evolutionary history, or to an entirely different process outside of the scope of the 

experiments discussed here (e.g. CO2 leakage, dissolved organic carbon release, fatty acid 

composition, structural polysaccharides, carbon translocation, etc).  

Ecophysiology in macroalgae is complex and contemporary environmental conditions 

change simultaneously, adding to the complexity of understanding the effects of multiple 

stressors. As a result, new approaches have been proposed, such as using a trait-based 

approach, to prioritise particular relevant traits to determine general patterns in responses and 

to be used as proxies (Madin et al., 2016; Pendleton et al., 2016). However, caution must be 

taken as this approach can be an overly conservative estimate of trait variation. Additionally, 

trait expression can vary through space, as I observed between my experiments at Lizard 

Island and Heron Island. Interaction between multiple stressors also can be additive or non-

additive depending on the taxa, further complicating our understanding in physiological 

processes. A number of empirical studies on coral reefs has focused a lot of attention on more 

sensitive taxa to temperature and/or OA to implement policies to mitigate changing 

conditions and manage future populations (e.g. Comeau et al., 2014; Yang et al., 2016). 
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Future research would benefit from isolating experiments and incorporating gradients to 

evaluate specific trait responses.  

The rate and magnitude that the environment is changing is already deviating from 

current projections (IPCC 2019, In press). The acceleration in change will have different 

effects across functional scales (i.e. organism, population, community, and ecosystem) 

(Doney et al., 2020). The Great Barrier Reef already has faced three mass coral bleaching 

events in the last five years (ARC Centre of Excellence for Coral Reef Studies, 2020) and 

continuous warming will negatively affect net reef recovery. Past events of both human 

impacts and natural disturbances have offered insight into the occurrence of phase shifts, 

where coral reefs become algal-dominated reefs (Hughes, 1994). Fleshy macroalgae are fast 

colonisers, particularly when bare space is abundant (Birrell et al., 2008), thus, monitoring 

post-disturbance effects on macroalgal abundance will be critical. Macroalgae are vital to the 

biological diversity in tropical reefs and understanding the physiological responses in 

macroalgae to environmental changes such as OA, temperature, and light will help to link 

certain physiological traits to macroalgal distribution. Examining the role of physiological 

plasticity in algae can help elucidate the underlying mechanisms contributing to the ability in 

macroalgae to persist and/or adapt to a continuously changing environment. Additionally, 

examining the level of sensitivity or stability under global change can provide insight to 

patterns in macroalgal responses. However, there is large variation in species responses. The 

presence of within-species variation can result in species-specific responses (Wattier & 

Maggs, 2001), which can make it hard to generalise patterns to certain environments. Inter- 

and intra- individual variation also contributes to the difficulty in examining physiological 

plasticity. Individuals of the same species may respond differently based on different habitats 

(e.g. light; as in chapter 4) or responses of the same individuals may differ due to its 

genotypic variation (Bradshaw, 1965; Lynch & Gabriel, 1987). Thus, a combination of field 

and tank experiments will be needed to untangle the complexity of responses to multiple 

interacting environmental conditions. This thesis provides a better understanding of the 

plasticity of physiological mechanisms in tropical fleshy macroalgae in both tank 

experiments and a field experiment and highlights the importance of examining relationships 

between physiological responses across environmental gradients. 
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Future research directions 

- Incorporate a gradient when conducting experimental studies to establish response 

curves and infer patterns to a changing environment (e.g. linear vs. non-linear 

response). Assessing responses across an environmental gradient can help to 

understand tolerance range and thresholds to stressors better. 

- Using a trait-based approach and selecting a trait as a proxy to estimate how 

organisms respond may help decipher the large amount of process variation. By 

selecting a trait that is easily measurable and occurs in a lot of species, trends can be 

developed to observe how the targeted trait responds to a particular environment. 

- Accounting for inter- and intra- species variation can help better understand 

physiological plasticity. Intra-species variability may explain species-specific 

responses because microenvironments within a habitat can cause different individuals 

within a population to respond differently. For example, individuals occupying the 

upper parts of the reef slope exposed to low tide vs. individuals occupying deeper 

parts of the reef slope with less fluctuation to tides, light, temperature changes, can 

lead to trait variability. A comparison of trait responses within individuals of the same 

population would benefit in better understanding general patterns in physiological 

responses. 

- Complementing controlled tank experiments with in situ experiments or 

measurements can further help to capture differences in trait variability. 

- In addition to stable isotope measurements, complementing δ13C values with other 

techniques such as membrane-inlet mass spectroscopy (MIMS), pH drift experiment, 

and CA enzyme activity and inhibitors to better understand the scope of carbon 

physiological responses. 

- Not completely negating the importance of respiration in fleshy seaweed.  While 

many studies (e.g. Carvalho & Eyre, 2011; Zou & Gao, 2013) do not commonly see 

changes in respiration rates to global change, accounting for potentially higher 

temperature tolerance in respiration rates will be beneficial. PAM is only able to 

measure photosynthetic-related activity and limits the scope of metabolism, therefore, 

also including oxygen evolution may allow a more comprehensive understanding of 

oxygen production and consumption. 

- Improve linking and understanding between certain physiological traits to macroalgal 

distribution. For example, carbon physiology tends to be inversely related to depth, so 
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examining the interactions between (natural) depth gradients with CO2 may help 

determine species that are more efficient in capturing and fixing carbon. 
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