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Abstract 

Tropical coastal regions are home to around a third of the world’s population, 

where entire communities depend upon ecosystem services derived from an 

interconnected network of coral reefs, seagrasses, mangroves, and associated fauna. 

The tropical coastal zone incorporates numerous unique and widely distributed habitats, 

from mangroves to mud flats, however this thesis focusses on two interconnected 

marine tropical ecosystems. Coral reefs and seagrasses are global biodiversity hotspots 

with high rates of productivity which fuel coastal biogeochemical cycling. Seagrasses 

support blue carbon sequestration, sediment retention, and provide critical habitat. 

Biogenic calcification by coral reef organisms constructs massive calcium carbonate 

(CaCO3) structures, as calcifying organisms deposit skeletons over thousands of years. 

This robust CaCO3 structure protects coastlines from storms by absorbing the impact of 

wave energy and is critical for maintaining healthy shores. Coral skeletons form a 

uniquely intricate architecture which provides habitat for diverse ecological 

communities and many economically important species. However, anthropogenic 

climate change threatens the ecological function of these systems. High concentrations 

of carbon dioxide (CO2) are absorbed into the oceans, resulting in ocean acidification 

and warming waters, with catastrophic impacts on calcifying organisms. As the global 

climate crisis threatens coastal ecosystems and the services they provide, the 

development of metrics to track and predict changes to ecosystem function are essential 

for advancing scientific conservation efforts.  

Biogeochemical measurements of benthic metabolism are proposed as an 

efficient tool for long-term and high-resolution tracking of changes to species 

composition and ecosystem function. Benthic metabolism in coastal ecosystems 

describes carbon cycling driven by biological processes: inorganic (calcification – 

dissolution) and organic carbon metabolism (photosynthesis – respiration). These 

processes can be measured from changes in sea water chemistry; specifically dissolved 

oxygen (DO), dissolved inorganic carbon (DIC), and total alkalinity (TA). Changes to 

these parameters can be used to measure net metabolic flux between the benthos and 

seawater and can be used to quantify the carbon cycling processes of coastal 

ecosystems. Calculating the balance of net community calcification (NCC) to net 

community production (NCP) provides insight into benthic composition and ecological 

function and has potential as a method for monitoring change. This approach has been 

particularly useful for coral reef ecosystems, as their ecological complexity and 

biodiversity presents a unique logistical challenge for research.  



 

Coral reefs are already substantially degraded and highly vulnerable to the impact 

of climate change effects such as ocean warming and acidification. Catastrophic 

declines in coral cover and the negative impact of warming and ocean acidification on 

calcifying organisms threatens the potential for coral reef structural growth and 

maintenance, and some reefs are already net dissolving. In response to declines in 

calcifying corals, reef restoration efforts aim to rebuild coral reefs using a variety of 

techniques to propagate coral fragments and produce juvenile corals which can be 

transplanted on the reef. However, differences in the physiological processes of the 

species used in such programs require further evaluation. To address this research gap, 

rates of metabolism were measured in individual fragments of important coral reef 

calcifiers, with significant differences detected between species of coral and between 

coral and crustose coralline algae (CCA). The organisms selected for this study have 

distinct functions in terms of reef calcification.  Acropora cervicornis have rapid-

growth rates and an intricate branching morphology, while Orbicella faveolata and 

Siderastrea Siderea are slow-growth, massive reef-builders. The abundant and 

opportunistic Porites astreoides are known for their increasing dominance on degraded 

coral reefs, and crustose coralline algae create a cement-like covering which encrusts 

and strengthens reef substrate. Ex-situ incubations under natural ambient light 

demonstrated that individual rates of calcification and photosynthesis are different 

between species, and shift in response to light over a diurnal cycle. The highest 

photosynthesis and calcification values were measured at solar noon for all species, 

followed by a plateau, reflecting a hyperbolic relationship with light. Metabolism-

irradiance models demonstrated similar light-response curves in the 2 massive coral 

species and the opportunistic P. astreoides, while branching A. cervicornis metabolism 

was lower and aligned more closely with CCA than the other coral species. Metabolic 

maxima for photosynthesis (Pmax) and calcification (Gmax) were extracted from the 

models and demonstrated a positive linear relationship between the different organisms, 

indicating a link between the energy produced by photosynthesis and respiration with 

calcification across functional groups. The data were interpreted in the context of total 

carbon metabolism (Mtot), and this was proposed as a novel metric for quantifying the 

balance of inorganic to organic carbon cycling.  

A range of methods have been developed to quantify benthic metabolism in the 

field; from isolation of the benthic community using incubation chambers to 

autonomous sensor deployments for instantaneous measurements of ecosystem 

metabolism, each with unique advantages and limitations. In-situ measurements are 

critical for quantifying metabolism of complex communities, which cannot be reliably 



 

recreated in ex-situ settings. Due to the myriad of environmental influences affecting 

benthic metabolism in the field, benthic incubation chambers have been used to isolate 

benthic organisms and the water surrounding them so that any biogeochemical changes 

in the water column are the result of biological activity within the chamber. Benthic 

chambers usually consist of transparent enclosures which allow sunlight to penetrate, 

and often have a submersible pump installed to drive water flow over the study 

organisms. A sampling port facilitates measurement of dissolved oxygen and carbonate 

chemistry so that metabolic rates can be tracked. Following a review of the benthic 

chamber designs currently available, a gap was identified for a chamber that is low-

cost, made from easily accessible materials, large enough to incubate a community, and 

minimally invasive. A simple benthic chamber design was created and trialled to 

address these design criteria. The benthic chamber performed in line with the other 

existing chamber designs available, while substantially cutting costs. The chambers 

were deployed in two case studies to measure productivity of seagrass and coral reef 

patches. Productivity measurements agreed with previous estimates for both 

ecosystems tested, and the coral reef patches incubated also showed a hyperbolic 

relationship with light, aligning with the diurnal trends measured in the ex-situ 

incubations of individual coral reef calcifiers. The benthic chamber presented here is an 

affordable and feasible option for field studies of benthic metabolism.  

At the broader ecosystem or large community scale, benthic metabolism can be 

tracked over large bodies of water and over longer time scales. Using flow respirometry 

and benthic boundary layer approaches, it is possible to measure biogeochemical flux 

in coastal waters without interrupting natural flow and environmental drivers. In the 

final experiment of this thesis, multiple methods were used to measure benthic 

metabolism of a seagrass-sediment dominated bay. The methods selected represent 

some of the key approaches developed over the last ~70 years. Lagrangian flow, 

control volume, and benthic ecosystem and acidification measurement systems 

(BEAMS) approaches were tested over 48 hours, alongside benthic incubation 

chambers and discrete water sampling. There was strong agreement between 

Lagrangian, control volume and BEAMS for net community production (NCP) 

measurements, and integrated rates were aligned with results from chamber 

incubations. Net community calcification (NCC) was relatively low, and the 

Lagrangian approach was more sensitive to the NCC signal than BEAMS. The 

metabolic rates scaled with light conditions following a hyperbolic model, with 

variations in coefficients and model fits between the data sets collected. Linear 

regressions between NCC and NCP demonstrated distinct relationships between night 



 

and day, again highlighting the importance of diel cycles in quantifying coastal carbon 

cycles.  

The findings of this thesis enhance the current understanding of the metabolic 

processes taking place in tropical marine ecosystems and supports future research by 

providing novel metrics and methods for quantifying benthic metabolism. At each 

scale, from the organism to the ecosystem, the influence of light was established as a 

key driver of benthic metabolism. This research has direct impact and application for 

conservation of coral reefs and seagrasses and will support future endeavours to 

quantify carbon cycling of coastal ecosystems.  
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1 Introduction 

1.1 Coastal marine carbon  

Oceans are the largest active reservoir of carbon on Earth (Millero 2007), and they 

play a critical role in carbon sequestration, cycling, and storage (Nellemann et al. 2009). 

Carbon sequestration by marine organisms began some 3.5 million years ago when 

photosynthesis evolved as a metabolic process in the ocean and contributed to the balance 

of O2 and CO2 in the atmosphere, fundamental to the persistence of life on Earth (Ver et al. 

1999). Today, the ocean continues to sequester atmospheric carbon into the oceanic carbon 

sink where it can be stored for hundreds of thousands of years, regulating climate and 

maintaining ecosystem functions and services (McKinley et al. 2017). Estimates of the 

carbon sequestration value of marine productivity were well underway over 100 years ago, 

with early research focussed on the role of oceanic phytoplankton (Boysen-Jensen 1914). 

However, the role of marine vegetative systems in sequestering and locking down 

atmospheric carbon has since become the focus of research into biological carbon 

sequestration into the ocean sink (Duarte et al. 2013a; Macreadie et al. 2019; Serrano et al. 

2019). 

The coastal ocean is the interface between open ocean and terrestrial ecosystems and 

plays a disproportionate role in biogeochemical cycling despite taking up just 8% of the 

world’s ocean area (Smith and Hollibaugh 1993; Hyndes et al. 2014; Silbiger and Sorte 

2018). In 2009, the concept of ‘blue carbon’ was introduced to describe the exceptional 

capacity of some marine ecosystems to capture and store carbon compared to land-based 

ecosystems (Nellemann et al. 2009). Around 55% of the ocean’s carbon budget is 

sequestered in the coastal zone, where highly productive ecosystems draw down carbon 

before it is transferred to long-term sediments or adjacent coastal biomes (Sabine et al. 

2004; Nellemann et al. 2009). The high rates of carbon sequestration and storage in the 

coastal ocean are due to photosynthetic activity of marine macrophytes, which thrive in 

shallow, oligotrophic waters where sunlight penetrates to the seafloor, driving high rates of 

productivity. In contrast to highly productive terrestrial ecosystems, carbon is cycled 

within the coastal ocean, stored in sediments and / or exported to the deeper open ocean 

carbon sink (Mackenzie et al. 2005; Howard et al. 2014). The coastal ocean is considered a 

major component of the global carbon cycle, which has increased in carbon sink capacity 
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since the onset of anthropogenic increases in CO2 (Bauer et al. 2013) . However, global 

climate change threatens the longevity of coastal marine ecosystems (He and Silliman 

2019; Barnard et al. 2021). Therefore, it is critical to investigate and define carbon fluxes 

within and between ecosystems of the coastal ocean in order to predict future trajectories.  

Despite accounting for only 0.1% of the coastal zone, seagrass meadows play an 

important role in coastal biogeochemical cycling and are highly valued as blue carbon 

ecosystems (Greiner et al. 2013; Duarte et al. 2013c; Costanza et al. 2014). Seagrass 

meadows have some of the highest rates of productivity of all biomes (Hemminga and 

Duarte 2000; Larkum et al. 2006; Duarte et al. 2010). They are considered a critical 

ecosystem for climate change mitigation (Macreadie et al. 2014; Trevathan-Tackett et al. 

2015; Howard et al. 2017; Serrano et al. 2019), and seagrass restoration is being explored 

as a potential tool for drawing down anthropogenic CO2 (Greiner et al. 2013; Duarte et al. 

2013c; Macreadie et al. 2021). The carbon captured by seagrass photosynthesis is stored in 

underground biomass (López-Mendoza et al. 2020) and long-term marine sediments, 

which are around 40 times more efficient at organic carbon storage than the soils of 

terrestrial forests (Nellemann et al. 2009). There is variability in their carbon storage 

capacity, with distinct quantities and sources of organic carbon found stored in sediments 

across a single seagrass ecosystem (Ricart et al. 2020). Seagrasses occur on all continents 

in the shallow coastal ocean, up to depths of 50 metres, where transparent waters facilitate 

photosynthesis (Hemminga and Duarte 2000). The canopy of the seagrass meadow traps 

particulate matter from the water column by attenuating currents and filtering sea water, 

contributing to build up of sediments which are then retained in the meadow bed by their 

underground root-like network of rhizomes (Hendriks et al. 2008; Duarte et al. 2013b). 

Around half of the carbon which accumulates in seagrass sediments originates from non-

seagrass sources (Kennedy et al. 2010; Oreska et al. 2018), likely imported from adjacent 

habitats (Duarte and Cebrián 1996). The most productive seagrass meadows are 

multispecies, and productivity of seagrass meadows is enhanced by autotrophic epiphytes, 

which can account for 20 – 60% of seagrass productivity (Hemminga and Duarte 2000). It 

is estimated that seagrasses account for around 1% of global net marine primary 

production (Duarte and Chiscano 1999) and 10% of annual organic carbon burial in the 

world’s oceans (Fourqurean et al. 2012). 



 

24 

 

While the role of seagrasses in coastal carbon capture and storage is well-established, 

the carbon value of coral reef ecosystems has been contested since the 1990s 

(Frankignoulle et al. 1994; Gattuso et al. 1999b), with ongoing research to constrain coral 

reef carbon and carbonate budgets in the face of a changing climate (e.g., Naumann et al. 

2012; Alldredge et al. 2013; Jones et al. 2015; Albright et al. 2015; Takeshita et al. 2018; 

Enochs et al. 2019; Stoltenberg et al. 2019; Molina-Hernández et al. 2020). Coral reefs 

host high rates of organic carbon production, supporting their ability to build inorganic 

calcium carbonate structures through biogenic calcification (Gattuso et al. 1999a). 

However, the process of calcification by corals and other important benthic organisms, 

such as calcifying and crustose coralline algae, release carbon at a rate higher than it 

sequesters (Ware et al. 1991; Gattuso et al. 1999b). In calcification, for each mole of 

CaCO3 precipitated, 0.6 moles of CO2 are released, whereas for photosynthesis, the 

production of 1 mole of organic carbon (CH2O) results in fixation of 1 mole of CO2. 

Respiration also releases CO2; therefore, a calcifying reef has a net flux of CO2 to the 

atmosphere (Frankignoulle et al. 1994). The potential for coral reefs as long-term carbon 

burial systems is considered insignificant in the overall marine carbon budget (Gattuso et 

al. 1996; Watanabe and Nakamura 2019). Therefore, coral reefs are not considered in blue 

carbon budgeting and generally act as a source of carbon to the atmosphere, rather than a 

sink (Frankignoulle et al. 1994; Gattuso et al. 1999b; Gattuso and Buddemeier 2000). 

Despite the relatively low level of carbon lockdown of typical coral reefs, their 

position in the interconnected coastal biome means that understanding and quantifying 

carbon transfer within these ecosystems is critical for predicting and mitigating climate 

change. Coral reefs have a critical role in protecting blue carbon-rich ecosystems such as 

seagrasses and sediments from erosion by the open ocean, and the biodiversity they 

contain supports ocean-wide carbon cycling and trophic energy networks. As global 

climate change threatens the persistence of corals and coral reef ecosystems, it is likely that 

their role in coastal carbon budgets will change. As the irreversible degradation of coral 

reefs is well underway (Bellwood et al. 2004; Hughes et al. 2017b; Reverter et al. 2021), it 

is critical that the longstanding questions regarding their carbon cycling capabilities, and 

the biological processes driven this, be addressed.  
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1.2  Ecological function and services of coral reefs and 

seagrasses  

Coastal areas are around three times more densely populated than inland regions, and 

human populations in these areas are growing exponentially (UNEP 2006). These 

communities depend directly on the ecosystem services provided by marine and coastal 

ecosystems (Lau et al. 2019). Coral reefs, seagrasses, and mangroves strengthen coastlines 

against erosion and promote sediment production and retention (Christianen et al. 2013; 

Harris et al. 2018; Brown et al. 2020). They have a critical role as a physical barrier to the 

open ocean, protecting shores from storms and wave action. Tropical coastal ecosystems 

comprise biodiversity hotspots, provide unique habitat, and support livelihoods (Costanza 

et al. 1997; Moberg and Rönnbäck 2003). Coastal seascapes also drive local economies 

through touristic activities such as diving and snorkelling (Spalding et al. 2017). However, 

their true value in terms of ecosystems services, function and cultural wealth cannot be 

fully constrained by economics alone (Lau et al. 2019). In the tropical coastal zone, coral 

reefs and seagrasses are interconnected and interdependent (Guannel et al. 2016). The 

ecological processes taking place within these systems transcend habitat boundaries, to 

support healthy ecosystem function (Harborne et al. 2006). The unique habitat found in 

shallow coastal waters supports fisheries, critical for protein provision and livelihoods in 

the regions where coral reefs and seagrasses occur (Mehvar et al. 2018). Coastal 

communities depend upon small-scale local fisheries as a primary source of protein, at an 

estimated value of USD 6 million (Burke et al. 2011). Indigenous communities in coastal 

regions around the world have a higher dependence on seafood, and fewer alternatives 

(Woodhead et al. 2019).  

Seagrasses are marine flowering plants which appear on shorelines around the world 

to form extensive meadows which provide a range of ecological functions and services. 

Seagrass organic material has been used for construction and agriculture for hundreds of 

years (Nordlund et al. 2018). Seagrass meadows are some of the most valuable blue carbon 

systems in existence. Their underground network of rhizomes protects and retains carbon-

rich sediments (Duarte et al. 2013a). Seagrasses filter coastal waters, ensuring high light 

transmission (Short and Short 1984), and there is evidence that they buffer ocean 

acidification as their CO2 uptake through high rates of primary production influence pCO2 
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and pH of sea water (Hendriks et al. 2014; Kapsenberg and Cyronak 2019; Ricart et al. 

2021) supporting healthy coral growth (Jury et al. 2013; Takeshita 2017). In turn, the 

structure formed by adult coral skeletons provides shelter and protection for seagrass 

meadows, demonstrating the positive feedback between these systems (Harris et al. 2018; 

Du et al. 2020). The small-scale buffering capacity of seagrass meadows has been 

identified as a potential management tool for coastal waters undergoing ocean acidification 

(OA) (Manzello et al. 2012). This could potentially mitigate the impact of OA for adjacent 

reefs (Cyronak et al. 2018; Ricart et al. 2021). However, the buffering potential of 

seagrasses are varied depending upon local hydrodynamics and environmental influences 

(Koweek et al. 2018; Dam et al. 2021). Seagrasses also show bioremediation qualities, and 

there is evidence to suggest that seagrass meadows may ameliorate seawater pollution 

from human-originated bacteria, protecting marine invertebrates and fish from potential 

pathogens (Lamb et al. 2017). Seagrass canopies attenuate wave action, support sediment 

generation, and mitigate coastal erosion (Fonseca and Fisher 1986; Enríquez et al. 2001; 

Christianen et al. 2013). Seagrass meadows also provide nursery habitat for fisheries, such 

as the ecologically important herbivorous parrotfish, which can undergo ontogenetic or 

diurnal migration across coral reef, seagrass, and mangrove root habitats (Nagelkerken et 

al. 2002; Mumby et al. 2004; Dorenbosch et al. 2005). Grazing by herbivores is a critically 

important process in the coastal ocean for sediment generation and maintaining healthy 

ecosystems and energy flow (Bainbridge et al. 2018; Brown et al. 2020). On coral reefs, 

herbivores are a fundamental component of nutrient and organic carbon cycling within the 

trophic system, and they maintain the reef substrate clean of algae for larval settlement and 

coral growth (Edmunds and Carpenter 2001; Idjadi et al. 2010).  

Coral reefs host one of the most biodiverse communities on Earth, a capacity that has 

been the subject of scientific debate since ‘the Darwin Paradox’ 200 years ago, which 

highlighted the contradiction of a highly productive ecosystem in oligotrophic waters 

(Gove et al. 2016). Early research demonstrated that the success of coral reefs is largely 

due to high rates of light-dependant primary productivity and the ability of the benthic 

community to cycle nutrients within the ecosystem (e.g., Odum 1956, 1957). Reef-building 

corals are powered in part by symbiosis with zooxanthellae, dinoflagellates which provide 

carbon fixed by photosynthesis to the coral host to fuel calcification (Goreau and Goreau 

1959; Roth 2014). The endosymbionts benefit from nutrients and protection provided by 
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the coral polyp, as well as ideal, sunlit habitat to facilitate photosynthesis (Roth 2014). 

This relationship maintains the metabolic needs of both the host and symbiont and supports 

coral reef success in oligotrophic waters. Only since the second half of the 20th century 

have technologies advanced enough to facilitate scientific field research on coral reefs 

(Moore et al. 2009), and access to reefs deeper than a few metres has only become widely 

available since the onset of recreational SCUBA diving in the 1950s (Lang 2012). 

Subsequent decades of research have explored the key processes driving coral reef 

ecological function, however, the urgent threat of climate change and the degradation 

already observed on the world’s coral reefs (Woodhead et al. 2019; Eddy et al. 2021) has 

shifted research perspectives towards conservation and rapid intervention to protect the 

critical ecosystem services and survival of coral reefs (van Oppen et al. 2017; Bayraktarov 

et al. 2020).  

Since the range of services derived from coral reefs are vast, they can be divided into 

subcategories such as those that; support other services, regulate the environment, provide 

natural goods, and offer cultural benefits (Woodhead et al. 2019). Coral reef habitat 

provision and subsequent biodiversity support all other ecological services derived from 

seagrass and coral reefs. The complex architecture of the coral reef provides habitat for 

diverse organisms, and up to a third of all marine organisms spend at least part of their life 

history on the coral reef (Knowlton et al. 2010; Brandl et al. 2019). Coral reefs regulate 

their environment through calcification (G), the process by which they grow calcium 

carbonate (CaCO3) skeletons. Over millennia, the (CaCO3) skeletons deposited by reef 

calcifiers physically protects, builds, and maintains coastlines,  (Perry and Alvarez-Filip 

2018) and plays a critical role in biogeochemical cycling of the coastal ocean (Chave et al. 

1972; Gattuso et al. 1999a). Scleractinian corals, the ecological engineers of coral reefs, 

form a complex structure for countless functional groups and species to inhabit 

(Richardson et al. 2017). Coral polyps typically measure just a few millimetres in size, 

however, the skeletal structures produced by coral colonies create entire reef systems, large 

enough to be seen from space. The coral reef structural matrix forms over geological 

timescales and is strong enough to shield coastlines from storm and wave energy. A meta-

analysis of studies covering Atlantic, Pacific, and Indian Oceans found that coral reefs 

absorb 97% of wave energy (Ferrario et al. 2014), providing a natural barrier for coastal 

communities. In the US, hazard risk reduction exceeds US$1.8 billion annually (Reguero 
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et al. 2021). Coastal defence by coral reefs also benefits other habitats such as seagrass 

meadows, and reduces erosion of sediments, thus protecting critical blue carbon stocks 

(Ferrario et al. 2014; Storlazzi et al. 2021).  

 

1.3 Anthropogenic influences on coral reefs and 

seagrasses 

Since the industrial evolution ~ 200 years ago, the concentration of CO2 in the 

atmosphere has increased by over 40% to reach 410 μatm, a rate which is unprecedented in 

the past several million years (Gingerich 2019). Under a scenario of ‘controlled warming’ 

(representative concentration pathway, RCP 2.6) this is expected to reach 490 μatm or rise 

to 1370 μatm under a ‘business as normal’ scenario (RCP 8.5) (van Vuuren et al. 2011). 

The high atmospheric concentrations of CO2 and other greenhouse gases are causing 

catastrophic changes to Earth’s climate systems including warming, shifts in ocean 

currents, increased storm frequency and severity, and weather extremes such as prolonged 

and frequent drought (IPCC 2013). Global warming has increased the surface temperature 

of Earth by 1 C in the past century, and it is likely that the 1.7 C tipping point will be 

exceeded by 2100 with projected loss of key ecosystems and species as a result (He and 

Silliman 2019; Doney et al. 2020; Barnard et al. 2021). 

Over the past 50 years, the ocean has absorbed over 90% of the global warming 

induced heat (Flato et al. 2013), associated with a rapid rise in sea surface temperature 

(SST). Coastal environments are disproportionately impacted by anthropogenic activity 

compared to the open ocean (Ver et al. 1999), and they are undergoing increasing 

pressured from human activities. Increasing SST is a major threat for coral reefs and 

seagrasses, where organisms living in these environments have adapted to exist at the 

thermal limit and are sensitive to change (Rodolfo-Metalpa et al. 2014; Camp et al. 2017). 

Coral bleaching occurs when sea water temperatures increase by 1 C for at least 1 month, 

when corals pass the temperature ‘tipping point’ (Goreau and Hayes 2021). The 

unprecedented mass bleaching event in the 1980s was the first direct ecosystem crisis 

caused directly by climate change (Goreau and Hayes 2021), an occurrence which is now a 

near-annual event (Hughes et al. 2017a; Ainsworth and Brown 2021). 
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With the unprecedented rapid increase in atmospheric CO2 due to fossil fuel carbon 

emissions, the ocean has absorbed around 41% of anthropogenic carbon (Sabine et al. 

2004; Quéré et al. 2018), resulting in a 0.1 unit decrease in ocean pH, which is expected to 

decline by a further 0.3 – 0.4 pH by 2100 (Caldeira and Wickett 2003). Ocean acidification 

(OA) threatens the existence of coral reefs, as it increases dissolution of CaCO3 structures, 

while at the same time impeding calcification. CO2 absorbed into the ocean reacts with 

seawater, causing a decrease in the availability of carbonate ions (CO3
2-) and reducing the 

saturation state of CaCO3 minerals (). OA has caused a 40% increase in ocean 

acidification and a reduction of carbonate ion concentrations by 11% in the ~200 years 

(Orr et al. 2005) (Fig. 1-1).  

 

 

Figure 1-1: (top) Increasing CO2 concentrations in the atmosphere, and (bottom) high 

CO2 influence on ocean sea water pH and carbonate concentration (µmol kg-1). Figure 

from Doney et al. (2020). 
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Ocean deoxygenation has emerged as an additional major threat to the future of coral 

reefs (Altieri 2017; Johnson et al. 2021), and incidence of hypoxic events are accelerating 

(Earle et al. 2018; IUCN 2019). Deoxygenation is caused primarily by global climate 

change and eutrophication (Altieri and Gedan 2015; IUCN 2019). In tropical regions, 

warmer water temperatures have a reduced capacity to retain dissolved oxygen (DO), and 

high rates of aerobic metabolism deplete DO. Nutrient loading in sunny, warm coastal 

waters leads to rapid proliferation of algae in the water column. Through respiration, algae 

and microbes consume DO in the water column, which is further compounded by mortality 

of photosynthetic plants when light is blocked by algae in the water column. In the case of 

scleractinian corals, the impacts can be disastrous, resulting in mass mortality within days 

of exposure to low DO conditions (Johnson et al. 2021b). Deoxygenation in coastal waters 

is typically defined as a reduction in oxygen concentration to < 2mg L-1, however some 

species are sensitive to more subtle changes in ocean oxygen concentration (Altieri et al. 

2021). It is not uncommon for coral reef organisms to experience low oxygen conditions, 

as natural diel cycling of oxygen in the water column over coral reefs controlled by 

photosynthesis and respiration of benthic organisms can lead to low oxygen concentration 

conditions at night (Nelson and Altieri 2019). However, multi-day, extreme hypoxic events 

have been found to deplete the coral reef of oxygen and cause severe mass mortality of 

corals (Johnson et al. 2021a). The frequency, long term impacts, and recovery following 

short-term hypoxic events on coral reefs are relatively unknown, as the events generally 

last just a few days and reporting is scarce.  

 

1.4 The decline of Caribbean coral reefs  

Catastrophic losses of hard coral cover have been reported at sites across the 

Caribbean since the 1970’s (Jackson et al. 2014; Estrada-Saldívar et al. 2019). In this 

region, global climate change exacerbates localised pressures on coral reefs caused by 

rapid coastal development in the area. Increasing construction and infrastructure 

development over recent decades are causing ‘coastal squeeze’ and loss of intertidal 

habitat (Unsworth et al. 2018). On Caribbean coral reefs, unprecedented changes to species 

composition and abundance are associated with local overdevelopment, disease, and 

pollution in addition to the global threats associated with climate change (Done 1992; 
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Williams and Graham 2019). Overfishing has also caused major degradation to the 

biodiversity of coral reefs and seagrass meadows (Hughes et al. 2003; Jackson et al. 2014). 

Since 2014, the compounding impact of Stony Coral Tissue Loss Disease has exacerbated 

this decline, causing near ecosystem collapse and extinction of some coral species 

(Estrada-Saldívar et al. 2019). As a result of these factors, the valuable coastal protection 

and habitat provision provided by these ecosystems is already reduced (Perry and Alvarez-

Filip 2018). 

With the functional extinction of scleractinian coral species fast becoming a reality in 

in the Caribbean region, loss of the structural complexity at the basis of all ecosystem 

services derived from coral reefs is a major risk. On the Florida Reef Tract (FRT), coral 

reef structure is being lost at a rate faster than it can be renewed (Eyre et al. 2018). As 

healthy corals are lost from coral reefs, proliferation of algae, soft corals, and resilient, 

weedier species of corals have overtaken the reef (Hughes et al. 2007; Williams et al. 

2017). Eutrophication, algal overgrowth, and influx of invasive species, disrupt and 

impede ecosystem function (Kubicek et al. 2019). Overfishing of key herbivore species is 

linked to algal overgrowth and collapse of reef function in some areas of the Caribbean. In 

the 1980s, a marine pathogen decimated the populations of Diadema antillarum, the 

Caribbean black spined sea urchin (Lessios et al. 1984), which had previously maintained 

algal growth on coral reefs (Edmunds and Carpenter 2001; Idjadi et al. 2010). The lack of 

recovery in this population on Caribbean reefs is largely due to a lack of cryptic substrate 

where Diadema can be protected from predation (Bodmer et al. 2015, 2021). The lack of 

algae-free substrate on Caribbean coral reefs negatively impacts coral larval settlement, 

hindering the natural recovery of both the corals providing structural complexity, and the 

herbivores needed to maintain it (Lessios 2016) . Successful coral reproduction and 

recruitment of coral larvae is further hindered by ocean acidification (Albright et al. 2010; 

Doropoulos et al. 2012), disease (Piñón-González and Banaszak 2018), and changes to 

overall reef condition (Rinkevich and Loya 1985). The rapid decline of coral reef health 

and function in the Caribbean is useful as a model for understanding ecological and 

physiological response to multiple stressors, to predict and manage change in other regions 

(e.g., Crabbe et al. 2008; Blackwood et al. 2018). The study of Caribbean coral reefs has 

been integral in defining the sequential stages of degradation and has been possible to 

build a solid knowledge base documenting how environmental stressors and anthropogenic 
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influence can shift dynamics on coral reefs, disrupting ecological stable states through 

altering the benthic community, introducing invasive species, and ultimately changing the 

biogeochemistry and functional capacity of the coral reef ecosystem.   

1.5 Reef restoration 

The functional capacity of coastal ecosystems raises critical research questions for 

policy makers as governments around the world aim to transition to a sustainable blue 

economy (Brears 2021). The United Nations sustainable development goals recognise the 

health of the oceans as a priority, and the UN declaration of the ‘decade of ecosystem 

restoration’ indicates a shift in conservation practices from passive preservation toward 

active intervention (Waltham et al. 2020). To conserve the calcification potential of coral 

reefs, propagation and transplantation of scleractinian coral aims to restore natural rates of 

reef growth, with the ultimate goal of securing the ecosystem services that healthy coral 

reefs provide (Hein et al. 2017). Reef restoration is an active form of conservation 

intervention designed to support passive preservation efforts, such as the legal protection 

of endangered coral species and reef sites. Methods of reef restoration largely focus on the 

robust, reef-building Acropora genus of corals which are propagated in land and field 

nurseries and transplanted onto natural reefs (Lirman 2000; Young et al. 2012). This 

technique utilises the ability of fast-growing branching corals to asexually fragment and 

regenerate (Lirman 2000). Despite recent advances in the methods and technology to 

deploy such programs, the long-term outcomes are virtually unknown (Hein et al. 2017; 

Boström-Einarsson et al. 2020; Ferse et al. 2021). Tracking of restored populations is not 

standard practice and over half of restoration programs collect data on their restored coral 

populations for 1 year or less (Boström-Einarsson et al. 2020). Monitoring of coral reef 

restoration outcomes is essential for evaluating the impact of such efforts and for 

improving conservation strategy. However, traditional manual surveys conducted by 

SCUBA divers and snorkellers to measure the size of individual corals and estimate live 

coral cover of reef patches are labour intensive and costly. Reef restoration aims to re-

establish ecological function, yet metrics of individual coral transplant survival do not 

capture this (Hein et al. 2020). Efficient and accurate methods are required to overcome 

the challenges of tracking changes to the fundamental processes driving ecosystem 
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function and carbon cycling in the coastal ocean. The biogeochemical approach offers a 

powerful tool to quantify these processes.  

 

1.6  Benthic community metabolism  

Seawater chemistry is influenced by a range of chemical, environmental, and physical 

forces within the coastal ocean. At the same time, biological activity drives daily and 

seasonal changes in seawater composition (e.g., Yates and Halley 2003; Koweek et al. 

2015; Albright et al. 2015). Benthic metabolism refers to the balance of the fundamental 

biogeochemical processes taking place within the benthic community: calcification, 

CaCO3 dissolution, photosynthesis, and respiration (Fig. 1-2). This balance of 

physiological processes controls the seawater chemistry and carbon cycling of tropical, 

coastal waters, as summarised in equations 1 and 2.  

Eq. 1 

CO2 + H2O ↔ CH2O + O2 

Photosynthesis ↔ Respiration 

Eq. 2 

Ca2+ + CO3
2 ↔ CaCO3 

Calcification ↔ Dissolution 

As primary producers draw down carbon, they release O2 through photosynthesis, and 

respiration reverses this process (Nelson and Altieri 2019). Therefore, it is possible to 

measure photosynthesis (P) from increases in dissolved oxygen (DO) and decreases in 

dissolved inorganic carbon (DIC). Conversely, decreasing DO or increasing DIC indicates 

net respiration (R). The overall balance of P to R within the ecosystem is known as net 

community production (NCP) and describes cycling of organic carbon within a benthic 

community (Fig. 1-2). Inorganic carbon cycling of benthic communities is defined as 

calcification (G) offset by dissolution (D), or net community calcification (NCC). 
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Inorganic carbon precipitation can be quantified using the total alkalinity anomaly 

technique (Smith and Kinsey 1976; Kinsey 1978; Chisholm and Gattuso 1991), to measure 

the change in total alkalinity (TA) of sea water. For each mole of CaCO3 precipitated 

through calcification, 0.6 moles of CO2 are released, corresponding with a reduction in 

seawater TA of 2 molar equivalents, and the reverse is true for carbonate dissolution. CO2 

is released at a lower rate than CaCO3 is precipitated because of the buffering capacity of 

sea water, which is stable in standard pCO2 (partial pressure of CO2) of 350 µatm, salinity 

of 35 ppt, and temperature of 25 C (Frankignoulle et al. 1994). However, the rate by 

which CO2 is released by calcification changes under different seawater carbonate 

chemistry conditions. For example, in seawater with higher pCO2 or lower total alkalinity, 

the amount of CO2 release by calcification is higher. These processes also drive changes in 

sea water pH, which increases with net photosynthesis and dissolution, and decreases with 

net respiration and calcification. When NCC and NCP are equal (i.e., when changes in TA 

and DIC are close to 1) sea water pH remains stable (Cyronak et al. 2018). In warmer 

waters, the buffering capacity of sea water is also reduced. It is clear that the combined 

impacts of ocean warming, and ocean acidification will impact the biological carbon 

sequestration and cycling capacity of coral reefs and other calcifying ecosystems (Kleypas 

and Yates 2009; Veron 2011; Nakamura et al. 2017).  

Biogeochemical measurements of community metabolism capture individual metabolic 

rates of functional groups and species, as well as the interactive physiological processes 

taking place within the benthic community, offering insight into relative composition of 

different functional groups and overall ecosystem function (Albright et al. 2015; Cyronak 

et al. 2018). These measurements are applicable across multidimensional scales from 

organisms to ecosystems, to quantify subtle, high-resolution changes in photosynthesis-

respiration and calcification-dissolution over hours or days (e.g., Gattuso et al. 1999; 

Allemand et al. 2011; Smith et al. 2013; Page et al. 2017). Productivity measurements have 

been widely used for quantifying the carbon sequestration potential of seagrasses and other 

coastal ecosystems (e.g., Sargent and Austin 1949; McGillis et al. 2011; Long et al. 2015) 

and are particularly useful where growth measurements of benthic organisms do not 

always scale up to ecosystem-level processes. For example, metabolic rates measured from 

artificially constructed communities in ex-situ mesocosms to represent natural coral reefs 

benthos can provide some insight, but these experiments cannot account for the myriad of 
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environmental and biological influences driving metabolism in the natural (Page et al. 

2017). Table 1-1 shows some of the common measurements of photosynthesis and 

calcification. 

Table 1-1: Some of the different measurements of production and calcification measured 

from benthic communities and ecosystems. 

 Abbreviation Definition 

Production  RDO dark oxygen flux 

RDIC -1(dark DIC flux – dark TA flux / 2) 

PDO light oxygen flux 

PDIC -1(light DIC flux- light TA flux / 2)  

Pgross PDIC - RDIC or PDO - RDO 

Calcification  Gnet -1(light TA flux / - 2) 

Gdark -1(dark TA flux / - 2) 

Ggross Gnet - Gdark 

 

1.7 Environmental drivers of benthic metabolism 

At the ecosystem scale, the balance of net community calcification (NCC) to net 

community production (NCP) has been proposed as a metric for reef functional health 

(Cyronak et al. 2018). The ratio of NCP to NCC of an ecosystem reflects its carbon sink-

source status, its capacity to alter sea water pH, and the composition of benthic 

communities (Gattuso et al. 1999a; Kleypas et al. 2011; Albright et al. 2015). This can be 

visualised using graphical vector analysis, or TA-DIC slopes, to quantify metabolic status 

of the benthos, and can provide inside into the composition and relative proportion of 

calcifying / photosynthesising functional groups (Albright et al. 2015; Cyronak et al. 

2018). As these processes are heavily influenced by environmental conditions such as 

light, temperature and flow, development of methods and equipment for field-based 

measurements are essential for accurate and robust data collection. Field measurements of 

ecosystem metabolism using the biogeochemical approach offer insight into overall 

ecosystem function and can be used to determine diurnal and seasonal trends and to 
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recognise shifts over different temporal scales (Kinsey and Kinsey 1967; Jokiel et al. 

2014). It is possible to link rates of NCC and NCP to the dominant functional groups of the 

benthos, and in this way, we can detect changes due to stressors and / or changes in benthic 

composition. In the case of coral reefs, the potential to quantify relative proportions of 

autotrophs and calcifying organisms from sea water samples offers a powerful and 

efficient tool for rapid assessment of reef functional health and can help identify reefs 

undergoing phase shift to algal dominance (Cyronak et al. 2018). These measurements can 

support research on reefs in geographically isolated areas or where limitations on manual 

sampling and surveys may impede more traditional methods.  

 

Figure 1-2: The dominant metabolic processes on coral reefs and their influence on 

seawater total alkalinity (TA), dissolved inorganic carbon (DIC), and pH. Figure from 

Cyronak et al. 2018. 
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1.8 Overview of methods for measuring benthic 

metabolism  

Benthic O2 fluxes have been used as a reliable measurement of productivity for 

decades. Early measurements of productivity tracked the trajectory of water flow across an 

ecosystem and measured changes in water chemistry as it passed over the benthos (Odum 

1956; Kinsey and Kinsey 1967; Marsh and Smith 1978). This was originally done by 

watching a float traverse the ecosystem and taking samples at the start and end point, 

before floating sensor packages were used to travel with the body of water and log DO 

across the transect (Kinsey and Kinsey 1967; Marsh and Smith 1978; Barnes and Devereux 

1984). While these methods gave novel insight into the productivity of coastal ecosystems, 

primarily over coral reefs, they were limited in scope as they could only provide short-term 

rates of change (Kinsey 1983). These techniques were laborious and were often too 

difficult to conduct in the dark as visual tracking of the water flow was needed. Emerging 

technologies in autonomous sensing have broadened the application of biogeochemical 

measurements of community metabolism over larger areas and over timescales of minutes 

to months (Bushinsky et al. 2019). The aquatic eddy covariance (AEC) technique is 

advantageous because of its high temporal resolution (Berg et al. 2003; Attard et al. 2019; 

Berger et al. 2020). AEC uses the benthic boundary layer theory, which has been 

successfully applied to measure energy fluxes in physical oceanography studies, and more 

recently used to describe biogeochemical fluxes in coastal ecosystems. The AEC approach 

can be adapted to distinct benthos and ecosystems and is particularly useful for highly 

complex, variable systems (Attard et al. 2019).  

Measuring calcification across ecosystem scales has its own set of logistical 

challenges. Biogenic calcification can be measured by quantifying the amount of CaCO3 

accreted, either using the buoyant weight technique for individual organisms, or by 

measuring skeletal growth in the field (Jokiel et al. 1978; Lewis et al. 2017; Lange et al. 

2020). However, due to the slow timeframe over which organisms calcify, such changes 

take weeks to years to be detectable. Measurements of accretion give an integrated 

estimate of calcification over light and dark cycles; however, it is not possible to tease out 

shorter term fluctuations. Therefore, measuring instantaneous rates of calcification using 

the TA anomaly technique facilitates short term quantification of calcification rates in 
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response to light, diurnal cycles, or seasonal trends. In-situ measurements of calcification 

using the TA anomaly have been limited by a lack of technology to measure TA in the 

field. Most studies looking at NCC rely upon discrete water samples collected at start-end 

points of water trajectories. However, it is possible to estimate a TA gradient from 

simultaneous measurements of pH and DO (Barnes 1983), and recent advances in the 

sensors to measure these two parameters support this methodology for measuring in-situ 

calcification (Takeshita et al. 2016; McMahon et al. 2018; Platz et al. 2020). One such 

approach is the Benthic Ecosystem and Acidification Measurement System (BEAMS), 

which was developed to automate ecosystem metabolism measurements and facilitate 

long-term, high-resolution changes to calcification, photosynthesis, and respiration by 

benthic communities (Takeshita et al. 2016). BEAMS has been used to track changes to 

calcification after coral restoration (Platz et al. 2020), however this is the only study of its 

kind and biogeochemical analyses are not yet widely used for conservation purposes.  

The community metabolism of coral reefs requires further research because of high 

variation between reef sites (Page et al., 2017), methodological discrepancies (Watanabe 

and Nakamura 2019), and lack of long-term monitoring of biogeochemical parameters 

(Yeakel et al. 2015). There is a need for studies which incorporate the relevant biomass of 

key functional groups of algae and coral and comparable methods (Watanabe and 

Nakamura 2019). In coastal ecosystems, daily fluctuations in pH and temperature occur on 

the same scale as long-term changes due to climate change. These daily fluctuations or 

‘ocean weather’ have the potential to mask or confound measurements of seawater 

parameters when 24-hour variability is not considered (Cyronak et al. 2020), therefore 

longer term and higher resolution measurements are needed. Incubation methods overcome 

these fluctuations to some degree; by isolating organisms and the body of water 

surrounding them for a short time it is possible to measure changes to sea water chemistry 

controlled by the metabolic processes of the enclosed organisms. The primary method for 

such measurements is the benthic chamber, which isolates small areas of substrate of a 

given ecosystem to quantify changes in concentration of DO and other parameters. The 

incubation method has been widely used for decades to measure in-situ metabolism corals 

and seagrasses (e.g., Yates and Halley 2003; Olivé et al. 2016; Roth et al. 2019).  

At the level of the individual organism, ex-situ incubations have been conducted to 

measure rates of productivity and calcification for a range of organisms at a much finer 
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resolution. These measurements have been scaled up using survey data of benthic 

compositions to define the carbon budget of ecosystems (Perry et al. 2012; Lange et al. 

2020). Such measurements for individual organisms are conducted using the same 

seawater chemistry-based techniques in small, ex-situ incubation chambers. These methods 

provide insight into species-specific differences in metabolic rates, which can be used to 

assess organism health and to detect stress responses. Ex-situ incubations facilitate control 

of the parameters, which might drive or influence metabolic rates. For example, many 

studies have used controlled conditions to quantify the impact of light on coral metabolism 

(e.g., Sorek and Levy 2012; Iluz and Dubinsky 2015; Cohen et al. 2016)  

 

1.9 Coral physiology and the link between calcification 

and photosynthesis 

Scleractinian corals meet their nutritional needs through both heterotrophic and 

autotrophic processes. They have evolved a symbiosis with photosynthetic micro-algae, 

zooxanthellae, that have supported them to thrive in oligotrophic waters where nutrients 

are scarce. Many coral species derive a substantial portion of the energy required for 

calcification from photosynthetic by-products provided by endosymbionts (Hoogenboom 

et al.; Goreau et al. 1971; Brodersen et al. 2014). In some cases, photosynthesis provides 

95% of a coral’s metabolic energy (Muscatine 1973; Muscatine 1990). Calcification by 

scleractinian corals is one of the most important physiological processes to support the 

structural integrity and function of the coral reef and is therefore widely studied. However, 

the biological mechanisms by which corals form their CaCO3 skeletons are not well-

understood, and questions remain about the drivers of coral calcification.  

Over 60 years ago, zooxanthellate corals were first observed to increase calcification 

rates with light (Goreau 1959). This phenomenon has since been widely observed and the 

term ‘Light Enhanced Calcification’ was developed. The discovery of LEC in 

zooxanthellate corals supported the hypothesis that photosynthesis is a driver of 

calcification in scleractinian corals (reviewed in Gattuso et al. 1999a; Cohen et al. 2016). It 

was proposed that LEC occurred due to photosynthetic removal of CO2 (Goreau 1959), 

directly increasing pH around the site of calcification by removing aqueous CO2. The link 
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between calcification and photosynthesis was further supported by a reduction in LEC in 

bleached corals (Goreau and Goreau 1959; Colombo-Pallotta et al. 2010). Biological 

controls of coral biomineralization are linked to the autoregulation of pH in the 

extracellular calcifying fluid (ECM). Higher pH in the ECM than in surrounding seawater 

leads to increased availability of CO2 and therefore aragonite saturation. However, more 

recent work has demonstrated that the coral skeleton is entirely separated from seawater 

(Sun et al. 2020). Sun et al (2020) propose that the corals directly control the concentration 

of calcium and carbonate ions at the skeletal calcification site. Further research is needed 

to support a full understanding of the processes driving calcification and its relation to 

photosynthesis.  

As the marine environment is undergoing dramatic change, it is critical to consider the 

physiology of corals under environmental stress. Ocean acidification influences the 

availability of aragonite, the primary mineral form of CaCO3 used by corals for 

calcification, and therefore impacts the ability of corals to synthesise coral skeleton. 

Reductions in oceanic aragonite are correlated with lower rates of calcification on coral 

reefs, and some estimates predict that healthy coral reefs will cease to exist as ocean 

acidification increases (Hughes et al. 2007; Jokiel et al. 2016). There is evidence however 

for inconsistent response of calcification rates to OA and uncertainties about synergistic 

environmental stressors, methodological limitations, and questions about some of the 

fundamental assumptions used in OA modelling (Shamberger et al. 2011, 2018; Jokiel et 

al. 2016; Jokiel 2016). 

1.10  Significance of this research 

Defining ecosystem status and predicting future trajectories of coral reefs and 

seagrasses requires a thorough understanding of their ecological function and energetic 

processes. The overarching aim of this thesis is to contribute to the current knowledge of 

benthic metabolism from the organism to the ecosystem and evaluate the array of methods 

available to measure it. The role of light as the key environmental driver will be explored 

at each stage, and the results placed in the context of ecosystem function in a changing 

climate. The results will support academic enquiry into some of the long-standing 

questions of coral reef research while also providing novel insight, directly applicable to 

the current efforts for conserving and restoring coral reefs and seagrasses. These findings 
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will support enhanced monitoring and tracking of ecosystem degradation using 

biogeochemical methods that can be applied to coral reefs, seagrasses, and other marine 

benthic communities. This work is of particular significance given then rapidly escalating 

climate crisis, which threatens the ecosystems of the tropical coastal ocean and the 

ecosystem services they support.  

 

1.11 Thesis outline  

This thesis explores the metabolic processes of individual organisms (Chapter 2), small 

communities (Chapter 3), and across an ecosystem (Chapter 4) using a range of established 

and novel methods. Chapter 2 explores the relationships between calcification and 

photosynthesis of coral reef calcifiers in relation to light. The study involved ex-situ 

incubations to measure individual metabolic rates of key species of coral and calcifying 

algae used in reef restoration under different levels of natural light, carried out at the 

International Center for Reef Restoration Research (IC2R3) of Mote Marine Laboratory in 

the Florida Keys. The aims of this study were to; compare rates of calcification and 

photosynthesis of important calcifying coral reef organisms, quantify changes in their 

metabolic rates in response to light, and explore the balance of inorganic to organic carbon 

processes at different times of day. This chapter was published in Limnology and 

Oceanography (Mallon et al. 2022) and was presented at the International Coral Reef 

Society conference in 2021.  

Chapter 3 presents my research with Operation Wallacea and the National Autonomous 

University of Mexico developing and trialling a low-cost benthic chamber designed to 

incubate benthic communities at a fraction of the cost of other benthic chambers currently 

available. Studying benthic metabolism in the field as opposed to the lab is critical for 

capturing true representations of the physiological processes of ecological communities. 

This can be achieved through in-situ incubations using chambers; however, these are often 

costly and inaccessible for conservation practitioners and scientists working in remote and 

/ or low-income areas where coral reefs are situated. The aims in Chapter 3 were to; 

identify limitations of the benthic chambers available, define criteria for a novel chamber 

design, and to develop and trial a new benthic chamber. This chapter has been accepted for 
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publication in the journal PeerJ (in press, March 2022) and was presented at the Reef 

Futures Conference in Florida, 2018.  

Scaling up from small community incubations to ecosystem-wide measurements of 

benthic metabolism is limited due to the lack of sensors capable of measuring in-situ 

calcification. Traditionally, this is measured through lab analysis of total alkalinity. 

However, the recently developed Benthic Ecosystem and Acidification system (BEAMS) 

measures calcification from other biogeochemical parameters. Chapter 4 reviews and 

compares established and ground-breaking methods for measuring benthic metabolism at 

the ecosystem scale and compares rates of net community calcification and photosynthesis 

measured by flow respirometry, control volume and benthic boundary techniques over a 

seagrass meadow. the aim was to review the methods available for measuring benthic 

metabolism at the ecosystem scale and compare rates of G and P collected with different 

methods. The data for this chapter was collected in collaboration with co-authors.  

 

Individual Community Ecosystem

Figure 1-3: Methods for measuring calcification at different scales from the ecosystem to 

the individual. Left: a sample of crustose coralline algae attached to a cement ‘puck’ is 

placed inside an ex-situ incubation chamber to measure high resolution metabolic rates at 

different times of day (Chapter 2). Middle: The low-cost benthic chamber designed to 

incubate small communities in the field, deployed over a Porites coral in Akumal bay, 

Mexico in August 2019 (Chapter 3). Right: BEAMS apparatus deployed over a coral reef, 

one of the methods for measuring community or ecosystem-wide metabolism (Chapter 4). 
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2 Light-driven dynamics between calcification 

and production in functionally diverse coral reef 

calcifiers 

Mallon, Jennifer, Tyler Cyronak, Emily R. Hall, Anastazia T. Banaszak, Dan A. Exton, and 

Adrian M. Bass. "Light‐driven dynamics between calcification and production in 

functionally diverse coral reef calcifiers." Limnology and Oceanography (2022). 

doi.org/10.1002/lno.12002. 

 Declaration of authorship: The data in this chapter was collected and analysed by the 

author of the thesis. Co-authors reviewed paper drafts and provided supervision, feedback, 

and guidance.  

 

2.1 Abstract  

Coral reef metabolism, defined by the processes of photosynthesis, respiration, 

calcification, and calcium carbonate dissolution, underpins ecosystem function. However, 

the relationships between these physiological processes at the organismal level and their 

interactions with light remain unclear. We examined metabolic rates across a range of 

photosynthesising calcifiers in the Caribbean: the scleractinian corals Acropora 

cervicornis, Orbicella faveolata, Porites astreoides, and Siderastrea siderea, and crustose 

coralline algae under varying natural light. Net photosynthesis and calcification showed a 

parabolic response to light across all species, with distinctions between massive corals, 

branching corals, and crustose coralline algae, reflecting their relative functional roles on 

the reef. At night, all organisms were net respiring, and most were net calcifying, although 

some incubations demonstrated instances of net calcium carbonate dissolution. Peak 

metabolic rates at light-saturation and average dark rates (respiration and night 

calcification) were positively correlated across species. Interspecies relationships between 

photosynthesis, respiration, and calcification indicate that calcification rates are linked to 

energy production at the organismal level in calcifying reef organisms. The species-

specific ratios of net calcification to photosynthesis varied with light over a diurnal cycle. 
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The dynamic nature of calcification / photosynthesis ratios over a diurnal cycle questions 

the use of this metric as an indicator for reef function and health at the ecosystem scale 

unless temporal variability is accounted for. The complex dynamics of metabolic processes 

with light in coral reef organisms indicate that a more comprehensive understanding of reef 

metabolism is needed for predicting the future impacts of global change. 

 

2.2 Introduction 

Coral reefs are highly productive ecosystems that build the largest living structures 

on Earth. The services obtained from the coral reef ecosystem include coastal protection, 

habitat provision, fisheries, and tourism (Hoegh-Guldberg et al. 2019). These services 

ultimately rely on biogenic calcification; the process by which a diverse community of 

framework-building corals, crustose coralline algae (CCA), and other calcifying organisms 

contribute to the calcium carbonate (CaCO3) reef structure. Global climate change 

threatens the survival of important framework-building coral species, primarily through sea 

temperature rise and ocean acidification, which have been shown to directly impede coral 

growth and negatively impact coral reef-dwelling organisms and ecosystems (Kleypas and 

Yates 2009; Comeau et al. 2013). Exposed calcium carbonate structures and sediments are 

vulnerable to dissolution exacerbated by ocean acidification (Cyronak et al. 2013; Eyre et 

al. 2014), and it is expected that reef structure could be lost at a pace faster than it is 

constructed in the near future (Eyre et al. 2018). 

A positive relationship between photosynthesis and calcification has been observed 

across cellular, organismal, and community scales in coral reefs (Gattuso et al. 1999a; 

Allemand et al. 2011). At the ecosystem scale, the balance of photosynthesis, respiration, 

calcification, and dissolution, collectively known as coral reef metabolism, controls the 

coral reef carbon cycle (Albright et al. 2015; Cyronak et al. 2018). Net ecosystem 

calcification is defined as the rate of calcium carbonate precipitation offset by dissolution, 

while net ecosystem production is defined as the difference between photosynthesis and 

respiration (Smith and Kinsey 1978). Reef metabolism is often measured through changes 

in the carbonate chemistry of sea water as it flows over a coral reef ecosystem, which 

requires detailed knowledge of the local hydrodynamics (Marsh and Smith 1978). The 
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ratio of net calcification to net production has been proposed as a proxy for monitoring reef 

function, which can be calculated from carbonate chemistry data (Cyronak et al. 2018; 

Takeshita et al. 2018). This metric provides useful insight into reef biogeochemistry as a 

simple, effective tool for monitoring change on coral reefs over space and time (Cyronak et 

al., 2018). However, this relies on a strong mechanistic understanding of how 

photosynthesis and calcification are linked from the organism to the ecosystem. 

At the organismal level, connectivity between photosynthesis and calcification is 

reflected in the phenomena known as light-enhanced calcification, or the observation of 

increased calcification rates during the day compared to night (Goreau 1959; Gattuso et al. 

1999a). Research into the mechanisms behind light-enhanced calcification have not yet 

reached a consensus, and it is possible that more than one process is taking place for the 

different species and functional groups exhibiting light-enhanced calcification, e.g., corals, 

calcifying algae, foraminifera (Cohen et al. 2016). One hypothesis is that higher rates of 

photosynthesis associated with optimal light conditions provide the coral with more energy 

for calcification (Chalker and Taylor 1975). Other studies show that metabolic carbon 

dioxide production through respiration is a major source of carbon for calcification (Furla 

et al. 2000). Another hypothesis is that photosynthesis influences carbonate chemistry 

equilibrium at the site of calcification through the uptake of carbon dioxide, which 

enhances calcium carbonate precipitation (McConnaughey and Whelan 1997; Allison et al. 

2014), however, it is important to note that calcification and photosynthesis take place in 

different tissue layers. Cohen et al. (2016) recently demonstrated that calcification can be 

decoupled from photosynthesis by providing corals with different wavelengths of light, 

indicating that both processes are independently linked to sunlight. To make accurate 

predictions about the impact of climate change on coral reefs we must understand the 

mechanistic relationships between calcification and photosynthesis at the organismal scale 

before we can fully understand their interactions at community or ecosystem scales 

(Edmunds et al. 2016). 

Shifting benthic community compositions are expected to alter the metabolism and 

carbon cycle of coral reef ecosystems (Hughes et al. 2018). In the Caribbean, coral reefs 

historically built by skeletal calcium carbonate of reef-building corals, primarily branching 

Acropora spp. and massive Orbicella spp., have experienced unprecedented losses of coral 

cover and proliferation of macroalgal cover in recent decades (Jackson et al, 2014). 
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Contemporary coral populations have lower species diversity and are dominated by 

resilient, weedy corals, such as Porites astreoides (Green et al. 2008), which lack reef-

building life-history traits (Darling et al. 2012). As a result of these phase shifts, rugosity 

and carbonate accretion rates in the Caribbean have decreased over the past decades (Perry 

and Alvarez-Filip, 2018), impacting the maintenance of reef structure and habitat function 

(Muehllehner et al. 2016). Quantifying organismal metabolic rates and understanding the 

dynamic interactions between metabolic processes is critical for predicting the impact of 

changing coral reef ecosystems and the services they provide. 

In this study, we measured the metabolic rates of key Caribbean coral reef calcifiers 

to determine the interaction between photosynthesis, respiration, and calcification over 

natural diurnal light cycles. We provide a comparison between species with distinct 

ecological functions, chosen to reflect past and present species dominance; (1) branching, 

rapid-growth Acropora cervicornis, (2) framework-building Orbicella faveolata, (3) 

resilient, weedy Porites astreoides, (4) framework-building, stress-tolerant Siderastrea 

siderea, and (5) abundant, low-profile, crustose coralline algae (CCA). We compared 

differences in metabolism across these calcifying organisms over a natural diurnal light-

cycle and developed metabolism-irradiance curves to determine the relationships among 

photosynthesis, calcification, and irradiance at the organismal level. 

 

2.3 Methods 

Ex-situ incubations of four species of scleractinian coral and two crustose coralline 

algae (CCA) were conducted in the Climate and Acidification Ocean Simulator outdoor 

experimental facility at the Mote Marine Laboratory, Elizabeth Moore International Center 

for Coral Reef Research and Restoration, Summerland Key, Florida, in October and 

November of 2019. The Climate and Acidification Ocean Simulator facility is supplied 

with 20 µm particle filtered Atlantic seawater maintained by a dual heat exchanger system 

at 28.4 ± 0.2 °C (mean ± SD) in 3,800-litre header tanks. An automated controller system 

(Walchem W900, US) maintains ambient seawater at a pH of 8.04 ± 0.04. 
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2.3.1 Study organisms 

Small colonies (mean surface area 13 ± SD 3.54 cm2) of A. cervicornis (n=6), O. 

faveolata (n=12), P. astreoides (n=12), and S. siderea (n=12) were randomly selected from 

the Mote Marine Laboratory land nursery of micro-fragmented corals (Fig. 2-1, Table 2-1). 

While small encrusting fragments do not represent the morphologies of larger, older 

colonies in the wild, using similarly fragmented corals with minimal differences in 

‘colony-wide’ morphologies allows for better inter-specific comparisons. All corals 

originated from Mote’s restoration nurseries, where they had been either sexually produced 

and / or micro-fragmented from field-collected colonies between 2010 - 2017 (Table 2-2). 

Additionally, crustose coralline algae growing on the base of two of the Mote restoration 

raceways were chiselled off and glued to clean ceramic tiles 3 weeks prior to the study. 

Due to morphological differences in colour and surface texture (Fig. 2-1), crustose 

coralline algae (CCA) were thought to be distinct species, however we were unable to 

identify them and are herein referred to as crustose coralline algae type 1 (CCA1) and type 

2 (CCA2). 

Figure 2-1: Examples of top-down photos used for surface area measurements on Image-

J: (a) A. cervicornis, (b) crustose coralline algae type 1, (c) crustose coralline algae type 2, 

(d) O. faveolata, (e) P. astreoides, and (f) S. siderea, and (g) the incubation chambers used 

during this study showing the oxygen sensor inserted through the chamber lid, transparent 

water jacket, and the white plastic holder below coral with stir bar spinning underneath. 

Photos (a) through (f) show 1 cm scale bars. 



 

48 

 

Table 2-1: Summary of the mean (±SD) surface areas (cm2) for each species calculated 

using Image-J software from top-down photographs. For branching coral A. cervicornis, a 

cylinder calculation was applied for the vertical portion of the coral.  

  

 

 

 

 

 

 

Table 2-2: Origins of sampled corals and crustose coralline algae (CCA1 and CCA2) used 

in this study. All organisms were sourced from Mote’s International Center for Coral Reef 

Restoration and Research in Summerland Key. 

  

 

 

 

Species Surface area (cm, mean ± SD) n 

A. cervicornis  19.4 ± 2.79 6 

CCA 1 10.2 ± 2.34 12 

CCA 2 10.1 ±2.13 12 

O. faveolata 11.2 ±1.55 12 

P. astreoides 12.7± 1.54 12 

S. siderea 14.4 ± 1.99 12 

Species Origin Year(s) 

A. cervicornis  Key West field nurseries  2016-2017 

CCA 1 Raceway cultivation (natural settlement) 2018 - 2019 

CCA 2 Raceway cultivation (natural settlement) 2018 -2019 

O. faveolata Sexual recruits. Settled and reared in aquaria 2014 - 2017 

P. astreoides Sexual recruits. Settled and reared in aquaria 2014 - 2017 

S. siderea Micro-fragments from multiple field-collected donor 

colonies  

2010 - 2017 
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Each specimen was randomly assigned to one of 12 holding tanks (19-litre volume, 

40 x 20 x 25 cm, L x W x H) 2 weeks prior to the study. Each tank received 160 ml min-1 

filtered natural seawater via a separate manifold and each tank was fitted with a circulation 

pump to maintain flow (Deluxe Submersible Water Pump 400GPH, China). While water 

flow has been shown to modulate coral metabolism and their response to environmental 

change (e.g., Comeau et al., 2014, 2019), the goal of this study was to maintain a constant 

flow in order to compare the metabolism between calcifying functional groups. Sea water 

parameters of pH (Seven2Go Pro S8, Mettler Toledo), temperature, and salinity (YSI 

Professional Plus) were monitored twice per day. For pH, electrodes were calibrated 

against National Bureau of Standards (NBS) scale buffers of 4.01, 7.00, and 10.00 at 25 °C 

and validated using other carbonate chemistry parameters (e.g., total alkalinity and 

dissolved inorganic carbon). Water temperature was controlled by an automated dual 

exchange heater and chiller, and, to maintain pH and salinity within each tank, water 

inflow was adjusted, and water changed as necessary. Table 2-3 provides an overview of 

the mean and standard deviation for all environmental parameters in the holding tanks.  

A permanent shade cloth (30% attenuation) maintained natural light conditions 

(daytime = 321.38 ± 179.73, µmol m-2 s-1, and peak = 494 ± 64.4 µmol m-2 s-1 

photosynthetically active radiation (PAR) mean ± SD). The surface area of each fragment 

was measured from top-down photos, with additional cylinder calculations to incorporate 

the surface area of A. cervicornis branches. All size measurements were extracted from 

photos using Image-J (Schneider et al. 2012) with the SIOX plug-in (Simple Interactive 

Object Extraction, Wang, 2016) to identify live tissue cover and exclude any areas of 

cement plug not covered in tissue (Fig. 2-1, Table 2-1).  
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Table 2-3: Weekly and average seawater parameters of the raceways over the 4 weeks in which the experiment was conducted in 2019. 

 

  

Week Date  Temperature (°C) Salinity (ppt) pH NBS  TA (µmol/kg) DIC (µmol/kg) Arag_  pCO2 (µatm) 

1 14/10/2019 28.6 37.29 8.078 2313.81 2004.31 3.43 477.13 

2 21/10/2019 28.6 38.08 7.963 2414.26 2088.26 3.62 492.9 

3 28/10/2019 28.3 38.3 8.058 2306.39 1984.67 3.49 454.63 

4 04/11/2019 28.5 38.4 8.051 2373.18 2074.64 3.31 541.55 

5 11/11/2019 28.3 38.49 8.029 2346.88 2054.2 3.23 541.4 

6 18/11/2019 28.3 38.45 n/a 2397.68 2107.26 3.24 570.26 

Mean 28.43 38.17 8.04 2358.70 2052.22 3.39 512.98 

Standard deviation ±0.15 ±0.45 0.04 44.06 ±48.36 ±0.15 ±44.72 
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2.3.2 Incubation Protocol 

Incubations were conducted over 12 days between 31st October and 21st November 

2019, with each day selected for consistency in wind, cloud cover, and rainfall. One 

fragment per species was randomly selected each day and placed into an incubation 

chamber for ~1 hour at the following times: 2 hours after sunrise (AM), during the solar 

peak (PEAK), and 2 hours after sunset (DARK). On 3 of the 12 days, an additional 

incubation between the solar peak and sunset was included (PM). Separate readings of 

photosynthetically active radiation (PAR) were taken for each chamber position at the start 

and end of incubations with Li-cor model LI-1500G and an underwater quantum sensor 

(LI-192SA), oriented horizontally. Average PAR light values (mean of start and end) were 

calculated for individual chambers and varied from 67 to 595 µmol m-2 s-2 between AM, 

PM, and PEAK incubation times (Fig. 2-2). 

Incubation chambers were set up in a dry raceway tank adjacent to holding tanks for 

consistent light conditions. Incubations consisted of 4 double-walled transparent acrylic 

incubation chambers (300 ml) sealed with a transparent acrylic lid, with a rubber O-ring 

closure (Fig. 2-1g). A thermocycler (VWR MX7LR-20) recirculated water through the 

transparent cooling jackets of the incubators at 26.5 ± 0.5 °C to maintain water inside the 

chambers at 27.6 ± 1.5 °C. Incubation chambers were positioned on magnetic stirrers set at 

600 revolutions per minute (RPM) and flow simulated using a 2 cm stir bar placed under 

the specimens with a plastic grid base to allow water movement without disturbing the 

organism. All incubations were run for 1 hour ± 3 minutes, with seawater samples taken at 

the start and end (see below for details). 
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2.3.3 Measured Parameters 

Dissolved oxygen (DO) fibre optic oxygen sensors (Firesting O2, Pyroscience, 

Germany) were inserted in each chamber to ~1 cm above the coral 3 - 5 minutes prior to 

the incubation start time, to allow for acclimation of the sensor and adjustment of its 

position. The oxygen sensors were calibrated to 0 and 100% O2 saturation using air‐

saturated water prior to each incubation. Real-time measurements of dissolved oxygen 

(µmol/L) were recorded each second during the incubation. To calculate oxygen fluxes, 

start and end values were calculated as the mean values over the first and last minute of the 

1-hour incubations. The fluxes derived from the start and end values were similar to fluxes 

Figure 2-2: Photosynthetically Active Radiation (PAR) measured at incubation times. 

Boxplots show mean (circle), median (horizonal line), and IQR (box and whisker). The 

number of individual incubations carried out within the treatment time (n) including control 

incubations is shown above each box. Colours represent the time treatments: AM (2 hours 

after sunrise 8:00 to 10:00), peak (solar noon 12:00 to 14:00), PM (2 hours before sunset 

15:00 to 17:00) and dark (2 hours after sunset 20:00 to 22:00). Average AM treatment PAR 

was 155 ± 66.8 µmol m-2 s-1 (mean ± SD), for peak treatment incubations PAR averaged 494 

± 64.4 µmol m-2 s-1 and late afternoon PM treatment PAR averaged 171 ± 43.9 µmol m-2 s-1 

PAR. 
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derived from linear slopes between time and oxygen during each incubation. Start and end 

fluxes were used for a more direct comparison to fluxes derived from the carbonate 

chemistry data. 

Water samples for carbonate chemistry analysis were taken at the start and end of 

incubations using a 100 ml plastic syringe, immediately filtered (0.45 µm), poisoned with 

200 µl of saturated mercuric chloride, and stored in 250 ml amber borosilicate glass bottles 

at the Mote Ocean Acidification Laboratory, until they were processed. One sample was 

taken for the start conditions as all chambers were filled with the same water prior to 

beginning the incubations. Total alkalinity (TA) was measured by potentiometric titration 

using an automated titrator (Metrohm 905 Titrando), following the standard best practice 

(Dickson et al. 2007). Mean values for each sample were derived from 2 to 3 samples (40 

mL) with a precision of ± 3.84 µmol kg-1. Measurements were corrected to Dickson 

Certified Reference Material (CRM, batches 184, 187, 189) measured at the start and end 

of each day. Dissolved inorganic carbon (DIC) was analysed using an Apollo SciTech 

Analyzer (Model AS-C3). Mean values were derived from 2 to 3 replicates of 1 mL 

injections and corrected for drift with measurements of certified reference material at the 

start and end of the analysis. Precision of dissolved inorganic carbon measurements was 

2.41 µmol kg-1. 

 

2.3.4 Calculations of Metabolic Processes  

Metabolic rates were calculated from the difference between starting and ending 

concentrations of dissolved oxygen (DO), total alkalinity (TA), and dissolved inorganic 

carbon (DIC). To calculate fluxes, all seawater chemistry measurements were normalised 

to individual incubation chamber volumes (259.69 ± 12.57 ml, mean ± SD) and coral 

surface areas (Table 2-1). Control incubations (e.g., empty ceramic tiles) showed 

negligible changes in seawater chemistry (ΔDO = 0.4 ± 6.8 µmol l-1, ΔDIC = -7.24 ± 10.96 

µmol kg-1, ΔTA = -2.8 ± 8.7 µmol kg-1, mean ± SD), and as such no corrections in 

seawater chemistry due to water column processes were made. 
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Net production (µmol cm-2 hr-1) was calculated from changes in dissolved oxygen 

and dissolved inorganic carbon concentrations according to the following equations:  

(Eq. 1) 

PDO =
∆DO ×  V

A ×  t
 

 (Eq. 2) 

PDIC = − 
(∆DIC −  

∆TA
2 )  ×  V

A ×  t
 

where, ΔDO, ΔDIC, and ΔTA represent the respective changes in dissolved oxygen, 

dissolved inorganic carbon, and total alkalinity concentrations in µmol L-1. V is the volume 

of the incubation chamber in litres (L), A is the surface area of the sample (cm2), and t is 

duration of the incubation in hours (1 hr). 

Net calcification was calculated using the alkalinity anomaly technique according to 

the following equation: 

(Eq. 3) 

Gnet =
(− 

∆TA
2 ) ×  V

A ×  t
 

The relationship between photosynthesis and calcification was modelled on gross 

metabolic rates (i.e., photosynthesis + respiration, and calcification + dark calcification) to 

light using the following hyperbolic tangent function from Jassby and Platt (1976): 

(Eq. 4) 

Pnet  =  Pmax × tanh (
α × E

Pmax
) + R  

where Pnet is the modelled net production rate, R is the average dark respiration rate, 

and E is irradiance (µmol m-2 s-1). The coefficients derived from the model include: the 

initial slope between Pnet and light (α) and the maximum gross photosynthetic rate (Pmax). 
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For calcification, we adapted Eq. 4 to model calcification (Gnet) as:  

(Eq. 5) 

Gnet  =  Gmax × tanh (
α × E

Gmax
) +  Gdark 

where Gdark is the average dark calcification rate for each species, representing the non-

light enhanced portion of the measured calcification rates, Gmax is the maximum gross 

calcification, and alpha (α) is the initial slope between calcification and irradiance.  

The light saturation point (EK) was calculated from model coefficients Pmax or Gmax 

and alpha for each model using the following equation: 

(Eq. 6) 

EK  =  
Pmax

α
  

The absolute ratio of calcification to both calcification and production was calculated 

as follows: 

(Eq.7) 

Gnet Mtot⁄  =  
|Gnet|

|Pnet|  +  |Gnet| 
 

where Mtot (or the sum of both calcification and production) represents total carbon 

metabolism. 

 

2.3.5  Statistical Analysis 

All statistical analyses were conducted in the statistical environment R using RStudio 

version R.4.0.2 (R Core Team, 2020). The RespR package (Harianto et al. 2019) was used 

to extract and inspect oxygen data (Fig 2-11). The Tidyverse (Wickham 2019) was used for 

data organisation and synthesis, and data visualisation was conducted with base-R 

functions and ggplot / ggpubr.(Wickham 2016). Shapiro-Wilkes tests were combined with 

visual assessments of density and Q-Q plots to evaluate approximately normal distributions 
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for individual species. Repeated measures two-way ANOVA tests were used to test 

differences between treatments and pairwise comparisons. Post-hoc Bonferroni-corrected 

t-tests were used to compare differences between all possible pairs of species at each time 

of day and for each parameter. Models were fitted using R linear and non-linear least 

squares functions of the Stats package. Model fit was assessed by residuals plots generated 

using the nlstools package (Baty et al. 2015). Models were evaluated based on R2, 

confidence intervals and standard error of the regression (sigma, σ). 
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Figure 2-3: Example outputs of plots generated using R package RespR to ‘inspect’ each incubation for anomalies. Plots in the top row show raw oxygen 

data and bottom row show the slope of a rolling linear regression during a 1 hour incubation of A. cervicornis in the light (left) and dark (right). Further 

examples in appendix A. 
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2.4 Results 

Rates of metabolism were statistically different between treatment times for 

photosynthesis (PDO repeated measures ANOVA F3,155 = 336.05, p = <0.05, and PDIC 

repeated measures ANOVA F3,143 = 331.37, p = <0.05), and for calcification (Gnet repeated 

measures ANOVA F3,149 = 27.24, p = <0.05) (Table 2-4, Fig. 2-4). During the day, 

photosynthesis (+PDO and +PDIC) and calcification (+Gnet) occurred in all incubations. At 

night, respiration occurred in all incubations (-PDO and -PDIC) while calcification was still 

generally positive (+Gnet), although net dissolution (-Gnet) was detected. All metabolic rates 

for all species were highest during the peak treatment (Figs. 2-3, 2.4). 

Metabolism was species specific, with Orbicella faveolata, Porites astreoides, and 

Siderastrea siderea having the highest average rates of calcification and photosynthesis, 

while both types of crustose coralline algae had the lowest (Pairwise comparisons using t-

test, Fig. 2-3, Table 2-5). As O. faveolata, P. astreoides, and S. siderea had consistently 

similar rates, we refer to this grouping as the ‘massive corals’ herein. We report rates as 

mean ± SD unless otherwise indicated. Overall, metabolic rates were higher in the massive 

corals than both A. cervicornis and crustose coralline algae over a diurnal cycle (Fig. 2-4). 

Night metabolism followed a similar grouping as the daytime measurements: respiration 

was greater in the massive corals (RDO = -0.75 ± 0.23 µmol cm-2 hr-1, RDIC = -0.85 ± 0.35 

µmol cm-2 hr-1), than in A. cervicornis (RDO = -0.32 ± 0.05, RDIC = 0.38 ± 0.08 µmol cm-2 

hr-1) and crustose coralline algae (RDO = -0.31 ± 0.14 µmol cm-2 hr-1, RDIC = -0.42 ± 19 

µmol cm-2 hr-1). Dark calcification (Gdark) was higher in the massive corals (Gdark = 0.31 ± 

0.24 µmol cm-2 hr-1) than A. cervicornis (Gdark = 0.03 ± 0.08 µmol cm-2 hr-1) and crustose 

coralline algae (Gdark = 0.06 ± 0.18 µmol cm-2 hr-1), however, this difference was only 

significant for S. siderea (Table 2-5). Negative rates of dark calcification (i.e., -Gdark, net 

dissolution) were detected in 10 of the crustose coralline algae, one A. cervicornis, and two 

O. faveolata dark incubations, although dissolution rates were relatively low and close to 0.  
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Table 2-4: Output of repeated measures ANOVA two-way test between species and 

incubation times (time of day) for measured rates of photosynthesis (PDO, PDIC) and 

calcification (Gnet). 

 Effect       DFn DFd F p ges  

PDO Species 5 155 29.54 5.42 x 10-21 0.49 * 

Treatment 3 155 336.05 1.36 x 10-67 0.87 * 

Species: treatment 12 155 14.31 9.69 x 10-20 0.53 * 

PDIC Species 5 143 27.88 1.23 x 10 -19 0.49 * 

Treatment 3 143 331.37 3.72 x 10-64 0.87 * 

Species: treatment 12 143 12.75 1.92 x 10-17 0.51 * 

Gnet Species 5 149 28.21 4.84 x 10-20 0.49 * 

Treatment 3 149 27.24 4.21 x 10-14 0.35 * 

Species: treatment 12 149 1.83 4.80 x 10-02 0.13 * 
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Figure 2-4: Boxplots of metabolic rates at different times of day for each species. Y-axes 

show; photosynthesis from oxygen evolution (PDO), photosynthesis by carbon assimilation 

(PDIC), and calcification (Gnet) rates, normalised to time and surface area (fluxes in µmol cm2 

hr-1). Boxplots show median (horizonal bar) and IQR (box and whisker), and individual data 

points are depicted as hollow circles. Species are shown in colours and labelled above each 

plot. Time of day is shown on the x-axis: AM 08:00 to 10:00, peak 12:00 to 14:00, PM 15:00 

to 17:00 and dark 20:00 to 22:00. Only three species were incubated during the PM treatment. 
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Figure 2-5: Boxplots of metabolic rates at different times of the day for each species, with 

ANOVA differences between different times of day and pairwise t-test ad-hoc comparison 

between species. Y-axes are PDO (photosynthesis from oxygen evolution), PDIC 

(photosynthesis by carbon assimilation), and G (calcification). All rates are normalised to 

time and surface area resulting in fluxes in the units μmol cm2 hr-1. Boxplots show median 

(horizonal bar) and IQR (box and whisker), outliers are depicted as hollow circles. Species 

are shown in colours and labelled on the bottom x-axis. Dotted vertical lines show the 

divisions between incubations done during different times of the day. Time periods are 

labelled at the top of the panels; AM 08:00 to 10:00, PEAK 12:00 to 14:00, PM 15:00 to 

17:00 and DARK 20:00 to 22:00. Only three species were incubated during the PM treatment. 

Two-way repeated measures ANOVA for the effect of treatment time and species is displayed 

on top right of each plot. Letters above box plots show post-hoc pairwise comparisons using 

t-tests, where the matching letters represent no significant difference between species. 
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Table 2-5: Output of repeated measures ANOVA two-way test between species and 

incubation times (time of day) for measured rates of photosynthesis (PDO, PDIC) and 

calcification (Gnet). 

 Effect       DFn DFd F p ges  

PDO Species 5 155 29.54 5.42 x 10-21 0.49 * 

Treatment 3 155 336.05 1.36 x 10-67 0.87 * 

Species: treatment 12 155 14.31 9.69 x 10-20 0.53 * 

PDIC Species 5 143 27.88 1.23 x 10 -19 0.49 * 

Treatment 3 143 331.37 3.72 x 10-64 0.87 * 

Species: treatment 12 143 12.75 1.92 x 10-17 0.51 * 

Gnet Species 5 149 28.21 4.84 x 10-20 0.49 * 

Treatment 3 149 27.24 4.21 x 10-14 0.35 * 

Species: treatment 12 149 1.83 4.80 x 10-02 0.13 * 

 

 

Table 2-6: Results of post hoc pairwise comparisons using t-test to identify significant 

difference between species for each of the 3 measured rates: photosynthesis from oxygen 

evolution (PDO), photosynthesis by carbon assimilation (PDIC), and calcification (Gnet), at 

different treatment times (AM, PEAK, DARK). 

Treatment Group 1 Group 2 n1 n2 P – value Adjusted P  

PDO 

AM A. cervicornis O. faveolata 5 11 0.00267 0.0401 * 

 CCA 1 O. faveolata 7 11 2.09E-06 3.13E-05 **** 

 CCA 2 O. faveolata 8 11 1.48E-07 2.22E-06 **** 

 CCA 1 P. astreoides 7 11 9.01E-06 0.000135 *** 

 CCA 2 P. astreoides 8 11 6.99E-07 1.05E-05 **** 

 CCA 1 S. siderea 7 11 0.000994 0.0149 * 

 CCA 2 S. siderea 8 11 0.000119 0.00178 ** 

PEAK A. cervicornis O. faveolata 5 12 3.51E-06 5.26E-05 **** 

 CCA 1 O. faveolata 11 12 5.58E-14 8.38E-13 **** 

 CCA 2 O. faveolata 8 12 1.59E-11 2.38E-10 **** 
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 A. cervicornis P. astreoides 5 12 6.03E-05 0.000905 *** 

 CCA 1 P. astreoides 11 12 2.35E-12 3.53E-11 **** 

 CCA 2 P. astreoides 8 12 5.45E-10 8.18E-09 **** 

 A. cervicornis S. siderea 5 12 0.000197 0.00295 ** 

 CCA 1 S. siderea 11 12 1.24E-11 1.86E-10 **** 

 CCA 2 S. siderea 8 12 2.58E-09 3.87E-08 **** 

DARK A. cervicornis O. faveolata 5 10 3.96E-05 0.000594 *** 

 CCA 1 O. faveolata 10 10 6.11E-07 9.16E-06 **** 

 CCA 2 O. faveolata 9 10 4.96E-07 7.44E-06 **** 

 A. cervicornis P. astreoides 5 10 0.000805 0.0121 * 

 CCA 1 P. astreoides 10 10 3.27E-05 0.00049 *** 

 CCA 2 P. astreoides 9 10 2.42E-05 0.000363 *** 

 A. cervicornis S. siderea 5 10 0.00171 0.0256 * 

 CCA 1 S. siderea 10 10 9.10E-05 0.00137 ** 

 CCA 2 S. siderea 9 10 6.59E-05 0.000989 *** 

PDIC 

AM A. cervicornis O. faveolata 5 11 0.000505 0.00757 ** 

 CCA 1 O. faveolata 7 11 0.000124 0.00185 ** 

 CCA 2 O. faveolata 8 11 1.41E-05 0.000211 *** 

 A. cervicornis P. astreoides 5 11 0.000291 0.00436 ** 

 CCA 1 P. astreoides 7 11 6.54E-05 0.000981 *** 

 CCA 2 P. astreoides 8 11 7.50E-06 0.000113 *** 

 CCA 1 S. siderea 7 11 0.0025 0.0375 * 

 CCA 2 S. siderea 8 11 0.000306 0.00459 ** 

PEAK A. cervicornis O. faveolata 5 12 2.23E-06 3.35E-05 **** 

 CCA 1 O. faveolata 11 12 1.57E-11 2.36E-10 **** 

 CCA 2 O. faveolata 8 12 4.81E-11 7.21E-10 **** 

 A. cervicornis P. astreoides 5 12 5.56E-06 8.35E-05 **** 

 CCA 1 P. astreoides 11 12 4.93E-11 7.40E-10 **** 

 CCA 2 P. astreoides 8 12 1.42E-10 2.13E-09 **** 

 A. cervicornis S. siderea 5 12 0.000776 0.0116 * 

 CCA 1 S. siderea 11 12 3.05E-08 4.58E-07 **** 
 

CCA 2 S. siderea 8 12 6.30E-08 9.45E-07 **** 

DARK A. cervicornis O. faveolata 5 10 0.000957 0.0144 * 

 CCA 1 O. faveolata 10 10 4.99E-05 0.000748 *** 
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 CCA 2 O. faveolata 9 10 0.00176 0.0264 * 

 CCA 1 P. astreoides 10 10 0.000502 0.00753 ** 

Gnet 

AM CCA 1 O. faveolata 7 11 0.00206 0.0309 * 

 CCA 2 O. faveolata 8 11 4.00E-06 6.00E-05 **** 

 A. cervicornis P. astreoides 5 11 0.00147 0.0221 * 

 CCA 1 P. astreoides 7 11 0.00021 0.00315 ** 

 CCA 2 P. astreoides 8 11 3.07E-07 4.61E-06 **** 

 CCA 1 S. siderea 7 11 0.00163 0.0244 * 

 CCA 2 S. siderea 8 11 3.03E-06 4.55E-05 **** 

PEAK A. cervicornis O. faveolata 5 12 0.000196 0.00295 ** 

 CCA 1 O. faveolata 11 12 5.93E-08 8.90E-07 **** 

 CCA 2 O. faveolata 8 12 3.52E-05 0.000528 *** 

 A. cervicornis P. astreoides 5 12 5.13E-05 0.000769 *** 

 CCA 1 P. astreoides 11 12 1.14E-08 1.71E-07 **** 

 CCA 2 P. astreoides 8 12 7.37E-06 0.00011 *** 

 A. cervicornis S. siderea 5 12 0.000805 0.0121 * 

 CCA 1 S. siderea 11 12 4.80E-07 7.19E-06 **** 

 CCA 2 S. siderea 8 12 0.000199 0.00299 ** 

DARK A. cervicornis S. siderea 5 10 0.00245 0.0368 * 

 CCA 1 S. siderea 10 10 0.000503 0.00754 ** 

 CCA 2 S. siderea 9 10 0.00169 0.0254 * 

 

 

2.4.1 Relationships between Metabolism and Light 

To elucidate species-specific relationships with light, metabolic-irradiance curves 

were modelled using a hyperbolic tangent equation (Eqs. 4, 5; Figs. 2-7 to 2-9). All 

photosynthesis-irradiance model evaluations showed a high R2 (>0.80), and coefficients 

were significant (p < 0.001) for photosynthesis measured from changes to both dissolved 

oxygen (PDO) and dissolved inorganic carbon (PDIC). Calcification-light models generally 

had lower R2 and higher sigma (σ) relative to calcification (Gnet) values (Table 2-7) than 

photosynthesis-irradiance models, indicating a weaker model fit, and coefficient estimates 
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were not always significant (alpha (α) p > 0.1 for A. cervicornis and crustose coralline 

algae). Of the coral species, A. cervicornis had the lowest maximum photosynthesis and 

calcification (Pmax and Gmax). Initial photosynthesis-irradiance curve slopes (α) were 

highest for the massive corals. Photosynthetic-irradiance saturation (EK) was highest in A. 

cervicornis (PDIC EK = 356), and in calcification-irradiance models light saturation (EK) 

was highest for P. astreoides and S. siderea (Gnet EK = 448 and 544 µmol PAR, 

respectively).  

 

 

 

 

Figure 2-6: Panelled bar plots show species-specific average rates of dark (left bar, darker 

shade) and light (right bar, lighter shade) metabolism. The colour scheme is the same as in 

Figs. 2-5, 2-6 and species are labelled on the bottom x-axis. Rates shown are the mean light 

and dark rates across all days, and error bars represent standard error (SE). 
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2.4.2 Relationships between calcification and photosynthesis 

The model coefficients Pmax and Gmax exhibited a positive linear relationship across 

all species (R2 = 0.88, p < 0.05), while mean respiration (R) and dark calcification (Gdark) 

rates (R2 = 0.66, p = 0.05) exhibited a negative linear correlation between all species (Fig. 

2-10). This demonstrates that calcification increases with rates of net production across 

species during the day and with increased respiration in the dark. When the metabolic rates 

of all species were grouped together, linear correlations between PDIC and Gnet were weaker 

(light R2 = 0.39, p < 0.001, dark R2 = 0.15, p = 0.04) than correlation between model 

coefficients Gmax - Pmax and R - Gdark (Fig. 2-10). When the linear models were broken 

down by species, regression models of PDIC and Gnet were only significant in P. astreoides 

(light R2 = 0.39, dark R2 = 0.78, p < 0.005, Fig. 2-12). These relationships indicate tight 

coupling of photosynthesis, respiration, and calcification and show differences within and 

between different species of coral reef calcifiers. 

Dissolved oxygen production (PDO) was positively correlated with dissolved 

inorganic carbon assimilated (PDIC), demonstrating a metabolic quotient (Q) value of 1.18 

overall (Fig. 2-13) and individual differences in Q between species (Fig. 2-13, Table 2-8). 

The ratio of carbonate precipitation to organic production (Gnet/Mtot) demonstrated shifts in 

the balance of calcification to photosynthesis over the day in relation to ambient light (Fig. 

2-14.  
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Figure 2-7: Photosynthesis-irradiance curves for; A. cervicornis, crustose coralline algae 

types 1 and 2 (CCA1, CCA2), O. faveolata, P. astreoides, and S. siderea, with 

photosynthesis measured from changes to dissolved inorganic carbon (PDIC). Shaded areas 

show 95% confidence intervals around the modelled relationship and points show the 

measured values. Dashed horizontal/vertical lines show the model coeffients: net 

maximum photosynthesis (Pmax - R in µmol cm-2 hr-1) and light saturation (EK, as 

photosynthetically active radiation (PAR) in µmol s-1 m-2). 
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Figure 2-8: Photosynthesis-irradiance curves for; A. cervicornis, crustose coralline algae 

types 1 and 2 (CCA1, CCA2), O. faveolata, P. astreoides, and S. siderea, with 

photosynthesis measured from changes to dissolved oxygen (PDO). Shaded areas show 95% 

confidence intervals around the modelled relationship and points show the measured 

values. Dashed horizontal/vertical lines show the model coeffients: net maximum 

photosynthesis (Pmax - R in µmol cm-2 hr-1) and light saturation (EK, as photosynthetically 

active radiation (PAR) in µmol s-1 m-2).  
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Figure 2-9: Calcification-irradiance curves for; A. cervicornis, crustose coralline algae 

types 1 and 2 (CCA1, CCA2), O. faveolata, P. astreoides, and S. siderea. Points show the 

measured net rates at distinct photosynthetically active radiation (PAR) light levels, and 

the solid, coloured lines show the modelled metabolic curve. Shaded areas represent 95% 

confidence intervals. Dotted vertical lines indicate EK (light saturation point) and dashed 

horizonal lines depict maximum gross calcification (Gmax).   
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Table 2-7: Metabolic-irradiance model coefficients: maximum photosynthesis (Pmax), maximum calcification (Gmax), and initial slope (α), presented with 

standard error (±SE) and confidence intervals (CI 2.5% and CI 97.5%). All coefficients were estimated from non-linear least squares fit of Eq. 4, where 

respiration (R) is the mean dark rate for PDO and PDIC, and Gdark is the mean dark calcification rate. Light saturation point (EK) was calculated from Pmax 

and α according to Eq. 6. 

PDO Pmax  CI  

2.5% 

CI  

97.5% 

±SE p α  CI2.5% 

 

CI  

97.5% 

±SE  p R or  

 

EK σ RSS R2 

A. cervicornis 1.86 0.19 0.36 0.10 <0.0001 0.013 -6.63E-04 3.90E-03 0.003 <0.001 -0.34 145 0.23 0.70 0.94 

CCA (1) 1.22 0.08 0.27 0.06 <0.0001 0.012 -1.72E-02 2.59E-02 0.002 <0.001 -0.32 103 0.21 1.18 0.88 

CCA (2) 1.33 0.05 0.47 0.09 <0.0001 0.010 -2.00E-04 1.67E-03 0.002 <0.001 -0.30 135 0.26 1.50 0.84 

O. faveolata 3.66 0.32 0.85 0.15 <0.0001 0.042 5.74E-04 3.51E-03 0.008 <0.001 -0.83 88 0.60 12.40 0.88 

P. astreoides 3.38 0.18 1.26 0.13 <0.0001 0.044 6.47E-04 2.55E-03 0.009 <0.001 -0.73 77 0.56 10.49 0.88 

S. siderea 3.06 -0.41 1.40 0.16 <0.0001 0.035 1.23E-05 1.80E-03 0.008 <0.001 -0.70 87 0.66 14.91 0.81 

 PDIC                

A. cervicornis 2.72 1.80 3.64 0.43 <0.0001 0.008 0.01 0.01 0.001 <0.001 -0.38 356 0.26 0.85 0.94 

CCA (1) 1.68 1.50 1.85 0.09 <0.0001 0.021 0.01 0.03 0.005 0.0003 -0.35 80 0.30 2.10 0.88 

CCA (2) 1.75 1.52 1.99 0.11 <0.0001 0.023 0.01 0.03 0.005 0.0003 -0.50 75 0.32 2.05 0.87 

O. faveolata 4.62 4.25 4.98 0.18 <0.0001 0.038 0.03 0.05 0.005 <0.001 -0.95 121 0.63 12.40 0.91 

P. astreoides 4.34 3.99 4.69 0.17 <0.0001 0.047 0.03 0.06 0.007 <0.001 -0.87 93 0.66 13.49 0.89 

S. siderea 3.68 3.25 4.12 0.21 <0.0001 0.038 0.02 0.06 0.009 0.0001 -0.71 97 0.82 21.54 0.80 

G Gmax          Gdark     

A. cervicornis 0.27 0.19 0.36 0.04 <0.0001 0.0016 -6.63E-04 3.90E-03 0.0010 0.148 0.03 170 0.07 0.06 0.80 

CCA (1) 0.18 0.08 0.27 0.05 0.0009 0.0044 -1.72E-02 2.59E-02 0.0105 0.681 0.04 41 0.19 0.90 0.18 

CCA (2) 0.26 0.05 0.47 0.10 0.0194 0.0007 -2.00E-04 1.67E-03 0.0005 0.117 0.07 351 0.11 0.27 0.46 

O. faveolata 0.58 0.32 0.85 0.13 <0.0001 0.0020 5.74E-04 3.51E-03 0.0007 0.008 0.24 286 0.27 2.34 0.40 

P. astreoides 0.72 0.18 1.26 0.27 0.011 0.0016 6.47E-04 2.55E-03 0.0005 0.002 0.32 448 0.22 1.52 0.49 

S. siderea 0.49 -0.41 1.40 0.44 0.274 0.0009 1.23E-05 1.80E-03 0.0004 0.047 0.40 544 0.23 1.68 0.26 
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Figure 2-10: Linear relationships between; (a) maximum metabolic rates derived from 

model coefficients for photosynthesis- and calcification- irradiance curves (Pmax and Gmax), 

(b) mean average respiration (RDIC) and dark calcification (Gdark) for each species, and (c) 

individual measured photosynthesis (PDIC) and calcification (G) rates. Individual species; 

A. cervicornis, crustose coralline algae type 1 (CCA1), crustose coralline algae type 2 

(CCA2), O. faveolata, P. astreoides, and S. siderea, are depicted as different colours and 

symbols (see legend). 
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 Figure 2-11: Linear models showing strong positive relationship between photosynthesis 

measured by carbon assimilation (PDIC) and oxygen production (PDO): (a) across species 

and functional groups, and (b) separated by species. All models were significant to the p 

< 0.001 level (denoted by ***). CCA1 and CCA2 refer to the two types of crustose 

coralline algae used in this study. 
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Figure 2-12: Linear relationships between photosynthesis (PDIC) and calcification 

(Gnet) for each species incubated in the study; A. cervicornis, crustose coralline algae 

type 1 (CCA1), crustose coralline algae type 2 (CCA2), O. faveolata, P. astreoides, and 

S. siderea. Linear equations, R2 and significance are displayed on each plot. Vertical / 

horizontal grey lines highlight intercept =0, or night/day. Fitted lines are for dark (left 

hand side of each plot) and light (right hand side of each plot). 
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 Table 2-8: Mean photosynthetic quotient (PQ), respiratory quotient (RQ), and net 

metabolic quotient (Q) of carbon to oxygen ratios (e.g., DIC/DO). Ratios presented 

for each species and for the groups two groups coral and crustose coralline algae (CCA). 

 

 

Group Q ±SD PQ ±SD RQ ±SD 

A. cervicornis 1.10 0.19 1.07 0.16 1.17 0.26 

CCA 1 1.55 0.56 1.65 0.43 1.35 0.74 

CCA 2 1.55 0.40 1.50 0.44 1.63 0.35 

O. faveolata 1.27 0.33 1.29 0.30 1.20 0.42 

P. astreoides 1.31 0.43 1.38 0.46 1.14 0.26 

S. siderea 1.20 0.41 1.28 0.45 1.03 0.24 

Corals 1.24 0.38 1.28 0.39 1.13 0.31 

CCA 1.55 0.49 1.58 0.43 1.49 0.58 
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Figure 2-13: The relationship between metabolic quotient (Q) and light for corals and 

crustose coralline algae (CCA) grouped together. Linear models have low R2 and are 

nonsignificant, although there is a slight increase in Q with light in the corals. 

Figure 2-14: Ratios of calcification to total carbon metabolism (Gnet/Mtot) calculated 

from each incubation (points) and metabolism-irradiance models (curves, coloured by 

species) plotted against light (PAR). Light and dark mean averages are depicted by dotted 

and dashed lines, respectively, and values are displayed in the top right of the plot for 

each species. CCA1 and CCA2 refer to the two types of crustose coralline algae used in 

this study. 
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2.5 Discussion  

This study aimed to determine the relationships between production, 

calcification, and light in a variety of calcifying coral reef organisms from the 

Caribbean. Differences were found in metabolism between morning, afternoon, and 

night incubations and were species-specific, however linearity between metabolic-

irradiance model coefficients demonstrated that photosynthesis and calcification are 

correlated across species (Fig. 2-10). The results from this study confirm that 

production and calcification rates of tropical benthic calcifiers exhibit a hyperbolic 

response to diurnal light cycles (Chalker and Taylor 1978; Cohen et al. 2016). Our 

analyses revisit the current understanding of relationships between organismal-level 

metabolism and irradiance in benthic coral reef calcifiers, and we interpret these 

findings in the context of ecosystem scale estimates of metabolism and predicted 

changes due to ongoing anthropogenic change.  

 

2.5.1 Species-specific differences in metabolic rates 

From the results of the incubations, three general groupings were apparent: (1) 

massive coral species O. faveolata, P. astreoides and S. siderea, (2) A. cervicornis, and 

(3) crustose coralline algae. The highest metabolic rates were observed in massive coral 

species under all conditions (Figs. 2-4, 2- 4). The metabolic rates of A. cervicornis and 

crustose coralline algae were relatively similar, but they were grouped separately due to 

distinctions between the mechanisms by which coralline algae and corals calcify, and to 

reflect differences in the ecosystem function they provide. We discuss differences and 

similarities between the three groups in relation to their ecological function below. 

Metabolic rates were highest in the massive corals; demonstrating that per area of 

live tissue, they produce more oxygen and calcium carbonate. Despite their higher 

metabolic rates, it is unlikely that massive corals potentially have a stronger influence 

on community metabolism than branching A. cervicornis and encrusting crustose 

coralline algae because of the relative benthic cover and architectural complexity of 

each species. Given the distinct ecological function and life-history traits within the 

massive coral grouping (Darling et al. 2012), the similarity in their metabolic rates was 

unexpected. P. astreoides is considered a weedy species of the Caribbean due to its fast 

growth, low-relief morphology, and ability to thrive in suboptimal conditions, whereas 
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O. faveolata and S. siderea are key, framework-building corals (Darling et al. 2012). 

As Caribbean benthic communities undergo phase shifts, P. astreoides is colonising 

space once dominated by massive, framework building corals to become one of the 

most abundant scleractinian corals on Caribbean coral reefs (Green et al. 2008). Our 

results show that the contribution of P. astreoides to community reef metabolism is at 

the same scale as that of traditional reef-building corals, however, the similarity in 

biogeochemical signal does not confer the same ecological traits, as P. astreoides does 

not provide habitat or architectural complexity to the reef (Green et al., 2008). 

Therefore, while shifts toward weedy species dominance may not be detectable via 

changes in reef metabolism, the changes to benthic composition will still impact reef 

carbon cycles and accretion through changes in calcium carbonate morphology and 

composition (Perry and Alvarez-Filip, 2018). The third massive coral, S. siderea, is 

generally considered a slow-growing species. However, its calcification rates were also 

high, and the observed slow growth despite high calcification rates could be related to 

the high density of S. siderea skeletons (Hughes 1987). 

Fast-growing A. cervicornis had the lowest calcification rates of the corals in this 

study, but they can also have relatively lower skeletal densities than the massive corals 

(Kuffner et al. 2017). Historically, A. cervicornis was a primary reef-building coral 

species and occupied more space on shallow water tropical reefs in the Caribbean than 

any other scleractinian coral (Rodríguez-Martínez et al. 2014; Toth et al. 2019), 

however, it and Acropora palmata have declined by over 80% over recent decades in 

the Caribbean (Jackson, 2014; Rodríguez-Martínez et al., 2014). It is possible that the 

lower rates of calcification observed in A. cervicornis were influenced by the relatively 

low flow induced within the mesocosm setting, as higher wave action may stimulate 

growth in this species (Jokiel 1978), however, our calcification rates agree with 

previous estimates (Chalker and Taylor 1975, 1978). Colonies of A. cervicornis have a 

complex, branching structure with high surface area and they contribute different 

ecosystem functions compared to massive corals (Alvarez-Filip et al. 2011; Darling et 

al. 2012), which is reflected in the lower metabolic rates observed in our study. In 

general, A. cervicornis has low calcification yet high accretion rates, although skeletal 

density shows plasticity based on growing conditions (Kuffner et al. 2017). The life-

history trait of lower density skeletons could promote asexual reproduction when high 

energy wave action fragments branches of larger colonies, allowing for the rapid 

proliferation of Acropora spp. (Tunnicliffe 1981; Lirman 2000). Despite having lower 

calcification rates than the massive corals, A. cervicornis provides a unique habitat for 
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the biodiversity of species which reside in the dense thickets formed by this branching 

coral (Tunnicliffe 1981; Precht et al. 2002).  

The lowest metabolic rates were recorded for crustose coralline algae; biogenic 

calcifiers which reinforce and strengthen the calcium carbonate matrix to cover 

otherwise exposed coral skeleton (Littler and Littler 2013). Additionally, they promote 

calcification by scleractinian corals (Chisholm 2000) via inducing larval settlement and 

providing substrate for juvenile corals to grow (Heyward and Negri 1999). Due to their 

encrusting morphology, crustose coralline algae are often overlooked in quantification 

of coral reef calcification and accretion. We report rates of calcification and 

photosynthesis in crustose coralline algae in line with framework building A. 

cervicornis (Figs. 2-4, 2-5). This demonstrates the important contribution that crustose 

coralline algae can play in coral reef ecosystem metabolism beyond their other 

ecological functions. The two crustose coralline algal types were the closest to 

displaying net dissolution, indicating calcification slows or stops at night within this 

functional group, potentially due to dependence on light. Crustose coralline algae are 

expected to be more heavily impacted by ocean acidification than corals due to the 

higher proportion of magnesium-calcite in their skeletons, which could 

disproportionately impact the role of these organisms as important benthic calcifiers 

(Diaz-Pulido et al. 2012).  

 

2.5.2 Impact of Light on Species-specific Metabolism 

Coral reefs encompass diverse and dynamic light environments over hourly, 

daily, and seasonal scales (Edmunds et al. 2018). However, most reef-wide estimates of 

community metabolism are conducted on timescales that do not incorporate 

instantaneous changes in light, even though community metabolism can change on sub-

hourly timescales (Takeshita et al. 2016). Applying metabolic-light models to high-

resolution time series of light could provide more complete estimates of community 

level metabolism. Studies have shown that scaling up to community and ecosystem 

levels from organismal studies can be complicated in coral reef ecosystems (e.g., 

Edmunds et al. 2016), however, the comparisons in our study add important insight into 

coral reef metabolism research. In this study, net metabolic rates (both photosynthesis 

and calcification) fit a commonly used hyperbolic function with light (Figs. 2-7 to 2-9) 
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(Jassby and Platt 1976), supporting the idea that both photosynthesis and calcification 

are driven by light (Falkowski et al. 1984; Cohen et al. 2016). 

Photosynthesis-irradiance models fitted with both oxygen and carbon data sets 

(e.g., PDO and PDIC) demonstrated that photosynthetic efficiency (α), modelled maxima 

(Pmax), and average respiration were greatest in the massive corals, highlighting that 

these species are drivers of coral reef production (Figs. 2-7, 2-8). Light saturation (EK) 

was higher in A. cervicornis and crustose coralline algae, potentially reflecting their 

ability to thrive in the shallowest and most sunlit areas of the reef (i.e., lagoon and 

crest). For calcification-irradiance models, massive species had the highest maximum 

and night rates (Gmax and Gdark), while estimates of photosynthetic efficiency (α) were 

mixed across species. The differences between metabolic-light models support previous 

work showing that photosynthesis and calcification have species-specific independent 

relationships with light (Gattuso et al. 2000; Sawall et al. 2018).  

Relationships between photosynthesis, respiration, and calcification have been 

shown to exist across a wide range of marine calcifiers, and in the current study we 

demonstrate that a strong relationship exists across different species, genera, and 

functional groups (Fig. 2-10). The strong positive linear relationship between 

maximum calcification and photosynthesis indicates that maximum net daytime 

photosynthesis and calcification rates are linked (Fig. 2-10b). We also found a strong 

negative linear relationship between average respiration and dark calcification across 

all species at night, indicating that dark calcification is linked to energy produced from 

respiration (Fig. 2-10a). Linear relationships also existed during the day and night for 

measured values of calcification and photosynthesis across all species (light R2 = 0.47, 

p < 0.0005, dark R2 = 0.15, p = 0.005; Fig. 2-10c). However, relationships between 

calcification and photosynthesis were less clear for each individual species (Fig. 2-12). 

This could be due to lower replicates within each species and smaller ranges in dark 

rates that made it difficult to detect a clear relationship by species. While our study 

shows that photosynthesis and calcification are linked across benthic calcifiers, we also 

saw differences at the species level (Fig. 2-12), likely related to ecological function 

(González-Barrios and Álvarez-Filip 2018). For example, P. astreoides has a strong 

linear relationship between calcification and photosynthesis (light R2= 0.39, dark R2 = 

0.78, p=<005, Fig. 2-12), whereas other species such as A. cervicornis did not. 

Calcification of different species of corals have been shown to respond to global 

change differently (Kornder et al. 2018), which may reflect the interaction of these two 
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processes at the cellular or organismal level. Light modulates the response of 

calcification to ocean acidification (Suggett et al. 2013) therefore, developing species 

level metabolic irradiance curves is important for understanding future impacts of 

global change. 

The functional relationship between light, photosynthesis, and calcification is 

complex and operates at multiple levels (Allemand et al. 2011). We demonstrate a 

positive linear relationship between modelled metabolic maxima (Gmax and Pmax), 

indicating that energy from photosynthesis and respiration drive calcification. It is clear 

that coral metabolic processes are tightly coupled (Gattuso et al., 1999). However, 

recent research indicates that photosynthesis and calcification are parallel but 

independent light-driven processes (Cohen et al., 2016). The link between 

photosynthesis and calcification (i.e., light-enhanced calcification) at the organismal 

scale may be related to these processes co-evolving to occur at similar times due to 

increased energy supply for calcification (Sorek et al. 2014). If that is the case, then the 

relationships between photosynthesis and calcification found at the organismal level 

may not be as intimately linked within cells. Further research is needed to define the 

functional relationships between light, photosynthesis, and calcification from the cell to 

the organism to better predict the impacts of global change on coral ecosystems.  

Knowing instantaneous relationships between light and metabolism at the 

organismal scale (e.g., Figs. 2-7 to 2-9) could help scale metabolism rates up to the 

community and ecosystem at finer temporal scales. Direct measurements of coral reef 

net ecosystem metabolic rates are time consuming, expensive, and often require 

specific environmental conditions (Gattuso et al., 1999). Newer technology is being 

developed that can estimate community benthic metabolism rates over high-resolution 

temporal scales (<1hr) using boundary layer techniques (i.e., eddy correlation and 

BEAMS) that measure oxygen and pH (Barnes and Devereux 1984; Long et al. 2013; 

Takeshita et al. 2016). These techniques require that we know the ratio of carbon and 

oxygen uptake and removal during the processes of photosynthesis and respiration 

(e.g., DIC / DO). For an organism, these values are known as the net photosynthetic 

and respiratory quotients, or PQ and RQ respectively, and net metabolic quotient, Q, on 

a community or ecosystem wide scale (Barnes and Devereaux, 1984; Takeshita et al., 

2016). By measuring both oxygen and carbon fluxes we were able to determine the net 

metabolic quotient for the different species in this study (Fig. 2-11). The metabolic 

quotient was higher for crustose coralline algae (1.55 ± 0.49) than coral species (1.24 ± 
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0.38), which reflects elevated carbon assimilation to oxygen production. For corals, the 

metabolic quotient was similar across species (1.1-1.2), and closer to a 1:1 ratio, 

although the values still indicated a greater assimilation of dissolved inorganic carbon 

compared to dissolved oxygen production. Overall, the metabolic quotient Q was 1.18 

for all species and incubations combined. Interestingly, there was a trend of increasing 

metabolic quotient with light when all corals were grouped together, indicating that the 

metabolic quotient may be more variable over short time scales than previously 

assumed (Fig. 2-13). Further understanding the influence of light on the balance of 

assimilation of dissolved inorganic carbon to dissolved oxygen production will help to 

build our understanding of the reef metabolic quotient and how it changes under 

distinct light levels. More estimates of species-specific metabolic quotients for coral 

reef organisms will help in efforts aimed at using readily available pH and oxygen 

sensors to monitor the metabolism of coral communities at a greater resolution in both 

space and time. 

 

2.5.3 Ratios of Organic and Inorganic Carbon Cycling in Coral 

Reef Organisms 

Ratios of net calcification to photosynthesis (Gnet/Pnet) quantify the relative 

balance between these two processes and have been proposed to be a useful metric for 

reef biogeochemical function and health (Cyronak et al., 2018). Previous studies have 

shown that calcification / photosynthesis ranges from -8 to 17 on the organismal scale 

and from 0 to 0.7 on an ecosystem scale (Gattuso et al., 1999; Cyronak et al., 2018). In 

this study, we calculated absolute ratios of net calcification to the sum of net 

calcification and net photosynthesis (Gnet/Mtot) according to Eq. 7. We chose this metric 

because both calcification and production can be negative, which results in unreliable 

values as either the denominator or numerator approach 0. Also, Gnet/Mtot is more 

intuitive than Gnet/Pnet as it represents the relative proportion of total carbon metabolism 

due to calcification and ranges between 0 to 1. Over the course of the incubations 

Gnet/Mtot ranged from 0.03 to 0.66, which indicates that when both calcification and 

production are occurring production tends to dominate (Fig. 10). However, when the 

ratios were calculated using the metabolism-irradiance curves, Gnet/Mtot ranged from 0 

to 1 and all organisms exhibited a strong peak at the irradiance level where net 

photosynthesis crosses 0. This is because as net photosynthesis approaches 0 the 
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absolute ratio comes closer to |Gnet|/|Gnet|. Ratios calculated using the model 

coefficients for maximum calcification and photosynthesis (Gmax/Mtot), i.e., Gmax and 

Pmax and night calcification to respiration (Gdark/Mtot) ranged from 0.11 to 0.23 and 0.06 

to 0.36, respectively (Fig. 2-14). The daily changes in Gnet/Mtot indicate that there is not 

one value that can readily describe the relative ratio of calcification and production for 

each calcifying organism, and that organisms can equilibrate to very different values 

during the day and night. In fact, the highly dynamic nature of Gnet/Mtot related to light 

brings into question the use of Gnet/Pnet ratios as a single, determinant value of reef 

function and health at the ecosystem scale (Cyronak et al., 2018). If Gnet/Mtot do not 

stabilize to one consistent value on an organismal scale, it is difficult to imagine that 

these ratios stabilize across reef communities and ecosystems made up of many 

calcifying and non-calcifying organisms. Future work into determining the importance 

of Gnet/Mtot as a metric for reef biogeochemical cycling is needed. 

 

2.5.4 Conclusions 

We identified patterns in the metabolism of six Caribbean benthic calcifiers under 

natural diurnal light cycles. Our findings support previous work showing that 

photosynthesis and calcification are parallel processes driven by irradiance (Gattuso et 

al., 2000; Cohen et al., 2016), highlighting the importance of considering natural 

variations in light. Some metabolic rates of individual species could be generalized to 

larger categorical groupings such as the ‘massive coral’ species. However, both A. 

cervicornis and crustose coralline algae had similar metabolic rates despite occupying 

very different functional niches in coral reef accretion. While calcification and 

photosynthesis both fit traditional hyperbolic tangent functions with light, coefficients 

of the metabolism-irradiance models varied between species. Interestingly, the 

modelled metabolic maxima (Gmax and Pmax) and dark calcification / respiration (Gdark 

and R) were correlated across all photosynthesising calcifiers in this study. These 

correlations indicate that energy provided by photosynthesis and respiration may be an 

important control on organismal calcification, however, mechanistic studies are needed 

to further address this. Understanding the dynamic species-specific balance of 

calcification and production could provide useful insights into estimates of community- 

and reef-wide carbon cycles. For example, our results demonstrate that benthic surveys 

with simple groupings of calcifying and non-calcifying organisms could give important 
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insights into coral reef carbon cycles. Finally, we establish dynamic relationships 

between calcification and photosynthesis over diurnal light cycles that bring into 

question the application of calcification / photosynthesis ratios to monitor 

biogeochemical function on an ecosystem scale. Overall, the carbon cycle of coral reefs 

is highly dynamic at the organismal scale, driven by complex relationships between 

photosynthesis, respiration, calcification, and light. These relationships likely scale up 

and interact with local hydrodynamics to create the intense variations in carbon 

chemistry observed on coral reefs.
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3 A low-cost benthic incubation chamber for 

in-situ community metabolism measurements 

Mallon J, Banaszak AT, Donachie L, Exton D, Cyronak T, Balke T, Bass A. 2022. A 

low-cost benthic incubation chamber for in-situ community metabolism measurements. 

PeerJ 10:e13116 DOI 10.7717/peerj.13116.  

All data collected and analysed by thesis author.  

3.1 Abstract  

Benthic incubation chambers facilitate in-situ metabolism studies in shallow 

water environments. They are used to isolate the water surrounding a study organism or 

community so that changes in water chemistry can be quantified to characterise 

physiological processes such as photosynthesis, respiration, and calcification. Such 

field measurements capture the biological processes taking place within the benthic 

community while incorporating the influence of environmental variables that are often 

difficult to recreate in ex-situ settings. Variations in benthic chamber designs have 

evolved for a range of applications. In this study, we built upon current designs to 

create a novel chamber, which is (1) low-cost and assembled without specialised 

equipment, (2) easily reproducible, (3) minimally invasive, (4) adaptable to varied 

substrates, and (5) comparable with other available designs in performance. We tested 

the design in the laboratory and field and found that it achieved the outlined objectives. 

Using non-specialised materials, we were able to construct the chamber at a low cost 

(under $20 USD per unit), while maintaining similar performance and reproducibility 

with that of existing designs. Laboratory and field tests demonstrated minimal leakage 

(2.08 ± 0.78 % water exchange over 4 hours) and acceptable light transmission (86.9 ± 

1.9 %), results comparable to those reported for other chambers. In the field, chambers 

were deployed in a shallow coastal environment in Akumal, Mexico, to measure 

productivity of (a) seagrass, and (b) coral-, algae-, and sand-dominated reef patches. In 

both case studies, production rates aligned with those of comparable benthic chamber 

deployments in the literature and followed established trends with light, the primary 

driver of benthic metabolism, indicating robust performance under field conditions. We 

demonstrate that our low-cost benthic chamber design uses locally accessible and 

minimal resources, is adaptable for a variety of field settings, and can be used to collect 
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reliable and repeatable benthic metabolism data. This chamber has the potential to 

broaden accessibility and applications of in-situ incubations for future studies. 

 

3.2 Introduction 

Quantifying the relative balance of autotrophic and heterotrophic processes 

taking place within a benthic community provides insight into ecosystem functioning 

and species composition (Albright et al. 2015; Cyronak et al. 2018). As coastal 

ecosystems undergo degradation, understanding ecosystem capacity for oxygen 

production and carbon cycling through photosynthesis is critical. For example, defining 

ecosystem productivity can support conservation of high ‘blue carbon value’ 

ecosystems (Duarte et al. 2010, 2013c) and characterisation of community metabolism 

facilitates geographical and temporal comparisons of ecological function, which 

otherwise might be logistically limited (Cyronak et al. 2018; Lange et al. 2020). 

Measurements of in-situ community metabolism capture individual rates of 

productivity for functional groups and species, as well as the interactive physiological 

processes taking place within the entire benthic community, rather than the simplified, 

reconstructed communities often used in ex-situ measurements. Such measures offer 

important insight into the critical role of coastal marine ecosystems for carbon capture 

and cycling. 

Rates of photosynthesis and respiration can be measured directly from fluxes in 

dissolved oxygen concentrations to calculate the net community productivity (NCP) 

taking place within a benthic community. The development of in-situ gear to incubate 

benthic organisms and communities has been guided by distinct research applications. 

Ecosystem metabolism can be measured via three main approaches in the field; benthic 

boundary layer and eddy covariance (e.g., (Long et al. 2015b; Takeshita et al. 2016; 

Berg et al. 2022), flow respirometry using Lagrangian and Eularian adaptations (e.g., 

Barnes 1983; Falter et al. 2008; Shaw et al. 2014), and enclosed incubations (see 

examples in Table 1). This study focusses on the incubation method as a 

straightforward approach for deriving metabolic rates of single organisms or benthic 

communities in the field.  

Benthic chambers can be deployed in the field to contain sediments, corals, 

seagrasses, and other biota, either as communities or as individual organisms, for 
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periods of hours to days to capture in-situ measurements of community or organismal 

metabolic rates (e.g. Huettel and Gust 1992; Yates and Halley 2003; Murphy et al. 

2012; Camp et al. 2015; van Heuven et al. 2018; Roth et al. 2019). Standard benthic 

chamber designs consist of a tent or dome made from a rigid, transparent container with 

a circulation pump (to mimic natural water flow), and a sampling port (e.g., Roth et al., 

2019, Table 1). Some chambers can only be deployed in areas where substrate is 

suitable for the chamber base to be inserted, for example, often the base must be buried 

in sand or sediments to create an effective seal (e.g., Olivé et al. 2016). However, the 

technology has evolved to encompass a range of applications from smaller, single 

organism chambers to larger community enclosures (Table 1). For example, high 

precision, real-time, in-situ metabolism measurements of small surface areas of coral 

have been made possible by the development of a high-tech adaptation of the benthic 

chamber concept: the Coral In Situ Metabolism and Energetics (CISME) system, 

described in Murphy et al. (2012). CISME is a specialised underwater respirometer that 

incubates small areas (~ 24.5 cm2) of live coral to measure pH, dissolved oxygen, and 

temperature changes. The electronic housing has waterproof cables supplying power, a 

recirculation pump, and LED control, while a water sample loop holds incubation 

samples so that total alkalinity can be used to derive calcification rates.  

At the opposite end of the size-spectrum, large tent-like structures have been 

developed to incubate entire patches of benthic communities (surface areas of several 

m2). For example, the Submersible Habitat for Analysing Reef Quality (SHARQ) 

developed by Yates and Halley (2003) and other large tent enclosures such as the one 

described by van Heuven et al. (2018), allow for measurements of seawater chemistry 

and can even be adapted for in-situ experiments adding CO2 or other treatments, e.g., 

Kline et al., (2012). The SHARQ and similar chamber designs (e.g., van Heuven et al. 

2018) incorporate a submersible circulation pump to ensure turbulent flow within the 

incubated area. Flow is a primary driver of benthic metabolism and regulates organism 

response to environmental effects such as ocean acidification (Comeau et al. 2014, 

2019). The costs of building such chambers are moderate to high, and multiple replicate 

chambers for parallel incubations further raise the costs, while specialised materials 

may be difficult to source in some parts of the world where coral reefs and seagrasses 

are most abundant. Submersible pumps, bespoke parts, and other expensive materials 

create an economic barrier to the in-situ incubation chamber technique. To address 

these limitations, the Flexi-chamber, developed by Camp et al. (2015), requires 

minimal specialised materials and can be constructed at a low cost (< USD $20). The 
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Flexi-chamber is made of a flexible plastic bag with a sampling valve installed, which 

is attached to the base of the study organism with a cable tie. Both the bag and valve 

were sourced from a medical supply store. The Flexi-chamber can be used to measure 

metabolism for single organisms, and it is ideal for branching corals, or organisms with 

complex morphological formations. The Flexi-chamber was robustly tested in the 

laboratory and field and performed in line with other incubation chamber designs 

(Camp et al. 2015). However, the chamber can only be used on substrates suitable for a 

cable tie attachment. For flatter substrates, a domed benthic chamber design is more 

effective. The medium size chamber by Roth et al. (2019) can be placed over the 

substrate and was successfully produced at a lower cost (~ $250 USD) than previous 

designs, while maintaining the efficiency and precision of more expensive equipment. 

However, the design requires a bespoke rigid acrylic cylinder and a circulation pump to 

recreate water movement inside the chamber, incurring a higher cost.  

To contribute to the array of chambers currently available for field incubations, 

we designed a chamber prototype, which was both low cost and suitable for 

deployment on complex substrates incorporating small benthic communities to 

accurately measure community metabolism. Our objectives were to design a benthic 

chamber that is; (1) low cost and easily constructed without specialised equipment, (2) 

reproducible for scientific soundness, (3) minimally invasive to reduce any impact on 

incubated organisms, (4) adaptable for use in a range of substrate types and underwater 

environments, and (5) comparable with other chamber designs such as those described 

in Table 1.  
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Table 3-1: Summary of selected designs of in situ benthic chambers for measuring coral reef metabolism, since 2000 

  Name Scale Cost USD Leakage Light  Strengths Limitations 

 

 Coral In-Situ Metabolism and 

Energetics (CISME) (e.g., 

Romanó de Orte et al. 2021) 

< 1 

individual 

$32,000 Unreported, 

expected  

minimal 

0%  

(Artificial 

light) 

High accuracy and 

precision. 

Instantaneous 

measurements 

 

Expensive and 

specialised. 

Very small areas can be 

incubated (24.5 cm2). 

 

 Flexi-Chamber  

(Camp et al. 2015) 

 

Single 

 

< $20 None-to- 

minimal  

84% Low-cost and easily 

sourced materials. 

Flexible material 

maintains water 

movement. 

Cable tie closure around 

the base is not suitable 

for all benthic 

organisms. 

 

 Flexi-community benthic 

chamber for remote locations, 

this study 

 

 

 

Single 

small 

community 

<$20 2% over  

4 hours 

89% Low-cost, easily sourced 

materials. 

Adaptable design. 

Flexible material 

maintains water 

movement. 

Under some conditions 

seal is not as reliable as 

other methods. 

 

 In-situ chambers for measuring 

biogeochemical fluxes  

(E.g., Roth et al. 2019) 

Single 

small 

community 

~$250 5.3% within 6 hr 

(reef sands) 

12.4% within 6 hr 

(rocky) 

92% Can be deployed on hard 

substrate or sediments. 

Requires circulation 

pump. 

Bespoke design requires 

specific materials. 

 

 Submersible Habitat for 

Analyzing Reef Quality 

(SHARQ) 

(Yates & Halley 2003) 

Larger 

communities 

(~12 m2 planar 

surface area) 

Not 

reported 

Variable 

depending on 

substrate type 

>71% Can incubate entire 

communities. 

Requires circulation 

pump. 

Bespoke design requires 

specific materials. 
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3.3 Materials and Methods 

 

3.3.1 Study location 

Experiments were carried out in the School of Geographical and Earth Sciences 

Laboratory at the University of Glasgow, the Scottish Centre for Ecology and the 

Natural Environment (SCENE) fieldwork site, and in Akumal Bay Natural Refuge 

Area, Mexico. SCENE is located on the eastern shore of Loch Lomond in west central 

Scotland (56°07’41.1” N, 4°36’48.4” W). Akumal is a small coastal town on the 

Caribbean coast of the Yucatan peninsula, with relatively limited access to specialised 

materials. The Natural Refuge of Akumal Bay (20°23’42.2” N, 87°18’49.8” W) is a 

protected area within the Mexican Caribbean Biosphere Reserve and consists of a semi-

enclosed lagoon with patches of seagrass and coral ecosystems (Fig 3-1a). Field 

experiments in Akumal were approved by the Comisión Nacional de Áreas Naturales 

Protegidas (CONANP F009.DRBCM/240/2019). 

3.3.2 Chamber design, materials, construction, and costs  

The benthic chamber design consists of three key components: (1) a water-tight 

polyethylene tent, (2) a sampling valve, and (3) a heavy yet malleable circular base for 

maintaining the tent enclosure seal against the substrate (Fig. 3-1, Table 3-2). The tent 

is made from a polyethylene plastic bag. It is possible to keep the shape of the plastic 

bag intact, by simply cutting in a straight line at the bottom of the bag for the desired 

height, allowing an extra 10 – 15 cm at the bottom to allow the circular malleable base 

to sit on top. Alternatively, a polyethylene bag or sheet can be cut and re-sealed using a 

heat sealer into any desired enclosure shape, e.g., dome or pyramid. For case study 1 

the bottom of the bag was folded to create a ‘skirt’ for the base to sit on. In case study 2 

a dome shaped benthic chamber was used (Fig 3-1b, e), which was made by cutting the 

polyethylene bag into panels and re-sealing using a heat sealer. We used a food 

packaging heat sealer to join the panels. The valve was inserted by creating a small 

incision in the enclosure tent and inserting one valve on the inside and securing it with 

the Luer lock connector of a second valve on the inside. A small bicycle tube repair 

patch was used to create a solid base for the valve to be inserted through. For the base, 

bicycle inner tubes were filled with sand and fishing weights to create a heavy, 
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malleable base, and re-sealed using bicycle tyre repair kits found at a local hardware 

store. All materials to build the chamber were sourced locally. Transparent 

polyethylene for the tent enclosure was bought from a local food packaging company, 

Luer-lock valves were sourced in the local pharmacy and pre-used bicycle tyre inner 

tubes were donated by the local community. The materials used and their associated 

costs are summarised in Table 3-2. 

Figure 3-1 : Visual summary of field deployed benthic chambers for case studies 1 

and 2. Photographs depicting: (a) tall version of the chamber constructed using the 

unchanged plastic bag; (b) low-profile chamber created by cutting the plastic bag into 

panels and heat sealing in a dome form, for use in high-energy environments; (c) visual 

assessment of leakage and mixing from the chamber using dispersal of red food dye 

injected into the chamber; (d) aerial image taken above Akumal Bay showing the sites 

where chambers were deployed for case studies, photo credit: Edgar Escalante 

Mancera and Miguel Ángel Gómez Reali; and (e) a schematic diagram of the chamber 

prototype developed. 
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Table 3-2: Summary of key chamber design components. 

 Key features Materials and costs (USD) Adaptations 

Enclosure 

 

Plastic retains upright structure due to 

neutrally buoyancy, while its flexibility 

allows movement with water, facilitating 

mixing and flow. If needed, watertight glue 

or silicone can be used along the vertical 

seams to provide a more rigid upright 

structure.  

Transparent polyethylene bags were 

sourced from local food packaging and 

grocery stores for $0.25 per unit in 

Mexico, and for approx. $1.80 per unit in 

the UK. 

Glue and silicone for re-sealing were 

sourced at local hardware stores for <$5, 

with an estimated cost of $0.50 per 

chamber. 

Size of plastic bag can be changed to 

incubate different volumes of water or 

surface areas of substrate 

Enclosure transparency or colour filtration 

can be achieved with different plastics. 

The shape of chamber can be adapted for 

high-energy settings. 

Sampling valve A valve was installed into each chamber 

for the extraction of water samples with 

syringes. Installation involved a pinprick 

hole in the plastic, with a valve Luer-lock 

inserted and attached to a second Luer-lock 

valve on the inside of the chamber.  

 

The valves tested in this study were 3-way 

Luer-lock valves, priced at $1.12 per unit. 

In lieu of valves, sports bottle caps can be 

implemented at a similar cost.  

A sampling port of any size can be installed, 

depending on study requirements. 

3-way valves can facilitate the addition of 

experimental treatments.  

Tubing can be added to the interior valve to 

achieve sampling from the centre of the 

incubated area. 

Base The heavy chamber base is placed on top 

of the plastic enclosure skirt to create a seal 

with the substrate. The base is malleable so 

that it can be moulded to the complexity of 

solid substrates, and in the case of soft 

substrata, buried as needed.  

Bicycle inner tubes were cut to size and 

filled with sand and small fishing weights. 

After filling, the tubes were sealed using 

bicycle tyre patches and glue. As the used 

bicycle tubes were donated there was no 

cost. New inner tubes cost ~$4 each. 

Fishing weights $3 per kg.  

Base weight can be adjusted as needed, 

depending on the environmental conditions. 

Stones can be used in lieu of fishing 

weights.  
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3.3.3 Design validation  

Three key characteristics were investigated to validate the reproducibility and 

correct functioning of the chambers: (1) leakage of water from / to the chamber, (2) 

light transmission across the plastic membrane, and (3) temperature stability within the 

chamber. 

1. Leakage  

To test for leaks, non-toxic red food dye was inserted using a syringe (20ml) into 

a chamber deployed over sediments in shallow water at each of our field sites. Visual 

surveys were conducted by two snorkellers who monitored the water outside of the 

chamber for any obvious visible leaks of red-dyed water for 30 minutes (Fig. 3-1c). An 

underwater camera (Canon Powershot S120) was attached to a dive weight and placed 

on the substrate outside the chamber for the duration of the 30-minute deployments, 

and the video was reviewed for any red dye leakage around the base of the chamber. 

This process was repeated 3 times before case studies and before lab testing. Following 

this initial coarse assessment, a 90-litre aquarium tank was filled with artificial salt 

water (tap water prepared with Marine salts at a salinity of 21.5 ± 4.7 ppt.) and field 

water movement was simulated using 4 circulation pumps (Reef Tide 4000s 12v DC 

Wavemaker Pump, UK) positioned on the sides of the tank to create a zig-zag water 

motion across the tank. A prototype of the benthic chamber was placed in the tank and 

a super-saturated saline solution was inserted using a plastic syringe connected to the 

valve of the benthic chamber so that the water inside the chamber reached a salinity of 

38.3 ± 5.7 ppt. Salinity was measured once per minute during the 4-hour incubation, 

inside and outside the benthic chamber using two cross-calibrated salinity loggers 

(Onset Hobo U24-002-C Saltwater Conductivity / Salinity Data Logger). The leakage 

test was repeated 3 times, and for each repeat a different chamber was used.  

2. Light attenuation  

A chamber was deployed over sediments in Akumal Bay at a depth of 2 m for 3 

days between 07:00 and 19:00 hours in August 2019. A different chamber was used for 

each day of the experiment (n=3). Photosynthetically active radiation (PAR) was 

measured simultaneously inside and outside the chamber with two submersible sensors 

(Odyssey Submersible PAR Logger) attached to a 4 kg dive weight and positioned 

inside and outside of each chamber to log light each minute (µmol photons m-2 s-1). The 
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sensors were calibrated against a recently calibrated Licor quantum sensor (LI-190, LI-

COR Biosciences, US). Additionally, light transmission (%) between the 

photosynthetically relevant wavelengths of 300 nm – 800 nm was measured through 

the plastic membrane (Shimadzu UV-3600 UV-Vis).  

3. Temperature  

Changes to the temperature of water inside the chamber were measured to 

demonstrate accumulation of heat, which we would expect to see if the water is not 

mixing well. Temperature inside the chambers was collected using a handheld probe 

(Pro DSS multiparameter, YSI, US) at the start and end of field deployments of 9 

chambers in tropical conditions over 4 days in case study 2. A separate 4-hour 

deployment in cold water conditions, at the SCENE fieldwork site in Loch Lomond 

was also conducted in August 2021 and temperature was continuously logged for the 

duration of the incubation (per minute) inside and outside of the chamber using 

temperature loggers (Onset HOBO UA-002-08 Pendant 8K Light and Temperature) 

with an accuracy of ± 0.5°C.  

3.3.4 Field operation of the benthic chamber  

Field deployments over benthic communities were conducted to validate the 

reproducibility and adaptability of the chambers. Two case studies were conducted in 

Akumal Bay (Fig. 1d), one with incubations of seagrass patches and the other over 

coral reef communities (total of 41 deployments). Chambers were installed by divers 

and snorkellers. For all field incubations, water samples were extracted at the start and 

end of 1.5 to 3.5-hour long incubations using 100 ml plastic syringes with a Luer-lock 

connection to the chamber valve. Dissolved oxygen, pH, temperature, and salinity were 

measured using a handheld non-submergible multiparameter sensor (ProDSS equipped 

with ODO Optical Dissolved Oxygen and EXO pH Smart Sensors, YSI, US) attached 

to a kayak for analysis of samples within 1 minute of extraction. Chambers were 

flushed between incubations times by lifting them from the substrate and releasing the 

incubated water. A few minutes were allowed for any stirred-up sediments to re-settle 

before reassembling the chamber. Repeated measurements (n=15) of chamber volume 

were conducted in shallow (<1 meters) of Akumal Bay by filling chambers using a 100 

ml syringe and recording variability between volumes to estimate error in volume 

measurements.  
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3.3.5 Adaptations of the chamber  

A more streamlined, low-profile, dome-shaped chamber (Fig. 3-1b) was used due 

to higher surge at the coral reef site, nearer to the reef crest than the protected seagrass 

area (Fig. 1d). This was also an adaptation for the lower profile of reef patches (~15 cm 

height) compared to seagrasses (~ 30 cm height). The panels were cut as curved 

triangles (29 x 16 cm, H x W) with arching sides and each dome was constructed of 8 

panels and two 8 cm skirts were added at the base. These skirts were added due to 

higher wave action at this site, to prevent leakage around the seal. All plastic seams 

were sealed with a double seal 1 cm apart on each joint, using a generic, locally 

available heat sealer. For the high-energy environment (case study 2) a heavier base 

was created by adding 8 kg of fishing weights into the bicycle tyre tube to total ~10 kg 

per base. Chambers were randomised over the substrate types for each incubation; 

algae-, coral-, and sand- dominated. Incubations lasted 3.5 hours. PAR was measured 

as described above in both case studies.  

 

3.3.6 Case study 1: Seagrass production  

Benthic chambers (n=5) were assembled and deployed over seagrasses and 

sediment substrate at 1.5 to 2 m depth. Seagrass surveys were conducted using the 

methods outlined in (Hernández and Tussenbroek (2014) to estimate seagrass 

abundance in Akumal Bay (Fig. 1d). Sampling was conducted at the start and end of 

incubations at midday, late afternoon, and after dark. Each incubation lasted 1.5 to 2.5 

hours. The chamber constructed for the seagrasses (Fig. 3-1c) was taller and narrower 

than the chamber used in case study 2 (Fig. 3-1b) to accommodate the height of the 

seagrasses.  

 

3.3.7 Case study 2: Production rates of distinct coral reef 

communities  

Benthic chambers (n=9) were deployed by SCUBA divers at 2-3 m depth over 

four days for multiple incubations during solar noon and after dark over small patches 

of reef. Using swim patterns from a central point (‘Case study 2’ label on Fig. 3-1d), 



 

95 

 

small patches of mixed coral (Porites spp.), algae, crustose coralline algae, and 

sand/sediment were identified (n=21), of which 9 were randomly selected for 

incubation. Surface area and volume of the incubated reef patches were measured using 

photogrammetry. 3D models of incubated reef patches were constructed from ~100 

photographs of each patch using Agisoft Metashape and compared following the 

methods outlined in Lange and Perry (2020). Surface areas (m2) and volume (m3) were 

extracted from the 3D models. We converted the volume to litres and deducted it from 

the chamber volume to calculate the individual sea water volume for each incubation 

and used this, with the surface area measurement to normalise metabolic rates. All 

areas of flat sediment were measured from top-down photos using ImageJ (Schneider et 

al. 2012).  

 

3.3.8 Metabolism calculations 

Net community production (NCP, mmol m-2 hr-1) was calculated from changes to 

dissolved oxygen (DO) using the following equation:  

(Eq. 1) 

NCP =
∆DO ×  V

SA ×  T
 

where ΔDO is the change in dissolved oxygen (mmol L-1), which is normalised to 

the chamber volume (V) of water in litres, the surface area (SA) of the incubated 

sample in m2, and the incubation duration time (T) in hours. Surface area was measured 

from 3D models using the program Agisoft following the protocol outlined in Lange 

and Perry (2020). Individual chamber seawater volumes (V) were calculated by 

converting the estimated organism volume extracted from 3D models (m3) into litres 

(L) and subtracting this from the empty chamber seawater volume. Dissolved oxygen 

fluxes were normalised to individual chamber water volumes and organism surface 

areas. 
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3.3.9 Photosynthesis-Irradiance models  

Rates of productivity (NCP) were modelled to light using the hyperbolic tangent 

equation of Jassby and Platt (1976): 

(Eq. 2) 

Pnet  =  Pmax × tanh (
α × E

Pmax
) + R  

where Pnet is the modelled net production rate (mmol m-2 hr-1), R is the average 

dark respiration rate (mmol m-2 hr-1), and E is irradiance in PAR (µmol photons m-2 s-

1). The coefficients derived from the model include: the initial slope (α) between NCP 

and light and the maximum gross photosynthetic rate (Pmax). 

 

3.3.10 Statistical analysis 

Statistical analyses were carried out using RStudio version 1.4.1717 (R Core 

Team 2019) with the package Tidyverse (Wickham 2019). Each data set was assessed 

for parametric assumptions using Shapiro Wilkes, Q-Q plots, and histograms. Data did 

not always meet the assumptions of normality; therefore, nonparametric statistical tests 

were selected for the analyses. For testing of chamber parameters (light, pH, 

temperature, leakage), paired sign tests and Wilcoxon rank sum tests with continuity 

correction were used, and for the case studies Kruskal Wallace tests were used to 

compare mean rates of NCP at different times of day and between different benthic 

communities. Linear regressions of seagrass NCP with light were modelled using 

ggplot with ggpmisc extension on R (Wickham 2016; Aphalo 2021). Photosynthesis - 

irradiance curves were modelled using R nonlinear least squares estimation and 

coefficients / model fit were evaluated based on R2, confidence intervals, and standard 

error of the regression (sigma, σ). 
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3.4 Results 

 

3.4.1 Construction of benthic chambers for field deployment  

Benthic chambers (n=6) were successfully constructed and deployed by citizen 

scientists in the seagrass meadow of Akumal Bay in July 2019. Materials were sourced 

locally and the cost per chamber was USD $17.62. Details on costs for the items are 

included in Table 2. The time taken to fill rubber tubes with sand and weights, cut the 

plastic bag, and install a valve ranged from 15 to 30 minutes for 2 people and 45 

minutes for 1 person. The chambers were deployed without difficulty by a range of 

users of varying experience.  

 

3.4.2 Leakage  

Salinity inside the chamber at the start of the incubations (38.9 ± 0.3 ppt; mean ± 

SD) was reduced by 0.8 ± 0.3 ppt over the course of the 4-hour incubations. Overall, 

the difference in salinity was -2.1 ± 0.8 % between the start and end values of 3 

replicate incubations during 4-hour incubations. The salinity of the water outside the 

chamber remained stable throughout the incubations (26.1 ± 0.1 ppt.).  

 

3.4.3 Transparency  

Laboratory testing found that light transmission through the polyethylene plastic 

was 74.4 % at 750 nm and 61.1 % at 400 nm (Fig. 3-2a). In the field, the difference 

between PAR measured simultaneously inside and outside the chamber over 3 field 

deployments was 13.0 % ± 1.9 (mean ± SD) and the difference was only found to be 

significant over 2 hours at peak sun on 2 days (Wilcoxon signed rank test with 

continuity correction, Table 3-3).  
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3.4.4 Temperature 

Seawater temperatures measured inside (30.7 ± 0.7 C, median ± SD) and outside 

chambers (30.7 ± 0.8 °C, n = 9) at the end of 3-hour incubations in peak sun were not 

significantly different (Sign test statistic = 18, df = 28, p =0.185).  

 

Table 3-3: Wilcoxon rank sum test with continuity correction to test differences between 

photosynthetically active radiation (PAR in µmol photons m-2 s-1) inside vs. outside 

chambers during deployments over 3 days in August 2019. 

 

 Date 

measured 

PAR  

(mean ±SD in µmol m-2 s-1) 

W 

statistic 

p-value 

  inside outside   

Full day (0700 to 

1900) 

01/08/19 258 ±238 289 ±267 2322 0.3305 

03/08/19 269 ±239 300 ±268 2151 0.418 

07/08/19 216 ±255 242 ±285 2882 0.2474 

Solar peak only 

(1200 to 1400) 

01/08/19 461 ±195 515 ±218 86 0.4428 

03/08/19 622 ±116 696 ±130 109 0.03324 

07/08/19 611 ±22 684 ±25 144 7.396 x 

10-07 
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Figure 3-2: Light transmission of the benthic chamber. Chamber transparency measured with (a) a spectrophotometer to quantify percentage (%) transmission 

of light between 400 – 750 nm, and (b) light sensors during the field deployment of chambers (n=3) to measure PAR (μmol m-2 s-1) inside (blue line) and 

outside (orange dots) of the chamber over 3 days of exposure to natural solar radiation between 07:00 to 19:00 hours. 
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3.4.5 Case Study 1: Seagrass productivity rates increase with 

peak sunlight  

Six benthic chambers were deployed over a seagrass-sediment substrate in 

Akumal Bay. Seagrass coverage was composed of three species: Thalassia testudinum, 

Syringodium filiforme, and Halodule wrightii, and visual surveys indicated 50% areal 

coverage within the incubation area. Increases in DO concentration demonstrated 

positive net community productivity (NCP) during daylight incubations, while negative 

NCP after sunset indicated net respiration for all seagrass incubations (Fig. 3-3). All 

values presented as mean ±SD. The difference in dissolved oxygen (DO) was 78.5 ± 

7.5 µmol L-1 at solar noon when concentrations of 272.5 ±7.5 µmol L-1 DO were 

reached and during night incubations fell to 186.8 ±12.7 µmol L-1 DO with an average 

DO of -45.2 ±12.7 µmol L-1. NCP was significantly different during different times of 

the day (KW = 13.3, df = 2, p = 0.00126). Average NCP was highest at solar noon (6.7 

±1.3 mmol m-2 hr-1), lower in the late afternoon (2.4 ± 0.6 mmol m-2 hr-1) and negative 

after sunset (-3.3 ± 0.4 mmol m-2 hr-1). Seagrass NCP had a strong linear relationship 

with PAR (R2 = 0.93, p = <0.0001) (Fig. 3-4). One incubation done over sediments 

(n=1) also had the highest NCP rate at solar noon (2.6 mmol m-2 hr-1) and was negative 

at night (-0.6 mmol m-2 hr-1). 
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Figure 3-4 : Net community productivity (NCP) of incubated seagrass patches 

measured from benthic incubations. NCP was calculated from the change in dissolved 

oxygen (ΔDO) normalised to chamber volume and incubation time (mmol m-2 hr-1). 

Incubation chambers were deployed simultaneously over seagrasses in the dark (n=5), 

at solar noon when PAR = mean 757 ±SD, 88 μmol m-2 s-1 (n=6), and in the late 

afternoon, PAR = mean 463 ±SD 75 μmol m-2 s-1 (n=5) 

 

Figure 3-3 : Linear regression of net community production (NCP in mmol m-2 hr-1) 

of seagrass incubations with light (PAR in μmol m-2 s-1). 
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3.4.6 Case Study 2: Measuring productivity of coral-algae reef 

patches  

Compositions of 9 small patches of reef (planar surface area = 1075.2 cm2) were 

described by relative proportions of functional groups such as coral, macroalgae, 

crustose coralline algae, and sediment measured from 3D models (Figs. 3-5 & 3-6). 

Two patches consisted of sediments only, 3 were algae-dominated, and 4 were coral-

dominated. One of the coral-dominated patches consisted of a coral, which had begun 

to bleach. Surface areas calculated from 3D models were 2.86 ± 1.04 m2. Chamber 

seawater volumes averaged (mean ±SD) 15.72 ± 2.86 L (Table 3-4). NCP was 

generally positive during daytime incubations and negative at night for all substate 

types (Kruskal-Wallace statistic = 49.9, df = 1, p = 1.61 x 10-12). NCP rates measured 

from the 9 distinct patches were different during the daytime (Kruskal-Wallace statistic 

= 25.0, df =8, p = 0.002) and at night (Kruskal-Wallace statistic = 19.2, df =8, p = 

0.014). When the patches were categorised into algae-, coral-, and sand-dominated 

groups, pairwise comparisons revealed that NCP was different between sand - algae 

and coral – algae, but algae and coral did not have significantly different NCP during 

the day or at night (Table 3-4). Photosynthesis-irradiance data fit a hyperbolic 

relationship with PAR for all substrates (Fig. 3-7). Photosynthetic maximum (Pmax) was 

highest in the algae-dominated substrate type (11.6 ± 0.9 mmol m-2 hr-1) and lowest for 

sand/sediments (4.2 ± 0.6 mmol m-2 hr-1). All model coefficients were significant 

(Table 5). 

Table 3-4: Surface areas in square metres (m2) and sea water volume in litres (L) of 

incubated reef patches. Estimates from 3D models following the protocol outlined by 

Lange and Perry (2020).  

Patch  Substrate type Replicate Surface area (m2) Seawater volume (L) 

1 Sand 1 1.14 20.00 

2 Sand 2 1.22 20.00 

3 Algae  1 2.24 13.26 

4 Algae  2 2.43 15.55 

5 Algae  3 3.20 12.82 

6 Coral  1 1.77 15.41 

7 Coral  2 2.73 16.20 

8 Coral  3 1.03 17.27 

9 Bleached coral 4 4.39 11.769  
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Figure 3-5: An example of the 3D model generated for each of the incubated patches to 

measure surface area of complex structures and to estimate the volume occupied by the 

organism. 3D models were built from photographs taken in-situ to estimate the 

composition, and measure volume and surface area of each patch: (a) screenshot of 3D 

model built from photographs used for visual assessment of the relative cover. (b) 3D 

profile of a coral colony from which volume and surface areas were derived. The surface 

area of the base of the colony was removed from the overall surface area calculated. 

Figure 3-6: Net community productivity (NCP) per incubated patch over 4 days and 

nights. Stacked bar plots (top) show the proportional cover for each category of 

functional group and the boxplot (bottom) show the rates of NCP (mmol m-2 hr-1) 

measured from differences in dissolved oxygen (ΔDO) normalised to chamber volume 

and organism surface area (m2) per hour following equation 1. 
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3.5 Discussion 

We designed and tested a novel benthic incubation chamber, drawing together 

key principles from existing designs (e.g., Yates and Halley 2003; Camp et al. 2015; 

Roth et al. 2019). The benthic chamber was designed to incubate small communities, 

single organisms, or sediments. The equipment created was low cost, reproducible, 

minimally invasive, and adaptable, with comparable features and capabilities to other 

in-situ benthic incubation chambers (see Table 1). The chambers were successfully 

assembled and deployed for fieldwork by citizen scientists and students. Construction 

of a single benthic chamber took between 15 to 30 minutes for two people, including 

the time taken to measure the volume of the chamber and to fill the tube base with 

sand. In the water, deployment over complex substrate took 5 minutes or less by two 

qualified divers. The performance of the chambers was evaluated by conducting 

productivity measurements using field deployments of the chambers over as a seagrass 

bed (case study 1), as well as algae, coral, and sand dominated reef patches (case study 

2). The results obtained using this method were comparable to those obtained in 

previous studies using established chambers designs, demonstrating the effectiveness 

and feasibility of the chamber design as a low-cost alternative for benthic incubations. 

Lowering the costs of in-situ incubation apparatus broadens the accessibility and scope 

for measurements of benthic metabolism for conservation monitoring purposes. 

 

3.5.1 Evaluating the chamber design  

The benthic chamber design presented in this study is novel in its accessibility 

and scope for implementation with limited resources. Benthic incubations allow for 

direct measurements of benthic metabolism and are an important tool for quantifying 

carbon fluxes from physiological processes within benthic communities. However, the 

most inexpensive chambers currently available for in-situ community incubations cost 

around USD $200 to build and require bespoke parts and a submersible pump for 

operation (Roth et al. 2019), while the economical ‘flexi-chamber’ (Camp et al. 2015) 

is limited to individual coral colonies, rather than benthic communities. The chamber 

presented in the current study incubates communities or individuals and it costs < USD 

$20 to construct. At such low costs, multiple replicates are feasible. The training 

required to build, deploy, and collect data using most chamber designs is not yet widely 
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available. We demonstrated that the flux measurements can be normalised to surface 

area and volume data either using more traditional estimates of planar area and 

percentage cover in case study 1 or using a 3D modelling approach as in case study 2. 

This demonstrates the adaptability of our chamber design for example when the 

software and computational power required for the latter technique may not be 

available. The benthic chamber itself does not require any specialised equipment or 

training to deploy as materials were locally sourced and citizen scientists were able to 

make and deploy the chambers with minimal training.  

We demonstrated that the novel chambers can be constructed from locally 

sourced materials without the need for any specialised parts. Plastic bags, bicycle inner 

tubes, fishing weights, and SCUBA gear for underwater transport were all easily 

sourced on site. We purchased Luer-lock valves from a local medical supply store, 

however, we also trialled the chamber construction and deployment with a plastic 

sports bottle cap instead of the valve (Fig. 1c). The chamber in this study was 

constructed for less than USD $20, however it should be noted that the sensors used to 

measure dissolved oxygen, pH, and salinity inside the chambers should be considered 

as an additional cost. This is true of all but one of the selected chambers in Table 1 and 

would be dependent on the individual experiment being conducted with the benthic 

chamber and the precision and accuracy required.  

To verify the reproducibility of the chamber design for determining 

photosynthesis, we conducted net community productivity measurements. First, we 

measured light attenuation of the polyethylene tent and found a reduction of 13% ± 1.9 

between inside and outside the chamber (Fig. 3-2b). These results aligned with the 

transparency of comparable chambers, such as the 9% reduction in light reported in 

Roth et al. (2019) and 16% in Camp et al. (2015). Our results support previous findings 

that transparent plastic polyethylene or vinyl materials sourced at food packaging, 

hardware, or medical supply stores are effective for incubations of photosynthetic 

organisms (Yates and Halley 2003; Camp et al. 2015). As the chamber is adaptable for 

distinct locations, uses, and resources, light attenuation should be measured given the 

variability in light transmission by different plastics.  

One of the unique features of the novel chamber design is the malleable base, 

which facilitates deployment over hard, uneven substrate without using destructive 

methods to fix the chamber in place. This is particularly useful for incubations in 
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managed or protected areas, where attachment by digging the chamber base into 

sediments or pinning the chamber to a coral reef using nails or cable tie attachments 

might not be feasible. The rubber tubing base was weighted with easily available 

materials to create a seal with the substrate, which could be adapted to 3D structure on 

the reef incurring minimal damage. Given that the malleable base could be a potential 

source of leakage, laboratory testing was conducted, and we demonstrated that the rate 

of water exchange was 2% over 4 hours. We consider the novel benthic chamber to be 

a reproducible method and effective for accurate measurement, based on the results of 

laboratory testing and case studies. Water exchange during field deployments may 

vary, depending on the local conditions, for example surge, currents, and substrate type, 

therefore it is advisable that users of the chamber incorporate a testing phase to adjust 

the weight of the base to ensure that it is sufficient to create a seal. Users could 

replicate the salinity method by adding hypersaline solution to the chamber and 

measuring salinity at the start and end of the incubation time (Webb et al. 2021), or an 

alternative if refractometers are not available would be the visual assessment of leakage 

using non-toxic food dye. It is also possible to visually assess water mixing and 

movement using dye. We injected red food dye into field-deployed chambers and 

observed full dispersal within one minute (Fig. 3-1c).   

Water movement over the reef is a driver of metabolic fluxes (Comeau et al. 

2014; 2019) and maintaining natural water movement without the restriction of a solid 

chamber wall sustains ambient in-situ conditions throughout the sampling period. The 

flexibility of the plastic bag material used for the tent enclosure also has the benefit of 

reducing costs compared to rigid chambers by encouraging natural water movement 

and mitigating the need for a submersible pump inside the chamber. The concept of 

using a flexible plastic enclosure was demonstrated with the Flexi-chamber design 

(Camp et al. 2015). While the flexibility of the tent enclosure promotes natural water 

movement and mixing, any benthic chamber will disrupt natural water movement, 

which should be considered when interpreting data collected with benthic chambers in 

general. The NCP rates measured in our case studies also demonstrate that water 

movement is maintained by the flexible walls, as supported by the NCP rates measured 

(discussed below).  

The benthic chamber used in this study is adaptable to different substrate types, 

environmental conditions, and research applications. The simple and flexible design 

enables easy adjustment of size and volume, and additional valves or sampling ports 
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can be easily installed. The chamber can be used to measure additional parameters to 

those measured in this study, for example, to collect sea water samples for carbonate 

chemistry to measure calcification rates. This may add to the expertise and costs of 

using the chamber. The weight of the base can be altered for high or low energy 

systems, and the height of the dome can also be changed to accommodate different 

samples sizes and heights. It can also be adjusted to enhance or minimise 

hydrodynamic mixing by naturally occurring currents or wave action. As the base is 

malleable, it can be used on hard substrate or soft sediments as demonstrated in our 

case studies over reef communities and seagrass beds. The two case studies 

demonstrated the adaptability of the chamber. 

 

3.5.2 Seagrass productivity measured with the benthic 

chambers  

Incubations over seagrass and sand demonstrated a typical diel trend of NCP 

increasing with sunlight and switching to net respiration at night. Seagrass productivity 

rates were in line with those of previous studies measuring seagrass NCP, however, 

variability does exist (Duarte et al. 2010). The average solar noon NCP rate measured 

in this study (6.7 ± 1.3 mmol m-2 hr-1) was lower than NCP measured in Florida with 

the SHARQ chamber (12.3 ± 1.0 mmol m−2 hr−1, Turk et al. (2015). However, our rates 

were higher than the average NCP for tropical Western Atlantic seagrass meadows 

described in a meta-analysis by Duarte et al. (2010) in which daily NCP averaged 23.7 

± 7.8 mmol m−2 day−1 over 155 seagrass studies, which would equate to an hourly rate 

of approximately 2.2 mmol m−2 hr−1. Seagrasses in Akumal Bay are colonised by 

epiphytes and cyanobacteria (Hernández and Tussenbroek 2014), associated with high 

nutrient load in the bay, which may have influenced our NCP measurements (Coleman 

and Burkholder 1994; Borowitzka et al. 2007). Productivity increased linearly with 

light and did not reach photosynthetic saturation. Therefore, it was not possible to fit 

the hyperbolic tangent equation, possibly due to the limited light conditions in the study 

design (i.e., there were only 2 light levels).  
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3.5.3 Measuring productivity of coral -algae reef patches 

Net production rates measured for all reef patches were positive during light 

incubations and negative for dark incubations in line with previous studies of in-situ 

coral reef metabolism measured with benthic chambers. For example, light NCP 

measured with the SHARQ enclosure at a reef site in Florida averaged 8.6 ± 1.0 mmol 

m−2 hr−1 (Turk et al. 2015), a rate that also aligned with NCP measured estimated by 

CROSS (McGillis et al. 2011), and previous SHARQ deployments within the 

Caribbean region (Turk et al. 2015). Our night respiration rates, measured from around 

dusk until 21:00 – 22:00 hours, were also in agreement with the values measured in the 

early evening using SHARQ deployments in Turk et al. (2015). The highest rates of 

NCP were measured in coral patch 3, which was the only replicate containing P. 

astreoides as well as P. porites. Net community production was lowest in patch 

containing a bleached P. porites colony (‘Coral 4’on Fig. 5), which had been subjected 

to heavy sedimentation and algal overgrowth. The lower rates of NCP measured in the 

incubations of this colony most likely reflect lower metabolic rates due to 

environmental stress. Coral patches 1 and 2 were very similar in terms of the health, 

size, and structure of the P. porites colonies incubated and they had minimal (<10%) 

algae within the chambers, as reflected by the similar rates measured in these 

incubations. We modelled reef NCP data to light and found a hyperbolic relationship 

between PAR and NCP as have other studies (Berg et al. 2013a; Turk et al. 2015; 

Takeshita et al. 2016). However, our modelling approach was somewhat limited by the 

range of light levels and number of incubations. Future research should aim to include 

more incubations at different times of day. The low costs of the chamber we present in 

this study supports such research.  

 

3.5.4 Conclusions  

Monitoring of coastal ecosystem health is of critical importance for tracking and 

predicting ecological response to global climate change and other localised threats. 

This study presents a novel benthic chamber design, which reduces the cost of in-situ 

incubations of benthic organisms in shallow coastal ecosystems, while maintaining 

reproducibility. The chamber was designed to be minimally invasive and adaptable, 

which we demonstrate through successful field deployment. We measured productivity 
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rates for seagrasses and reef patches in line with previous studies and provide a 

comparison of rates. Further studies are needed for quantification of coastal carbon 

cycling and efficient methods to enhance conservation monitoring, and the low-cost 

benthic chamber we describe overcomes some of the limitations of other designs. It is a 

potential tool for diverse users to employ in such research endeavours.  
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4 Ecosystem-scale measurements of benthic 

metabolism 

The data for this chapter were collected in 2015 as part of a collaborative project 

by Dr Tyler Cyronak, Nova Southeastern University, Dr Yuichiro Takeshita, Monterey 

Bay Aquarium Research Institute, and Dr Andreas Andersson, Scripps Institution of 

Oceanography, and provided to me for my thesis when my planned field and 

international lab visits were cancelled in 2020/1 due to COVID-19. 

4.1 Introduction 

Coastal marine ecosystems provide valuable services to humanity, are critical 

components of the global carbon  cycle and are where most humans interact with the 

sea (Barbier et al., 2011; Gattuso et al., 1998; Mehvar et al., 2018; Smith & Hollibaugh, 

1993). However, the future of coastal systems such as inshore coral reefs, seagrasses, 

mangroves, and salt marshes is under threat from local and global anthropogenic 

change. Efficient monitoring of coastal ecosystem ecological function is of critical 

importance for understanding and predicting the effects of environmental degradation. 

New technologies designed to monitor biogeochemical fluxes within coastal waters 

could provide important insights into changing ecosystem dynamics over time and 

space (Bushinsky et al., 2019). Benthic metabolism is an important driver of ecosystem 

function and supports the goods and services that these ecosystems provide. For 

example, the balance of photosynthesis and respiration in seagrass beds is linked to the 

ability of these ecosystems to sequester and store C and can potentially act as ocean 

acidification refugia (Berg et al., 2019; Kapsenberg & Cyronak, 2019; Ricart et al., 

2021). On coral reefs, the ability to calcify, or produce a calcium carbonate framework, 

underpins their most critical ecosystem service linked to habitat construction 

(Allemand et al., 2011; Perry & Alvarez-Felipe, 2018). Therefore, measuring 

community and ecosystem metabolism could provide an effective tool for long-term 

and high-resolution monitoring of ecosystem functional change.  

In shallow marine ecosystems, metrics of benthic metabolism are divided into: (1) 

net community production (NCP), defined as the combined processes of photosynthesis 

and respiration, and (2) net community calcification (NCC), which describes the 

balance of biogenic carbonate precipitation by calcifying organisms offset by carbonate 
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dissolution. NCP can be measured from changes in dissolved oxygen (DO) or dissolved 

inorganic carbon (DIC) concentrations, although changes in DIC usually need to be 

corrected for any changes due to processes that impact alkalinity (Kinsey, 1979; Smith, 

1973). Calcification can be measured using the total alkalinity (TA) anomaly based on 

the stoichiometry of changes in alkalinity for each mole of CaCO3 produced or 

consumed (Smith and Kinsey 1976; Gattuso et al. 1999). Other techniques have also 

been used to measure benthic calcification rates, including measuring changes in 

calcium (Gattuso et al., 1999; Gómez Batista et al., 2020) and monitoring concurrent 

changes in oxygen and pH (Barnes & Devereux, 1984; Takeshita et al., 2016b).  

Measuring benthic metabolism can help determine whether ecosystems are net 

autotrophic or heterotrophic and net calcifying or dissolving. By linking these metrics 

back to ecosystem function, we can directly measure the function and health of benthic 

coastal systems. Measurements of benthic in-situ metabolism present unique challenges 

due to the complex dynamics and variable environmental conditions found in shallow 

coastal waters. Metabolic rates are significantly influenced by flow, ambient light, and 

nutrient input, along with fluctuations in temperature, pH, and salinity (Courtney et al., 

2017; Cyronak et al., 2020; Kinsey, 1983; Silbiger & Sorte, 2018; Takeshita, 2017). 

Considering the diverse array of processes that control benthic metabolism, it is 

difficult to replicate the myriad of important environmental influences in ex-situ 

mesocosm settings. Because of this complexity, in-situ measurements are considered a 

critical component for refining characterisation and understanding of coastal ecosystem 

metabolism (Berg et al., 2019; Takeshita et al., 2016b).  

A range of approaches have been developed to quantify benthic fluxes since the 

1950’s (Figure 1). The earliest studies relied upon on natural hydrodynamics to track 

changes in dissolved oxygen as water parcels flowed over the benthos (Odum, 1956, 

1957; Smith & Marsh, 1973) or during natural periods of tidal isolation. The ‘slack 

water approach’ measures changes in seawater oxygen concentrations occurring in 

bodies of water, which are isolated at certain times of day due to slack tide (Kinsey, 

1978; Shaw et al., 2014). Where natural hydrodynamics do not present such an 

opportunity, artificial isolation can be achieved with in-situ incubation chambers, 

which enable water parcels to be isolated over a benthic community (e.g., Yates and 

Halley 2003; Roth et al. 2019). Despite the convenience of these methods that allows 

one to ignore physics for their mass balance, the isolation approach does not generally 

represent the range of natural conditions that the benthic communities can experience. 
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For example, interruption to natural water flow has been shown to decrease oxygen 

production by benthic organisms (Camillini et al., 2021; Comeau et al., 2014; Patterson 

et al., 1991; Shaw et al., 2014). 

Flow respirometry overcomes some of the limitations of enclosure and slack water 

techniques by measuring changes in seawater chemistry as it traverses the benthos. As 

water passes from point A to B of an ecosystem, changes to dissolved oxygen 

concentrations are measured to calculate production or respiration. The Lagrangian 

approach relies upon tracing water parcels using dyes or floats to approximate speed 

and direction as water travels between upstream and downstream sampling points 

(Barnes, 1983; Gattuso et al., 1993; Marsh & Smith, 1978). Conversely, the Eulerian 

approach implements fixed moorings where chemical sensors record measurements at 

static points along a known current trajectory (Frankignoulle et al., 1996). One 

limitation of the flow respirometry technique is that measurements are taken at one 

fixed depth, where water may not be fully mixed. The Eulerian approach was modified 

in the control volume approach, which overcomes this limitation by sampling at 

multiple depths within a theoretical control volume. With advancing technologies, the 

Lagrangian method was adapted to incorporate floating sensors to track dissolved 

oxygen and pH in-situ, as the water passed across the benthic community, allowing 

estimations of NCC (Barnes and Devereux 1984; McMahon et al. 2018). However, the 

method is only feasible in areas of consistent current direction and often requires 

intensive sampling or long-term sensor deployments to achieve adequate measurement 

resolution (Gattuso et al., 1993; McGillis et al., 2011). Because these types of 

community metabolic measurements are sporadic, the data are often assembled into a 

composite diurnal curve based on the time of day that each measurement was made 

(e.g., Cyronak et al. 2013; Shaw et al. 2014). While useful, these composite day 

analyses can miss critical short-term fluctuations and drivers of benthic metabolism.  

As our understanding of the interconnected and dynamic processes defining 

coastal ecosystem metabolism has evolved, so has the technology we use to measure it. 

In-situ measurements of benthic metabolism depend upon a variety of factors such as 

depth, light, hydrodynamics, as well as the precision and stability of the sensing 

equipment (Silveira et al., 2019). Technological advances over recent decades mean 

that measuring dissolved oxygen in ocean systems is now precise and stable for 

autonomous sensors, which can be deployed for months or even years (Bushinsky et 

al., 2019). Modern dissolved oxygen optodes are stable once deployed, facilitating long 
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term deployment and have been used to measure changes in P and R over distinct time 

scales within ecosystems (Moore et al. 2009). The advances in dissolved oxygen 

sensing have enabled longer term and higher resolution measurements of productivity 

in coastal marine ecosystems. For example, aquatic eddy covariance (AEC) uses 

dissolved oxygen microelectrodes to measure instantaneous changes in DO, which are 

correlated with vertical velocity gradients to calculate oxygen exchange between 

benthic communities and overlying seawater. The AEC method was first applied to the 

coastal ocean by Berg et al. (2003) and has since been used to measure benthic 

metabolism of seagrasses and coral reefs (Long et al. 2013; Berg et al. 2013b, 2019; 

Attard et al. 2019).  

Despite these advances in oxygen sensing over recent decades, technologies for in-

situ measurements of total alkalinity are not yet available. Therefore, quantification of 

community calcification and dissolution requires lab analyses of discrete water 

samples, limiting the scope of calcification measurements in terms of resolution, 

timeframe, and location. However, Barnes (1983) demonstrated that it is possible to 

estimate changes in TA from measurements of pH and DO. Applications of the method 

were limited by the available technology for measuring pH and DO in-situ. However, 

improvements in the longevity and calibration of modern autonomous sensors can now 

support the application of this method. The Benthic Ecosystem and Acidification 

Measurement System (BEAMS) utilizes the gradient flux approach with autonomous 

sensing of changes in DO and pH to calculate in-situ calcification rates. BEAMS is the 

first method to record long-term and high resolution (10 min interval) simultaneous 

NCC and NCP.  

In this study, we compare approaches for measuring net community calcification 

(NCC) and production (NCP) in a calcium carbonate dominated seagrass bed (Bailey’s 

Bay, Bermuda; Fig.4-1). We deployed autonomous sensors to determine metabolic 

rates using (1) Lagrangian, (2) 1D control volume, and (3) BEAMS approaches, 

alongside static deployments of (4) advective benthic chambers and (5) discrete water 

sampling. The unique flow characteristics within the bay allowed us to compare a range 

of techniques over the same benthic community. We also compared estimates of the 

ratio of calcification to total metabolism (NCC + NCP) using direct measurements of 

metabolism and assumptions based on discrete chemistry measurements across the bay. 
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Figure 4-1: Timeline of the key method developments for measuring benthic metabolism in 

coastal ecosystems with an emphasis on coral reefs since ~1950. The methods are grouped 

into three broad categories, top left shows some of the key methods using flow respirometry 

to track changes in seawater chemistry as it traverses the benthic community. Top right 

methods are based on isolating the water around a benthic community to measure changes 

in chemistry. The lower section of the timeline shows some of the more recent methods for 

measuring ecosystem metabolism using autonomous technologies. Boxes with dotted 

outlines highlight the methods compared in the current study. Text without boxes describe 

the key scientific advancements. 
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4.2 Methods 

 

4.2.1 Study Site 

Data were collected in Bailey’s Bay, a shallow, semi-enclosed lagoon located ~ 3 

km west of the Bermuda Institute of Ocean Sciences (BIOS) research station 

(32.350°N, 64.725°W) (Fig.4-2a) from the 21st to the 25th July 2015. Benthic cover in 

Bailey’s Bay consists of carbonate sediments and seagrasses: primarily Thalassia 

testudinum, interspersed with sparse patches of Syringodium filiforme, and Halodule 

wrightii (Holzer and McGlathery 2016). Seagrass cover was denser in the north-eastern 

region of the bay and became sparser to carbonate-dominated substrate in the south-

west of the bay (Cyronak et al., 2018). Data were collected at the same area for each of 

the methods, between SP1 and SP2 positions, except for the discrete samples which 

were collected at sites across the entire bay (Fig. 4-2a) 

 

4.2.2 Autonomous sensor array  

Two autonomous sensor packages were deployed 320 m apart at upstream (32° 

20.8656' N, 64° 43.7748' W), and downstream (32° 20.9736' N, 64° 43.6135' W) points 

of the dominant current direction over 4 days in July 2015. The positions of the sensor 

packages, referred to as SP1 and SP2 herein, and the current speed and direction are 

shown in Figure 4-2a. Both autonomous sensing stations were equipped with a 

SeapHOx package (Bresnahan et al. 2014) to measure dissolved oxygen, pH (total 

scale), pressure, salinity, temperature, and PAR (Q100 Apogee) every 30 seconds, and 

a Nortek 1MHz acoustic doppler profiler to measure current direction and speed. Depth 

of the sensor packages was determined from the SeapHOx inbuilt pressure gauge. One 

point calibration was carried out with water samples collected at the site of sensor 

deployment. Currents were measured at 0.5Hz and averaged to 10 min intervals prior to 

analysis. The data collected by SP1 and SP2 were used in calculations of benthic 

metabolism using BEAMS, flow respirometry, and control volume approaches.  
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Figure 4-2: (a) Satellite image of Bailey’s Bay, Bermuda generated using 

ArcGIS to show discrete sampling points (white circles / stars), position of 

autonomous sensor packages (large white circles); and current profiles 

(current roses with colour gradient for speed shown in the legend), (b) 

photographs of BEAMS apparatus, (c) advective benthic chamber 

enclosures deployed over sediments close to the upstream autonomous 

sensing packages, and (d) photograph of a SeapHox sensor, which was 

deployed at upstream and downstream positions shown in 4-2(a) as filled 

white circles. 
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4.2.3 Approaches for measuring net community metabolism 

Net community metabolism (production and calcification) was measured using a 

range of distinct approaches: (1) Lagrangian, (2) control volume, (3) BEAMS, (4) 

advective benthic chamber enclosures, and (5) discrete samples (Fig. 2). Data for the 

BEAMS, Lagrangian, and control volume approaches were collected with autonomous 

sensors over 4 consecutive days of sensor deployment in July 2015. Chambers were 

deployed over the first 2 days only, and discrete samples were collected on days 1 and 

2 of the study period. 

(1) Lagrangian  

Upstream-downstream measurement (SP1 and SP2) and the speed and direction of 

water traversing the benthos were tracked so that changes to sea water chemistry could 

be calculated as water traversed the seagrass-sediment benthos could be calculated.  

Time was tracked using a quasi-Lagrangian framework following DeCarlo et al. 2017. 

The trajectory and speed of the water travelling across the bay was used to back-track 

the time at which a parcel of water was sampled by each sensor. Differences in 

dissolved oxygen (DO) between upstream and downstream sensors were used to 

calculate net production. The rates were normalised to depth (d) and time (t) as show in 

Equation 1: 

Eq. 1 

𝑁𝐶𝑃 =
∆DO 𝑑𝑝 

𝑡
 

Where DO is the measured change in dissolved oxygen, d is depth in metres, p 

is the density of seawater, and t is the time it took for the water to move from SP1 to 

SP2 in minutes.  

(2) 1D control volume  

The 1D control volume is a modified Eularian approach which relies upon 

defining a 1D volume and measuring benthic fluxes at within that area. We defined the 

1D control volume between SP1 and SP2 and changes in dissolved oxygen within the 

control volume were used to calculate net community productivity as follows: 
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Eq.2 

𝑁𝐶𝑃 = 0.5 ∗  (
𝜕𝐶1

𝜕𝑡
𝑑1 +

𝜕𝐶2

𝜕𝑡
𝑑2 ) +  (𝐶1 − 𝐶2)

𝑈𝑑

𝐿
 

where 𝜕C1 and 𝜕C2 are the derivatives of the SeapHOx DO data series (1 hour 

rolling mean), divided by travel time (∂t) between SeapHOx 1 and 2, U is the velocity 

of water flow between the two sensors (m/s), and L is the length they travel in metres.  

(3) Benthic Ecosystem and Acidification Measurement System (BEAMS) 

The BEAMS approach, outlined in detail in Takeshita et al. (2016), measures NCC 

and NCP from gradients in the benthic boundary layer (BBL) driven by benthic 

activity. BEAMS measures change in NCP from direct measurements of dissolved 

oxygen concentration along a vertical gradient from 0.2 m to 0.7 m depth. At the same 

location as the SeapHOx sensors, two Benthic Ecosystem and Acidification 

Measurement System (BEAMS) were installed on the seabed to measure gradients of 

DO, salinity, pH, and temperature at 3 depths every 10 minutes. 

(4) Advective benthic chamber enclosures 

Benthic chambers (n=8) were deployed over sediments close to SP1 in duplicates 

for 48 hours from the 21st to the 25th of July, and discrete samples of seawater were 

collected at 1, 3, 5, 12, and 24 hours. Chambers were custom made from Plexiglass 

with a volume of approximately 4 litres. The base of the chamber was inserted around 

15cm into the sediment. To ensure homogeneous distribution of solutes within the 

chamber, a rotating disc inside the chamber was set to 40 RPM and switched between 

clockwise – anticlockwise direction on each rotation. The rotation also simulated 

advection. Water samples were extracted from the chambers using a syringe and DO, 

salinity and pH were measured in-situ. Samples were stored in borosilicate glass bottles 

and fixed with mercuric chloride following standard protocol (Dickson et al., 2007) for 

carbonate analysis. NCP was calculated from the difference between start /end DO 

following equation 3, and NCC measured from changes in TA over the duration of the 

incubation.  
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(5) Discrete samples 

Using standard methods (e.g., Dickson et al. 2007), discrete waters samples were 

collected across the bay at 18 locations (Fig 4-1a, white stars) as described in Takeshita 

et al., (2018). 

 

4.2.4 Calculating net community calcification 

 NCC was calculated using the alkalinity anomaly (Kinsey 1978) following the standard 

equation:  

Eq. 3 

𝑁𝐶𝐶 =
−0.5∆TA 𝑑𝑝 

𝑡
 

Where TA refers to the difference in TA measured at ‘start’ and ‘end’ points of 

benthic chamber incubations, sampling transects, and flow approaches. The rate is 

normalised to depth (d), and water pressure (p), and time in hours (t). For BEAMS and 

CV approaches TA was estimated from DO and pH following the equation 

(Barnes, 1983):  

Eq.4 

−∆𝑇𝐴 =  
∆𝐷𝑂 × 𝑄 + (𝐾1 − 𝐾2)𝑇𝐴2 − 𝐾1(𝐵1 + 𝑂𝐻1) + 𝐾2(𝐵2 + 𝑂𝐻2)

(𝐾1 − 0.5)
 

Where DO is the difference in dissolved oxygen concentration between 

downstream and upstream measurements, Q is the photosynthetic quotient, or the 

relative change in dissolved inorganic carbon to oxygen (DIC / DO), K is the ratio of 

carbonate alkalinity to DIC, B is borate concentration, and OH is the hydroxide 

concentration, calculated using pH and KW. TA2 was assumed to be 2306 µmol kg and 

DIC 1990 µmol. We calculated K from salinity, pH, and temperature using the K1 and 

K2 functions of the SeaCarb package on R with the Waters et al., (2014) constant. The 

temperature measurements at each timepoint were incorporated into the relevant 

calculation of K. B was calculated from from salinity and equilibrium constants also on 

SeaCarb.  
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4.2.5 Analyses 

NCC and NCP were modelled with light with a hyperbolic tangent function 

(Jassby and Platt 1976): 

Eq. 5 

𝑛𝑒𝑡 𝑐𝑜𝑚𝑚𝑢𝑛𝑖𝑡𝑦 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑠𝑚 =  𝑃max × tanh (
α × E

Pmax
) + R  

where net community metabolism refers to the measured P or G rate, R is the average 

dark respiration rate, and E is irradiance (µmol m-2 s-1). The coefficients derived from 

the model include: the initial slope between metabolism and light (α) and the maximum 

gross photosynthetic rate, Pmax, or maximum calcification, Gmax. 

Ratios of organic carbon production to inorganic carbon precipitation and 

dissolution were calculated using the following equation: 

Eq. 6 

 

Gnet Mtot⁄  =  
|Gnet|

|Pnet|  +  |Gnet| 
 

4.2.6 Statistics  

All data were compiled and analysed in R studio Version 1.4.1717 (R Core Team, 

2021), with the help of the Tidyverse (Wickham, 2019) and ggplot (Wickham, 2016) 

packages for data handling and visualisation. Data collected at the SeapHOx stations 

after 7pm on the 24th of July were removed due to a shift in current speed / direction 

that interrupted the measurements (Fig 4-3). We plotted the data as time series 

comparisons, binning the data per hour to create composite measurements 

incorporating the remaining two days of data. Integrated rates were calculated using the 

trapezoidal integration with the PRACMA package on R (Borchers 2021). Metabolism-

irradiance curves were plotted with nonlinear least squares with the hyperbolic tangent 
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equation (Jassby & Platt, 1976) and the model fit was evaluated from visual 

assessment, confidence intervals for each of the coefficients, and standard error of the 

regression (sigma, σ). Linear regressions of TA:DIC models were calculated and 

plotted using the ggmisc package (Aphalo, 2021).  

 

4.3 Results 

The autonomous sensor packages were deployed over 4 consecutive days, however 

due to unstable weather conditions, which affected the current direction and other 

parameters, only 48 hours of data have been included in the analysis. Figure 4-3 shows 

the raw data collected with the SeapHOx. Data after 19:00 h on the 24th were removed 

from the analysis (red line on Fig. 4-3 shows cut off point). Despite the stormy weather 

conditions, environmental parameters measured at the autonomous sensor stations 

(before the 25th July) remained relatively constant throughout the sampling period: 

temperature (28.42 C ± 0.23), salinity (36.82 ppt. ± 0.16 ppt), and pH (7.97 ± 0.008). 

PAR was low due to cloud cover (185.9 ± 197.54 µmol m-2 s-1, mean ± SD). There was 

slight variability of these parameters at different times of day / night (Table 4-1). 

 Measurements of ecosystem metabolism using Lagrangian, control volume, 

BEAMS, and benthic chamber apparatus revealed small but important differences 

between the techniques. For all methods, NCP was positive during daytime hours and 

negative (i.e., net respiration) at night (Figs 4-4 & 4-5). NCC generally showed a 

similar trend of positive rates during the day and negative (i.e., net dissolution) at night, 

however the signal was likely below the threshold for BEAMs to detect (Fig 4-7). 

Advective benthic chambers placed over sediments confirmed positive day and 

negative night NCC and NCP, which were similar in magnitude to the other methods 

(Fig. 4-8). Rate integration over 12- and 24-hour periods highlighted agreement 

between Lagrangian and control volume measurements, while differences between 

BEAMS 1 and 2 demonstrated their sensitivity to the slightly distinct benthos in the 

two areas of the bay (Fig. 4-9). Community metabolism increased with light levels 

according to traditional light-metabolism dynamics, however coefficients between 

metabolism– irradiance models revealed further differences between the methods (Fig 

4-12).  
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Table 4-1: Environmental parameters at different times of day (mean±SD). 

 

 
PAR 

Depth 

(m) 

Temp 

(C) 
pH 

Salinity 

(ppt.) 

Speed 

(m/s) 

DO 

(umol/l) 

07:00 –

12:00 

237.66 

±195.26 

2.58 

±0.17 

28.31 

±0.09 

7.96 

±0.00 

36.85 

0.05 

0.05 

±0.01 

178.96 

±2.68 

12:00 -

1400 

393.71 

±257.73 

2.91 

±0.05 

28.47 

±0.04 

7.97 

±0.00 

36.84 

0.04 

0.09 

±0.02 

187.36 

±2.02 

14:00 –

1900 

188.11 

±178.47 

2.62 

±0.18 

28.55 

±0.13 

7.98 

±0.00 

36.87 

0.05 

0.07 

±0.02 

190.06 

±1.18 

19:00 -

07:00 

12.95 

±38.55 

2.64 

±0.19 

28.49 

±0.20 

7.97 

±0.01 

36.90 

0.07 

0.06 

±0.02 

181.87 

±4.05 

Figure 4-3: Raw data collected by the SeapHOx autonomous sensor at the end station of 

the transect (SP2). Vertical red line shows where the data were cut off due to stormy 

weather conditions, data beyond this line (after 19:00 hrs on the 24th) were removed for 

the analysis.  
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4.3.1 Autonomous measurements of net community 

metabolism  

Diel cycles for NCP were consistent between all measurements using the 

autonomous sensors (Lagrangian, control volume, and BEAMS), with positive NCP 

increasing with daylight and negative NCP indicating net respiration at night (Figs. 4-4 

& 4-5a). Lagrangian and control volume NCP trends were similar over the 24-hour 

cycle, whereas there was greater variability both within and between BEAMS 1 and 2 

NCP data series (Figs 4-4 & 4-5). Overall, NCP was highest in BEAMS 2 over the 48-

hour period, potentially reflecting the higher cover of seagrass at the location of SP2 in 

Bailey’s Bay. Peak NCP rates occurred around solar noon for Lagrangian and control 

volume, while BEAMS detected greater variability in NCP around peak sun between 

the two sampling locations. Lower NCP at BEAMS 1 was observed, likely due to its 

positioning over sediments compared to higher seagrass cover at BEAMS 2. NCC rates 

also followed a diel cycle with positive NCC during light hours, and some dissolution 

at night. Calcification rates were relatively low, and the fluctuations in the BEAMS 

measurements (Fig. 4-4 & 4-5) indicated that the NCC signal may have been below 

BEAMS detection limits. NCC is calculated using Q which was assumed to be 1.1, 

based on previous work (Cyronak et al., 2018; Takeshita et al., 2016). However, Figure 

4-6 demonstrates how different Q values used in the NCC calculation from BEAMS 

measurements can influence the calculated rate, and subsequent analysis of NCC-NCP 

ratios. 24-hour composite plots of hourly binned NCP and NCC data showed strongest 

similarity between Lagrangian and control volume trends, whereas greater variability 

was observed in hourly rates measured by BEAMS (Fig. 4-7).  
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Figure 4-4: Net community production (NCP) measured with autonomous sensors 

using the BEAMS (top), Lagrangian and control volume (middle) approaches, and for 

net community calcification (NCC) (bottom). BEAMS data were collected every 10 

minutes at the location of the SeapHOx equipment packages (SP1 and SP2), while 

Lagrangian and control volume were calculated from measurements taken every 1 to 2 

minutes (as dictated by the flow rate between SP1 and SP2). Dark and light background 

indicate hours of daylight. 
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Figure 4-5: Hourly binned mean average for each autonomous sensing method. Top: 

Met community production (NCP), bottom: net community calcification (NCC). 

Different methods shown with colours and symbols.  

 

Figure 4-6: Net community calcification (y-axis) to net community production (x-axis) 

with NCC calculated using metabolic quotient (Q) values ranging from 0.8 to 1.2 using 

the BEAMS approach. Plot A shows BEAMS 1, plot B is BEAMS 2.  
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Figure 4-7: Composite time series of (a) net community production (NCP) and (b) net 

community calcification (NCC). Shaded yellow area shows PAR measured, small black 

dots are individual data points. Large, coloured dots are hourly mean values. 

(a) Net community production (NCP) 

(b) Net community calcification (NCC) 
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4.3.2  Advective benthic chamber incubations  

Hourly rates of metabolism measured in the benthic chambers were lower than 

values measured by autonomous sensors. Twelve-hour incubations had positive rates of 

metabolism during the day and negative rates (net respiration and dissolution) at night 

(Fig. 4-8). Shorter incubations (2 to 5 hours) measured rates of NCC and NCP that 

were highest during solar noon incubations (NCP= 4.52 ± 0.68 mmol m-2 hr-1, NCC 

=1.45 ± 0.37 mmol m-2 hr-1, mean ± SD), however, they were lower compared to the 

other methods.  

 

Daytime (12-hour) and 24-hour incubations had NCP rates aligned with the 

equivalent integrated rates from autonomous measurements. However, night-time 

chamber incubations had lower rates of negative NCP (net respiration) when compared 

to the integrated night rates measured with autonomous sensors (Table 4-2, Fig 4-9). 

Similarity was apparent between metabolism measured by chambers and BEAMS 1 

(integrated rates, Fig 4-9), as both BEAMS 1 and chambers measured metabolism over 

the sediments rather than seagrasses.  

Figure 4-8: Metabolic rates measured in chamber deployments. Day and night are 

between 7.30 am and 7.30 pm respectively. Dotted vertical lines separate 24 and 12-hour 

incubations and shorter incubations for NCP (left) and NCC (right).  
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Table 4-2: Summary of integrated rates calculated over 24 hours and day / night (NCP 

and NCC in mmol m-2 hr-1). The number of 24-hour period of data collection is 

indicated by n. 

  n 24-hour night day 

NCP (mean ±SD) BEAMS 1 2 0.60 ±0.17 -1.34 ±0.28 2.54 ±0.02 

 BEAMS2 2 0.61 ±0.82 -4.92 ±1.30 6.17 ±0.32 

 Lagrangian 2 -0.25 ±0.37 -3.14 ±0.89 2.57 ±0.41 

 Chambers 2 0.65 ±0.31 -3.37 ±1.36 2.72 ±0.55 

 Control volume 2 -0.11 ±0.32 -1.21 ±0.19 2.52 ±0.81 

NCC (mean ±SD) BEAMS 1 2 0.35 ±0.02 -0.27 ±0.45 0.92 ±0.42 

 BEAMS2 2 1.19 ±0.09 2.05 ±0.84 0.29 ±1.06 

 Lagrangian 2 0.10 ±0.06 -2.13 ±0.32 2.33 ±0.36 

 Chambers 2 0.01 ±0.08 -0.63 ±0.30 0.64 ±0.47 

Figure 4-9: Integrated rates for each of the methods over 24 hours (left), during light 

hours only (middle) and overnight (right). Light and dark hours were between 7.30 am 

and 7.30 pm respectively. Top: Net community production (NCP) and bottom: net 

community calcification (NCC). The different methods are defined by shapes and colours.  
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4.3.3 The relationship between net community calcification and 

production  

Regression analysis of net community calcification to production (NCC: NCP) is 

a useful tool for understanding ecological function of an ecosystem (Cyronak et al., 

2018; Muehllehner et al. 2016), with the slope and direction indicative of the relative 

balance of organic to inorganic carbon fluxes taking place between the benthos and 

surrounding seawater. For this analysis, we plotted NCC: NCP linear regressions using 

data collected with the Lagrangian, BEAMS and benthic chambers (Fig. 4-10) and 

found that regression gradients and R2 were variable between methods and between 

night and day data. Additionally, TA: DIC regressions of discrete samples collected 

parallel to sensor deployments showed differences between morning, peak sun, and 

afternoon (Fig 4-11). The control volume approach only measured NCP, therefore was 

not included.  

Figure 4-10: Scatterplots and linear regressions show the relationship between NCP vs. 

NCC during light (blue) and dark (red) observations for each of the methods: (a) 

Lagrangian, (b) Control Volume, and (c) BEAMS 1 (d) BEAMS 2. 
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4.3.4 Light influence on metabolism 

While NCP values varied between methods, the influence of light was apparent 

for all measurements with a similar trend of NCP increasing with light until peak solar 

irradiance. Metabolism-irradiance models demonstrated a hyperbolic relationship 

between light and NCP (Fig. 4-12), and the model coefficients demonstrated that 

BEAMS 2 had the highest maximum NCP (Pmax 16.55 ± SE 1.23) and BEAMS 1 the 

lowest (Pmax 6.0 ± SE 0.74 mmol hr-1). Model coefficients for Lagrangian and control 

volumes were almost identical (Table 4-3). NCC collected by BEAMS did not fit the 

model (Fig. 4-13, Table 4-3). 

Figure 4-11: Regressions of total alkalinity concentration to dissolved inorganic 

carbon (TA:DIC) measured from seawater samples collected using the ‘discrete 

sampling’ method at different time surveys across the bay: AM (07:00-08:00), PEAK 

(noon to 14:00), PM (16:00 to 18:00), represented with different colours and shapes. 

Black dotted line and black writing show the linear regression for all data grouped 

together. 
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Figure 4-13: Calcification – irradiance models for each of the methods used to measure 

net community calcification (NCC) calculated from changes in total alkalinity (TA) 

derived from pH and DO measurements. Small dots show the individual data points, 

larger points show binned averages (100 µmol m-2 s-1 PAR intervals). 

Figure 4-82: Photosynthesis-irradiance models for autonomous sensing methods used to 

measure net community production from changes to dissolved oxygen. Models were fit 

using a hyperbolic tangent function. Black dots show the mean for each 100 µmol m-2 s-

1 PAR interval, while small, coloured dots show individual data points. 

 

 

Figure 4-92: Photosynthesis-irradiance models for autonomous sensing methods used to 

measure net community production from changes to dissolved oxygen. Models were fit 

using a hyperbolic tangent function. Black dots show the mean for each 100 µmol m-2 s-

1 PAR interval, while small, coloured dots show individual data points. 
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Table 4-3: Results of the metabolism-irradiance model fitting using the hyperbolic tangent function. Model coefficients Pmax and Gmax are the modelled 

maximum values, alpha α is the initial slope gradient, and EK is the irradiance saturation point calculated from the metabolic maxima and alpha values. 

Coefficients derived from the models are presented with standard error (SE) and 2.5 % and 97.5 % confidence intervals. R and Gdark refer to the mean average 

night / dark values, which were input into the models. The model fit was defined by sigma σ, the residual standard error and the residual sum of squares (RSS).

NCP Pmax ±SE CI 2.5% CI 97.5% α  ±SE CI 2.5% CI 97.5% R  EK σ RSS 

BEAMS1 6.00 0.74 4.54 7.45 0.03 0.01 0.01 0.04 -1.76 209.04 4.96 3916.66 

BEAMS2 16.55 1.26 14.06 19.04 0.06 0.01 0.05 0.08 -5.41 261.73 7.05 8055.74 

Lagrangian 8.36 0.13 8.10 8.63 0.05 0.001 0.04 0.05 -3.39 185.53 3.53 38076.75 

CV 8.31 0.13 8.06 8.57 0.05 0.002 0.05 0.05 -3.28 170.53 3.64 40487.82 

             

NCC Gmax ±SE CI 2.5% CI 97.5% α  ±SE CI 2.5% CI 97.5% Gdark EK σ RSS 

BEAMS 1 1.33 0.42 0.51 2.15 0.04 0.09 -0.14 0.23 -0.34 29.95 4.85 3738.29 

BEAMS 2 2.64 0.59 1.47 3.82 0.33 2.11 -3.83 4.50 2.13 7.93 7.43 8955.05 

Lagrangian 4.75 0.09 4.57 4.93 0.03 0.00 0.03 0.03 -1.46 148.89 2.81 24241.60 
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4.3.5 Shifting ratios of organic and inorganic carbon cycling in 

response to light 

Quantifying the ratio of calcification to production for benthic communities in 

coastal ecosystems is considered a metric of overall ecosystem function and health. The 

calcification / photosynthesis ratio (Gnet / Pnet) has been successfully implemented to 

quantify the carbon metabolism of seagrasses and coral reefs; however, estimates are 

often made based on individual measurements at peak light or dark conditions and 

generalised to the 24-hour period. We found that the balance of organic production to 

inorganic carbon precipitation and dissolution shifts over the course of a 24-hour cycle, 

and that different methods of measuring NCC and NCP gave distinct ratios when 

modelled to light (Fig.4-14). Lagrangian and control volume had similar total 

metabolism (Mtot) ratios, however they were different from BEAMS. 

Figure 4-14: Total metabolism ratios (Mtot, the sum of both calcification and production) 

for the distinct methods used to measure NCP and NCC. Top: Lagrangian Mtot calculated 

from the photosynthesis- and calcification-irradiance curves and plotted against light. 

Bottom: Boxplots showing the spread of Mtot for the different methods. Triangles are 

daily mean averages; squares are night means. Lagrangian shows the individual data 

points as purple dots and hourly means as black dots.  
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4.4 Discussion 

This study compared measurements of benthic community metabolism collected 

with a range of well-established and emerging techniques in a shallow seagrass and 

CaCO3 sediment bay. Autonomous sensors were deployed to directly measure changes 

in NCP using Lagrangian flow respirometry, control volume, and BEAMS approaches. 

Net community calcification was indirectly calculated from BEAMS and Lagrangian 

measurements of DO and pH using the equation of Barnes et al (1983). Traditional 

discrete samples were also collected during surveys and in-situ chamber incubations. 

Differences were found between the methods, highlighting strengths and limitations of 

each approach, with important implications for field measurements of benthic 

metabolism.  

 

4.4.1 Comparing Methods to Measure Net Community 

Production  

Autonomous measurements of NCP were positive during daytime and negative at 

night over the 48-hour deployment, following the expected trend with PAR for all 

methods. NCP measured by Lagrangian flow respirometry and 1D control volume 

approaches showed almost identical time series trends (Figs. 4-4, 4.5). Flow 

respirometry measures changes to water as it traverses the ecosystem, whereas the 1D 

control volume approach incorporates vertical gradients for higher precision 

measurements (Teneva et al. 2013). Both methods used the same sensing packages, 

however, the calculations for each were distinct (see methods section). While the 

results from these two methods were similar, the logistics for a 1D control volume 

measurement require specific hydrodynamic conditions that may not exist in certain 

habitats or ecosystems (Falter et al. 2008). The Lagrangian flow method requires 2 

sensor packages, and knowledge of the current conditions at the study site. One 

strength of the flow respirometry method is that it incorporates natural currents, a key 

influence on metabolic rates as reflected in higher community metabolism reported by 

previous studies (Shaw et al. 2014). Lagrangian and control volume NCP 

measurements were similar to BEAMS, despite the fact that BEAMS only measures 

benthic metabolism while the other two methods incorporate water column metabolism 

(Long et al. 2019). This indicates that benthic metabolism dominated the overall 
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metabolic fluxes in Bailey’s Bay. However, more studies are needed to confirm this, 

especially considering that Long et al. (2019) reported that water column fluxes 

accounted for 58% of the total oxygen flux at an offshore Bermuda reef. 

Another constraint of flow respirometry studies is that they have historically 

required repeated measurements over multiple days to compile sufficient data for a 24-

hour ecosystem metabolism rate calculation, however, as we conducted flow 

respirometry using high resolution autonomous sensors (30 second intervals) the data 

collected are essentially real-time. Similarly, the BEAMS approach facilitates high 

resolution, accurate, and instantaneous measurements of community metabolism. As 

the method focusses on vertical gradients, it is not subject to some of the limitations of 

flow respirometry, which cannot be conducted if direction of flow changes, and 

measurements are generalised over the transect area, which may be hundreds of metres. 

BEAMS has shown agreement with benthic chamber measurements in previous 

research (McGillis et al. 2011), demonstrating that BBL-based technologies such as 

BEAMS can provide accurate metabolic rate measurements for coastal ecosystems. The 

higher hourly variability of BEAMS NCP measurements (Fig 4-7) likely represents 

real-time fluctuations that were not detected by the other methods. BEAMS 

measurements of NCP do not rely on flow, similar to the control volume technique they 

require vertical pumping of seawater only. Their smaller footprint shows in the low 

NCP observed by BEAMS 1, which was deployed over sediments compared to 

BEAMS 2, which was deployed over seagrass and had a higher rate of NCP.  

Benthic incubation chambers had the lowest metabolic rates when compared to 

hourly composite rates, supporting previous studies showing that the reduced flow is 

associated with lower metabolic rates (Dennison and Barnes 1988; Comeau et al. 

2019). The chambers were fitted with circulation discs; however, this does not 

constitute an accurate simulation of environmental turbulence and flow rates. Chamber 

incubations have been used to successfully measure rates of metabolism across a range 

of scales, from the single organism to the community (Fig. 4-1). While the results from 

such chamber deployments have provided useful insight, comparisons between studies 

are limited due to the lack of method standardisation. Discrepancies between 

measurements are often accredited to environmental and geographical heterogeneity, 

however, relatively few direct comparisons have been conducted. Integration of rates 

over 24 hours showed comparable values for NCC and NCP between the chambers and 

autonomous methods, with the closest agreement between BEAMS 1 and chambers, 
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likely due to the apparatus for both being deployed over the same substrate (carbonate 

sediments).  

4.4.2 In-situ Calcification Measurements 

A major challenge in measuring ecosystem metabolism is the technological 

limitations of measuring total alkalinity. Currently, in-situ apparatus to directly 

measure changes in TA is not currently available, therefore measurements of NCC 

typically require laboratory analysis of discrete water samples. However, it is possible 

to approximate a total alkalinity gradient from simultaneous measurements of DO and 

pH, a method that has been successfully implemented for quantifying coral reef and 

seagrass NCC (Barnes 1983; Barnes and Devereux 1984; Takeshita et al. 2016). With 

advances in autonomous sensing of DO and pH, this method for measuring NCC has 

the potential to improve the scope of ecosystem-wide measurements of NCC. In this 

study, NCC was calculated from pH and DO for Lagrangian flow and BBL approaches, 

with different results. Instantaneous measurements of NCC are dependent on the 

assumption of the quotient Q, which in our study was 1.1, based on previous studies. 

We also explored the NCC: NCP relationship with Q values ranging from 0.8 to 1.2 

(Fig. 4-6) and found that lowering the Q value in our equation decreased NCC during 

daylight hours and increased night NCC (i.e., lowering dissolution rate estimates). This 

finding highlights that site-specific Q will impact NCC measurements and needs to be 

incorporated into future studies.  

 

4.4.3 Light as a driver of ecosystem metabolism  

Production is controlled by ambient light conditions driving photosynthesis in 

shallow coastal ecosystems. A similar relationship between NCC and light has also 

been reported (Shaw et al. 2012; Cyronak and Eyre 2016) although it is unclear if this 

is due to the influence of NCP or if calcification is directly stimulated by light. Light-

enhanced Calcification (LEC) occurs in corals and reef calcifiers, however the 

influence of light on carbonate sediments is relatively unknown. At night, respiration 

and dissolution became the predominant processes taking place in Bailey’s Bay. It 

appears the switch from net calcification to dissolution was not picked up by BEAMS, 

most likely due to the low signal. Regression analysis of night data revealed that the 

relationship between NCC to NCP differs between night and day, with steeper slopes 
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observed during daytime hours, reflecting stronger correlation between NCP and NCC 

during daylight hours, highlighting the importance of light as a driver of benthic 

metabolism.  

 

4.4.4 Quantifying carbon cycling in coastal ecosystems  

Coastal ecosystems are significant for global carbon cycling, oxygen production 

and carbonate lockdown, however, their geographic heterogeneity and temporal 

variability have limited observation, so that for many coastal ecosystems net ecosystem 

metabolism over space and time is not fully constrained. Autonomous sensing 

technology has the potential to update and facilitate longer term and ecosystem-wide 

metabolism measurements at scale. Seagrass carbon is stored primarily underground in 

the CaCO3 sand-sediments. Measuring calcium carbonate sediment accretion and 

dissolution is critical for understanding and predicting their potential as a globally 

significant carbon store. These processes are controlled by advection and 

environmental conditions as well as the NCC and NCP of surrounding coral reefs and 

seagrass meadows. Two of the methods used in this study provided sediment-specific 

rates; BEAMS 1 and chambers as they were deployed over carbonate sediments, 

however NCC measured by chambers was low, and BEAMS 1 may not have detected 

any trend in NCC over the course of the deployment. BEAMS have successfully 

constrained reef calcification rates in previous studies (Takeshita et al. 2016; Platz et al. 

2020), and it is likely that the lower rates of NCC in the current study were not strong 

enough for BEAMS. We found that ratios of NCC to NCP were different between 

methods, and between night and day (Figs. 4-10 & 4-14).  

 

4.4.5 Implications for ecosystem monitoring and conservation 

Seagrasses are blue carbon ecosystems, referring to their photosynthetic capacity 

to sequester atmospheric CO2. Blue carbon estimates typically focus on quantification 

of organic carbon stock within the ecosystem; however, the role of inorganic carbon 

precipitation and dissolution is a critical component of long-term carbon storage 

capacity (Macreadie et al. 2017). Seagrass meadows are diverse communities of 

autotrophic and heterotrophic organisms, therefore, simply measuring the biomass of 
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seagrass to estimate their carbon value does not fully incorporate the interactive 

dynamics of the community as a whole (Long et al. 2015b). Therefore, the balance of 

calcification to photosynthesis of coastal ecosystems is essential for quantifying 

accurate blue carbon budgets and predicting the response of these ecosystem to climate 

change. Coral reefs and seagrasses are considered interdependent and connected 

ecosystems, supporting nutrient transfer and biogeochemical function across the 

tropical coastal ocean. These ecosystems of the coastal ocean are some of the most 

vulnerable to climate change and anthropogenic impacts. Logistical limitations have 

presented a challenge for long-term monitoring of change on these ecosystems, and this 

study explored some of the biogeochemical methods available to measure high-

resolution metabolism to support and enhance coastal monitoring and quantification of 

coastal carbon cycling.  

Based on the findings of this study, future research should aim to further compare 

these methods in a range of environments, for example, over a coral reef where the 

calcification signal would likely be higher and therefore easier to detect patterns within 

the diel cycle. The methods compared in Chapter 4 demonstrated agreement and 

discrepancies depending on the parameter measured and time frame of the 

measurement, for example, lower rates of calcification were reported from longer 12- 

hour chamber deployments than shorter 2-hour deployments or Lagrangian 

measurements of NCC. Studies to quantify metabolism of a smaller subsection of an 

ecosystem should incorporate BEAMS (i.e., approx. 10 m2 footprint) or chambers 

(approx. 1 m2 planar area), while broader ecosystem-wide estimates of metabolism 

would benefit from using the Lagrangian flow method. As there have been limited 

direct comparisons of methods to determine which should be used for distinct 

applications, it is worthwhile at this stage to incorporate more than one method for 

measuring ecosystem metabolism into future studies. Another key recommendation for 

applications of these methods arising from the current study is to encourage longer term 

deployments of autonomous sensors to provide greater insight into diurnal, weekly and 

monthly shifts in metabolism. This is critical as changing marine conditions such as 

warming, acidification and deoxygenation may become additional challenges for 

accurate quantification of seawater parameters and metabolism estimates.   
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5 Conclusions 

As coastal ecosystems are heavily impacted by the changing climate, quantifying 

benthic metabolism is increasingly important as a metric for ecological function and for 

understanding coastal carbon cycling. Measurements of benthic metabolism can be 

used to track changes to ecosystem function and species compositions, to predict 

benthic community trajectories and future ecosystem response to climate change and 

environmental degradation. In this thesis, the balance of calcification to dissolution, 

and photosynthesis to respiration were evaluated at three distinct scales: individual 

organism, small community, and the broader ecosystem, using an array of established 

techniques and novel equipment. This final chapter presents the key findings of the 

thesis, highlights their significance, and discusses future research directions. 

The first key findings of this research were the species-specific differences in 

metabolic rates of coral reef calcifiers. Chapter 2 measured calcification (Gnet), 

dissolution (Gdark), photosynthesis (Pnet), and respiration (R) in small individual 

replicates of scleractinian coral and calcifying algae. The organisms chosen for this 

study represented key functional groups on the reef: Acropora cervicornis is a 

branching, rapid-growth coral, Orbicella annularis and Siderastrea Siderea are slower 

growing reef builders, Porites astreoides is an opportunistic ‘weedy’ species, and 

crustose coralline algae (CCA) is a low-profile, encrusting calcifier which cements reef 

substrate in place and provides critical substrate for juvenile coral recruitment (Fig. 2-

1). In general, metabolic rates were different between species of coral, and between 

coral and CCA (Figs. 2-4 to 2-6). However, there was unexpected similarity of 

calcification rates between A. cervicornis, a key reef-builder and one of the fastest 

growing corals, with CCA, an organism which does not contribute to building large 

coral reef structures in the same way as reef-building corals. 

Quantification of calcification and production rates in different coral species is 

important for coral reef conservation and restoration efforts that are currently 

underway. In the Caribbean region, A. cervicornis is widely regarded as one of three 

key, rapid-growth, reef-building corals (Lirman, 2000). Along with A. palmata, it has 

been a major focus of reef restoration programs for its ability to fragment and 

regenerate, rapidly producing high quantities of live coral for transplantation onto the 

reef (Young et al. 2012; Schopmeyer et al. 2017; Bayraktarov et al. 2020). However, 

the results of Chapter 2 showed lower rates of calcification in this species compared 
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with the other corals in this study. The lower rates of calcification measured in the 

massive corals could be due to slower CaCO3 precipitation resulting in denser skeletal 

structures, compared to A. cervicornis which has faster skeletal extension but a weaker 

skeletal structure (Kuffner et al., 2017). The fragments of coral used in this study were 

sourced from Mote Marine Laboratory restoration program in the Florida Keys, where 

micro-fragmentation is used to create thousands of small coral colonies reared in 

outdoor aquaria and in-situ nurseries before transplantation onto local restoration sites 

(Forsman et al. 2015). Measuring and comparing the metabolic rates of the coral 

species used in this program has broad significance for restoration programs in the 

Caribbean region, as the findings could guide future restoration decisions. For example, 

this research may make it more feasible to choose species with higher rates of 

calcification for outplanting at sites with low structural complexity. It is also important 

to consider how the micro-fragmentation process may impact calcification rates. Faster 

growth of coral tissue and skeleton has been reported in recently fragmented corals 

(Page et al. 2018; Schlecker et al. 2022). While the fragments used in this study had 

been grown out in tanks and were not recently fragmented, future replication of this 

study should aim to use field collected colonies, and ideally in-situ measurements of 

physiological processes.  

Census surveys such as the Reef Budget method are used to quantify carbonate 

accretion on coral reefs by surveying benthic cover to scale up using species-specific 

calcification rates derived from the literature (Perry et al. 2012; Lange et al. 2020). 

Further research is needed to better understand the link between calcification rates 

measured using the biogeochemical approach as in the current study, versus 

measurements of carbonate accretion in the field using census methods. The corals and 

algae used in chapter were all a similar size and age (i.e., surface area ~ 15cm2; 2-3 

years since micro fragmentation in the aquaria), and little is known about how 

metabolic rates change with age in scleractinian corals. Future studies are needed to 

quantify differences in metabolic rates for corals at different life stages, for example, to 

define rates of production and calcification in juvenile corals vs. larger adult corals. 

Quantification of the differences in calcification rate between species and life stages 

will enhance and update research using protocols such as the Reef Budget, which 

currently relies upon genera-wide and / or single data points for calcification rates 

which are then extrapolated to ecosystem-level calcification budgets.  
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The metabolic rates analysed in Chapter 2 were measured from small ex-situ 

chambers under natural light at different times of day (Fig. 2-2). The findings 

demonstrated that at the individual level, metabolism in these organisms shifts with 

light over a diurnal cycle (Figs. 2-4, 2-5). Metabolic rates changed depending on the 

time of day and natural light level, and differences between morning, noon, and late 

afternoon were significantly different for both calcification and photosynthesis (Fig. 2-

5). These findings provide insight into the relationship between light, calcification, and 

photosynthesis in corals and CCA. The incubations in Chapter 2 also demonstrated that 

photosynthesis and calcification are coupled biological processes (Figs 2-7 to 2-9). 

When rates were modelled with light, calcification and photosynthesis were linked 

across functional groups (Fig. 2-10). This relationship was stronger in some calcifiers 

than others, indicating that distinct mechanisms may be controlling the metabolism in 

different species and functional groups (Fig. 2-12). These findings contribute to the 

light-enhanced calcification debate (Cohen et al., 2016). The correlation between Gnet 

and Pnet showed that these processes are coupled (Gattuso et al. 1999a; Albright et al. 

2015), supporting the hypothesis that photosynthesis fuels calcification, as shown in 

previous work (e.g., Gattuso et al. 1999a). However, it is possible that Gnet and Pnet rates 

are parallel yet independently driven by light. It was beyond the scope of the study to 

separate the independent influence of light as a direct control on calcification. Future 

experiments should incorporate different light regimes to further test the role of light as 

a direct driver of calcification. Understanding the drivers of metabolisms facilitated 

predictions of organism response to environmental stressors. For example, reduced 

light due to eutrophication and algal overgrowth may negatively impact calcification 

rates on coral reefs (Chalker et al. 1988; Suggett et al. 2013). Additionally, as sea levels 

rise, less light may reach coral reefs and, since this study shows that metabolism is a 

light-driven process in coral reef calcifiers, reduced light will directly impact the 

calcification potential of coral reefs.  

Analysis of light-driven shifts in metabolism over the course of 24-hour cycles 

brought into question the use of the static Gnet/Pnet metric which has been used to 

quantify carbon cycling in coastal ecosystems (Cyronak et al., 2018). By using data 

collected under different light levels to create a 24-hour G/P ratio using the absolute 

values of G and P, it was possible to see that the balance of organic to inorganic carbon 

cycling shifts throughout the diurnal light cycle. The metabolism-irradiance models in 

this study were used to develop a novel metric for carbon cycling: total metabolism 

(Mtot) (Fig. 2-13), building upon the typical Gnet / Pnet ratio, which is commonly used to 
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describe the balance of organic production to inorganic carbon precipitation on coral 

reefs (Albright et al., 2015; Cyronak et al., 2018). The metric usually relies upon 

discrete measurements of Gnet and Pnet at one time of day. The new metric of total 

metabolism (Mtot) incorporates measurements collected over a diurnal cycle rather than 

a ‘snapshot’ estimate of one point on the diurnal cycle, in contrast to previous research 

aiming to define ecosystem carbon cycling with a single ratio of G/P (Cyronak et al. 

2018; Gattuso et al., 1999a; and references within). This finding, that the balance of 

inorganic to organic carbon processes in coral reef calcifiers fluctuates over the diurnal 

cycle, is a substantial advancement on the current understanding and metrics used to 

quantify the relative balance of Gnet to Pnet and can immediately by applied to studies 

measuring carbon metabolism either at the individual scale or for larger ecological 

communities.  

The small-scale, ex-situ incubations in Chapter 2 allowed for high resolution 

measurements of species-specific metabolism of individual samples. However, ex-situ 

incubation methods are limited in their scope due to confounding effects introduced in 

a controlled setting (e.g., handling of the organisms) and the artificial circumstance of 

single isolated organism, excluding surrounding benthic communities, sediments, and 

natural fluctuations in seawater parameters (e.g., Patterson et al. 1991; Lesser et al. 

1994; Mass et al. 2010). Incubation chambers have been used for decades to measure 

benthic metabolism in the field (e.g., Camp et al., 2015; Roth et al., 2019; Yates & 

Halley 2003), and Chapter 3 included a review of the key designs in benthic chamber 

technology since 2000 (Table 3-1). The aim was to identify and address the research 

gap for a community-sized chamber that can be field constructed at a low cost and 

deployed over varied substrates. I developed a novel chamber design and trialled it over 

2 field seasons on coral reefs and seagrasses in Akumal Bay, Mexico, and over 

sediments in Loch Lomond, Scotland, to demonstrate its performance and feasibility as 

a useful, low-cost equipment for field measurements of benthic metabolism (Fig. 3-1). 

The key findings of Chapter 3 were the results of experiments through which I 

validated the benthic chamber design. The 5 aims were met as follows: (1) the chamber 

was assembled at a low-cost and without specialised equipment in the field for two case 

studies; (2) the construction of the chamber, and the experiments carried out with it 

were easily reproducible; and (3) through incubation of delicate corals and other 

organisms the chambers was found to be minimally invasive, (4) adaptable to varied 

substrates, and (5) comparable with other available designs in terms of its field 

performance.  



 

143 

 

The chamber was developed with students and citizen scientists to trial field 

construction and deployment. The design cost less than USD $20 to build in the field 

and did not require specialised parts (Table 3-2). The only other chamber available at 

such a low cost is the Flexi-chamber, however, this is specialised for single coral head 

incubations and can only be used where coral morphology permits a cable-tie 

attachment (Camp et al., 2015). The novel design presented in Chapter 3 incorporated 

the plastic bag type enclosure of the Flexi-chamber, while being suitable for diverse 

benthic communities. In terms of size, the chamber by Roth et al (2019) is the most 

similar and is also suitable for incubating small communities. However, the chamber 

requires bespoke parts and costs over 200 Euros to construct. Therefore, providing a 

low-cost alternative with similar utility and no loss in performance (i.e., light 

transmission, leakage etc), will be a powerful tool for future measurements of benthic 

metabolism and increases accessibility for researchers with limited funding and 

resources.  

It was critical to show that despite the low cost, this chamber performs similarly 

to other chambers available. Controlled testing in the lab demonstrated that chamber 

leakage and light transmission aligned with the other chambers reviewed (Fig 3-2, 

Table 3-3). These tests demonstrated that the chamber provides a comparable utility 

with the established chamber equipment available. The results of NCP measurements 

from field deployments over seagrasses and coral reef patches aligned well with those 

of other studies. In case study 1, there was a difference between productivity of 

seagrasses incubated at different times of day, showing the importance of light as a 

driver of productivity in seagrass meadows (Figs 3-3 & 3-4). In the second case study, 

the chambers were deployed over coral reef patches (Fig 3-5). The incubated patches 

were of a similar size, but dominated either by coral, algae, or sediments (Fig. 3-6). 

Differences in NCP were apparent between substrate types, although not all differences 

were significant. However, the measured reef NCP fit the hyperbolic tangent model 

(Fig. 3-7), in agreement with the results of individual coral reef organisms in Chapter 2. 

These results validated the chamber design and showcased the usability of the benthic 

chamber for studies investigating productivity of benthic communities.  

Productivity measurements provide insight into the carbon sequestration potential 

for blue carbon budgeting purposes, to quantify how much photosynthesis is taking 

place and therefore how much CO2 is drawn down. The benthic chamber in Chapter 3 

can be used to measure photosynthesis in areas where other chambers cannot be 



 

144 

 

deployed, for example, some chamber designs require that the base is dug into 

sediments (e.g., Olivé et al. 2016), which would not have been feasible in a protected 

area such as Akumal Bay. The chambers can be incorporated into studies measuring 

parameters other than DO, for example, water samples can be collected from the valve 

over the course of an incubation and analysed in the lab for carbonate chemistry to 

measure calcification. For blue carbon budgeting purposes, this can indicate how much 

of the carbon drawn down by photosynthesis is then locked into sediments or CaCO3 

deposits (Macreadie et al., 2017). Quantification of calcification-dissolution is useful 

for understanding the functional status of ecosystems such as coral reefs and tracking 

shifts in benthic composition which in turn drive changes to metabolism (Lantz et al. 

2021; Davis et al. 2021). As calcification rates on coral reefs are declining and the 

ability of the reef to maintain its structure and function is threatened (Eyre et al. 2018), 

methods to track calcification are increasingly important. The novel chamber design 

contributes to the equipment available to support direct field measurements of 

calcification. Indeed, carbonate chemistry water samples were collected from the 

benthic chambers in the Chapter 3 case studies, but due to an error in sample storage, 

the results could not be included in this study. In future work, water samples should be 

collected at the start and end of incubations over coral reef patches over a gradient of 

degradation and analysed for changes in TA and DIC to fully constrain the carbon 

metabolism of the incubated areas. Understanding shifts in metabolism of phase-shifted 

coral reefs is important for understanding the ecological function of contemporary coral 

reefs (Perry and Alvarez-Filip 2018; Romanó de Orte et al. 2021). The chamber is also 

adaptable for other experiments. For example, measurements of metabolism under 

stressful conditions, can be conducted by injecting pollutants or high pCO2 seawater 

into the chamber and measuring the impact on benthic metabolism (e.g., adapting the 

methods of Kline et al., 2012).  

The benthic chamber developed and trialled in Chapter 3 provides a significant 

contribution to field equipment for conducting in-situ incubations with minimal 

resources. The chamber is low-cost, and the work has been published in an open access 

journal so that the list of materials, construction, and example deployment over corals, 

sediment and seagrasses is widely available. Future studies could be conducted to test 

the ability of the chamber for field experiments simulating different conditions such as 

OA or nutrient input. Using the benthic chamber, future field incubations of corals and 

CCA should be conducted and compared with the results of the ex-situ incubations in 

chapter 2 and expanded to include all corals used in restoration programs. Since the 
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coral fragments are destined for outplant onto the reef, it would be possible to measure 

metabolic rates for all restoration species in ex-situ chambers as well as in-situ 

incubations. Additionally, the in-situ measurements should be repeated over time to 

track shifts in metabolic rates of corals transplanted onto the reef. This would be 

important for tracking the success and longevity of coral restoration efforts.  The 

chamber can be adapted to incubate large adult colonies in the field. Chapter 3 

demonstrated this on coral-dominated reef patches, but it would be possible to adapt the 

chamber to have a larger enclosure and base, for incubations of large, freestanding 

coral colonies in the field, to measure their rates of Pnet and Gnet, to provide novel 

insight into the metabolism of these organism. This data could be added to the Reef 

Budget database, to support accurate upscaling of reef-wide carbonate production 

estimates, which is currently limited by the data available. For example, some of the 

rates used in the Reef Budget are not species-specific, and as Chapter 2 shows, there 

are significant differences between species of coral reef calcifiers.  

Scaling up biogeochemical flux measurements to constrain carbon cycling of 

large communities and entire ecosystems is increasingly important as coastal 

ecosystems undergo climate-induced change. In Chapter 4, the predominant 

biogeochemical methods used for ecosystem-wide field measurements were reviewed 

(Fig. 4-1) and a selection were used to measure net community metabolism (NCC and 

NCP) over a seagrass-sediment dominated bay in Bermuda. Autonomous sensors were 

deployed for continuous measurements of DO, pH, salinity and temperature, alongside 

parallel deployments of benthic chambers and collection of discrete water samples (Fig. 

4-2). Several different approaches were used to collect data for ecosystem-wide 

metabolism (calcification and productivity). Metabolism was calculated from changes 

in DO and pH using BEAMS, 1D control volume, and Lagrangian approaches. Water 

samples were collected from discrete transects and benthic chambers and analysed in 

the lab for changes in total alkalinity. The results found typical patterns of positive 

NCP and NCC during the day and net negative at night (i.e., net respiration and 

dissolution) with strongest agreement between Lagrangian and 1D control volume NCP 

(Fig. 4-4). The BEAMS method was effective for measuring high resolution NCP data. 

BEAMS deployed over seagrass-dominated benthos had higher NCP than BEAMS 

deployed over sediments, a difference not shown by the other autonomous sensing 

methods (Figs 4-4 to 4-6).  
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Lower NCP was observed in the benthic chambers, likely because they were 

deployed over areas with lower density of seagrass (fig 4-7). In this experiment, NCC 

was calculated from Lagrangian DO and pH, a method first proposed by Barnes in 

1983, and more recently propelled by advances in DO and pH sensing technology. The 

Lagrangian-derived NCC rates demonstrated the expected trend with light. However, 

NCC measured by BEAMS was not representative, most likely because the change in 

seawater chemistry did not give a strong enough signal for BEAMS, which has shown 

more accurate results over coral reefs where the calcification signal is stronger (Platz et 

al., 2020; Takeshita et al., 2016c). The daily integrated rates (i.e., when rates were 

standardised to night, day, or 24-hours) showed strong agreements between all methods 

for NCP, with the exception of BEAMS 2 which had higher NCP during the day and 

net R at night due to its position over the seagrasses (Fig. 4-8). NCC showed 

discrepancies between all measurements, including the chambers, demonstrating that 

method selection for measurements of NCC has a strong influence on the results. As 

with the experiment in Chapter 2, a linear correlation between NCC and NCP was 

apparent, however, the R2 values were low. This is not uncommon in open water 

biogeochemical measurements due to the array for environmental influences. NCP 

measurements were modelled with light and showed a good fit to the hyperbolic 

tangent equation, but this was not true of NCC, again most likely due to low NCC 

signal. Finally, the Mtot ratio was calculated for the different methods and demonstrated 

that both the method and light influence the ratio of inorganic to organic carbon cycling 

taking place within the ecosystem.  

Measuring coastal carbon cycling is critical for tracking climate-induced 

ecosystem degradation and predicting future change. Chapter 4 compares distinct 

approaches to measuring NCP and NCC at larger scales using autonomous sensing, 

benthic chamber deployments, and discrete water samples. The significance of this 

research is important for blue carbon accounting in coastal ecosystems. This research 

demonstrates that autonomous sensors provide reliable measurements of NCP and 

NCC, and support future sensor deployments over longer time frames. The results show 

that the Lagrangian approach for measuring NCC is the most reliable over an 

ecosystem with relatively low calcification rates and provides guidance that BEAMS 

should be used for NCC only where the calcification signal is strong, for example over 

coral reefs as in previous work (Takeshita et al. 2016; Platz et al. 2020). The 

differences in benthic chamber and autonomous sensing measurements are important 

for studies which use benthic chamber measurements to scale up to the ecosystem 
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level. Building upon these studies, the implementation of ecosystem-wide 

measurements with autonomous sensors for reef restoration monitoring requires further 

research to trial and fine-tune methods. Quantifying calcification rates at restoration 

sites can provide insight into the ecological function of the ecosystem and highlight 

changes in their carbonate accretion capacity (Platz et al., 2020). For example, using 

the wide-scale measurements of calcification in Chapter 4 it would be possible to 

improve efficiency of ground truthing and scoping for restoration sites. Some sites are 

dominated by net dissolution, which could be detected using BEAMS or flow 

respirometry as a quick and efficient alternative to traditional census surveys. This was 

trialled successfully with BEAMS by Platz et al. (2020) at one of Mote’s restoration 

sites in the Florida Keys, however this is the only example found in the literature and 

therefore there is considerable scope to build upon the results of this research by 

trialling novel methods of restoration tracking. The relative balance of NCP to NCC 

can be used to estimate benthic composition, however the data used for calculating 

TA:DIC slope is often limited to single sampling points throughout a 24-hour cycle. In 

this thesis, the role of light has been the common theme at each of the scales explored. 

The difference in Mtot over 24-hours of light for individual corals and CCA in Chapter 

2 and for the seagrass meadow in Chapter 4 demonstrates that future work should 

incorporate the diurnal cycle when quantifying the balance of organic production – 

inorganic carbon precipitation. Scaling up of metabolic measurements from the scale of 

the organisms to the ecosystem is a major challenge. One of the key findings was that 

light is primary driver of metabolism across scales from the individual to the 

ecosystem, and therefore any future attempts to scale measurements should incorporate 

light. Autonomous sensing supports such endeavours, as they can be deployed over 

days, weeks, or even years, and as the designs for autonomous sensors area advancing, 

they require less maintenance and are more economical. Future deployments of 

autonomous sensors should be conducted over longer time frames to incorporate 

seasonal variation, for example multi-year or decadal deployments will be critical for 

understanding the coastal carbon cycle as both global climate and ecosystems change.  

5.1 Concluding remarks 

The research presented in this thesis contributes novel insight into the metabolic 

processes driving coastal carbon cycling in coral reefs and seagrasses, and the methods 

for measuring benthic metabolism. Measuring benthic metabolism from 

biogeochemical signals in seawater (e.g., DO, TA, DIC), is an effective proxy for 
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ecosystem status and ecological function. In this thesis, measurements of 

photosynthesis-respiration and calcification-dissolution were collected at three scales: 

individual organisms (Chapter 1), small benthic communities (Chapter 2), and 

ecosystem-wide levels (Chapter 3) for key benthic organisms and communities of coral 

reefs and seagrass meadows. Through a combination of lab and field measurements, 

light was identified as a key driver of benthic metabolism. Data were collected with 

novel and established methods for quantifying metabolism, demonstrating the range of 

approaches, and providing a comparison to support future research efforts. Modelling 

biological activity in response to a diurnal light cycle at each of these scales revealed 

novel insight into the link between light, productivity, and calcification. This work 

highlights the importance of incorporating light into measurements of metabolism 

regardless of scale and provides an alternative metric for quantifying balance of 

organic- inorganic carbon production of coral reefs and seagrasses. The findings have 

important implications for coastal ecosystem monitoring, conservation, and restoration, 

with specific methodological applications to guide future research. The results support 

future endeavours to further constrain the role of light in biogenic calcification and the 

application of benthic metabolism measurements as a tool for conservation and 

restoration tracking.  
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6 Appendices 

6.1 Appendix A: Published work 
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6.2 Appendix B: Examples of dissolved oxygen data output from coral incubations.  

 

 

Figure 6-1: Plots generated using R package RespR to ‘inspect’ each incubation for anomalies. Plots in the top row show raw 

oxygen data and bottom row show the slope of a rolling linear regression during a 1 hour incubation of O. faveolata in the light 

(left) and dark (right). 
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Figure 6-2: Examples of inspection plots of raw change in dissolved oxygen (∆DO) during 1 hour incubations of crustose 

coralline algae type 1 (CCA1) during light (left) and dark (right) incubations. 
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Figure 6-3: Examples of inspection plots of raw change in dissolved oxygen (DO) during 1-hour incubations of P. astreoides during 

light (left) and dark (right) incubations. 

 

Figure 6-4: Plots generated using R package RespR to ‘inspect’ each incubation for anomalies. Plots in the top row show raw oxygen data and bottom 

row show the slope of a rolling linear regression during a 1 hour incubation of S.siderea in the light (left) and dark (right).Figure 6-5: Examples of 
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Figure 6-6: Plots generated using R package RespR to ‘inspect’ each incubation for anomalies. Plots in the top row show raw 

oxygen data and bottom row show the slope of a rolling linear regression during a 1 hour incubation of S.siderea in the light 

(left) and dark (right).  
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