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ABSTRACT OF THE DISSERTATION    

 

Dissolved CO2 and Oxygen Dynamics on Coral Reefs: from Natural Variability and Impacts 
on Calcification to Projections under Warming 

 
by 

 

Ariel Katharine Pezner 

 

Doctor of Philosophy in Oceanography 

University of California San Diego, 2022 

Professor Andreas Andersson, Chair 
 

 

Coral reefs globally are facing impacts from ocean warming, acidification, and oxygen 

loss as a result of anthropogenic climate change. Understanding the spatiotemporal patterns of 

reef carbonate chemistry and oxygen variability, as well as how low pH or oxygen conditions 

might affect coral physiology, is key to predicting how global reefs will be impacted in the 

future. In this dissertation, I leveraged dissolved oxygen data from autonomous sensors 

deployed at 32 sites around the world to explore present-day oxygen variability and project 



xv 
 

changes in hypoxia exposure under modeled ocean warming. I show that hypoxia is pervasive 

on global coral reefs, with 84 % of the reef habitats surveyed experiencing weak to moderate 

hypoxia and 13 % experiencing severe hypoxia under present-day conditions. Calculations of 

reef oxygen loss under 5 warming scenarios reveal that warming will increase the duration, 

intensity, and severity of hypoxic events on reefs, leading to severely hypoxic conditions on 

more than a third of these reef habitats by 2100. In case studies of reefs in Bermuda and 

Taiwan, I examined multidimensional variability in carbonate chemistry and oxygen across a 

reef and assessed the potential for seagrass beds to serve as refugia for corals from ocean 

acidification and deoxygenation. In Bermuda, data from spatial seawater surveys and a suite 

of autonomous sensors at the surface and benthos revealed strong signals of both benthic and 

water column productivity that interacted with local geomorphology and hydrodynamics to 

create the observed patterns in carbonate chemistry and oxygen across the reef. In Taiwan, 

strong gradients in temperature, pH, and oxygen across the seagrass bed were associated with 

significant differences in coral skeletal extension rate, density, and ∂13C isotopic composition 

measured from coral cores. However, there was no evidence that the presence of seagrass 

significantly impacted coral calcification rates along this gradient. Altogether, this dissertation 

provides projections of coral reef oxygen loss under rapid climate change and highlights the 

contributions of local conditions to observed variability in seawater chemistry with complex 

impacts on coral growth. 



1 
 

CHAPTER 1: Introduction 
 

Despite covering just 0.1-0.5% of the ocean floor (Smith, 1978; Copper, 1994; Spalding 

and Grenfell, 1997), coral reefs are some of the most ecologically and economically valuable 

ecosystems on the planet. As the foundation species for coral reef ecosystems, corals provide 

three-dimensional structural complexity and habitat used by countless other reef species, 

supporting the immense biodiversity observed on coral reefs (Fisher et al., 2015). It is estimated 

that coral reefs provide more than $375 billion in ecosystem services every year (Costanza and 

Folke, 1997), including fisheries that feed more than 500 million people (Wilkinson, 2004), 

coastline protection from storms and erosion, pharmacological products, and tourism (Moberg 

and Folke, 1999). However, coral reefs globally are facing impacts from a combination of 

stressors such as overfishing, pollution, ocean acidification, warming, and deoxygenation that are 

threatening their health and survival (Pandolfi et al., 2005; Hoegh-Guldberg et al., 2007; Altieri 

et al., 2017). Significant declines in coral cover have been recorded across the globe, from the 

Caribbean (Gardener et al., 2003) to the Great Barrier Reef (De’ath et al., 2012), and these trends 

are predicted to continue in the future (Hoegh-Guldberg et al., 2007).  

Corals create the complex structures observed on coral reefs through the production of 

their calcium carbonate skeleton via calcification. The ability of corals to calcify relies strongly 

on the carbonate chemistry of the surrounding seawater (Andersson and Gledhill, 2013), which 

may be impacted by anthropogenic ocean acidification (OA) (Kleypas and Yates, 2009). Known 

as the “other CO2 problem” (Doney et al., 2009), OA is the result of oceanic uptake of excess 

atmospheric carbon dioxide. The dissolution of atmospheric CO2 into seawater causes a series of 

chemical reactions that shift carbonate chemistry equilibrium in seawater, resulting in a decrease 
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in seawater pH (increase in H+ ion concentration) and decrease in carbonate ion concentration 

(CO3
2-) (Zeebe and Wolf-Gladrow, 2001): 

CO2 + H2O ↔ HCO3
- + H+ ↔ CO3

2- + 2H+   (Equation 1) 

These changes in the carbonate chemistry balance make calcification less energetically 

favorable, and thus may pose challenges to organismal calcification under OA. Long-term 

declines in pH have already been observed in oceans around the world (e.g., Midorikawa et al., 

2012; Bates et al., 2017), with a mean change in global surface pH of 0.1 units since the 

Industrial Revolution (Garcia-Soto et al., 2021). Under the most extreme projections of 

continued anthropogenic CO2 emissions, mean surface ocean pH is expected to decrease by a 

total of 0.44 units by the end of the century (Kwiatkowski et al., 2020).  

Observing the trends and effects of ocean acidification on coral reefs, however, tends to 

be more complicated than in the open ocean. As shallow, coastal environments with a high 

biomass to water volume ratio, carbonate chemistry on coral reefs, both over time and across 

space, is influenced by a combination of biological processes and physical characteristics of the 

reef, such as geomorphology and hydrodynamics (Anthony et al., 2011; Zhang et al., 2012; 

Falter et al., 2013; Lowe and Falter, 2015). Biologically driven changes in carbonate chemistry 

are a result of the net photosynthesis, respiration, calcification, and dissolution processes 

occurring on or within the reef benthos (Anthony et al., 2011; Kleypas et al., 2011) and in the 

water column (Long et al., 2019). Changes in the relative dominance of the organic carbon cycle 

(photosynthesis and respiration) and the inorganic carbon cycle (CaCO3 precipitation and 

dissolution) can be observed by measuring or calculating dissolved inorganic carbon (DIC), 

which represents the total concentration of inorganic carbon species in seawater, and total 
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alkalinity (TA), the buffering capacity of seawater or charge balance (Zeebe and Wolf-Gladrow, 

2001), where: 

               DIC = [CO2] + [HCO3
-] + [CO3

2-]                 (Equation 2) 

and         TA = [HCO3
-] + 2[CO3

2-] + [B(OH)4
-] + [OH-] – [H+]                 (Equation 3) 

                         ± other minor constituents  

Net photosynthesis removes DIC from seawater and increases pH, whereas net respiration adds 

DIC to seawater and reduces pH. Calcification removes TA and DIC from seawater in a 2:1 

ratio, slightly increasing pH, whereas dissolution adds TA and DIC in the same ratio and slightly 

increases pH (Figure 1.1). When plotted together, we would expect a slope of ~ 1 in a system 

where the organic and inorganic carbon cycles are closely balanced. If the slope is closer to 0, 

then the system is dominated by organic carbon cycling (photosynthesis and respiration), 

whereas a slope closer to 2 would suggest a dominance of the inorganic carbon cycle (CaCO3 

precipitation and dissolution, assuming no other processes are significantly influencing TA) 

(e.g., Cyronak et al., 2018; Figure 1.1).  

 

Figure 1.1: Effects of the organic and inorganic carbon cycle processes on TA, DIC, and pH (color 
bar) (assuming a constant salinity of 35 PSU and temperature of 25 ºC).  
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Physical characteristics of reefs, such as water residence times and current dynamics can 

also significantly contribute to observed gradients and variability in seawater carbonate 

chemistry (Falter et al., 2013; Lowe and Falter, 2015). Reefs with longer residence times and 

slower flow rates allow the benthos to modify the overlying seawater to a greater extent 

compared to reefs with short residence times and fast flow rates (Falter et al., 2013). Similarly, 

the depth of a reef can be a strong predictor of reef temperature and pH variability (Cyronak et 

al., 2020).  Considering how all of these biological and physical factors contribute to observed 

gradients and variability on reefs is necessary for establishing baseline conditions and improving 

our ability to predict how observed variability will change when one or more of these factors 

changes. Combined with biological and physiological experiments, this greater understanding of 

controls on the seawater carbonate chemistry system on a reef will help us project how corals 

will be impacted by ocean acidification and other environmental stressors in the future. 

In addition to OA, coral reefs are also facing the potential consequences of low oxygen 

conditions resulting from ocean deoxygenation and hypoxic events. As a result of climate change 

and coastal nutrient input, hypoxic events are predicted to become more common across the 

globe (Stramma et al. 2010; Altieri and Gedan 2015; Breitburg et al., 2018). Despite a substantial 

literature on hypoxic events in temperate zones (Diaz and Rosenberg 2008; Howarth et al. 2011), 

only recently has the occurrence of hypoxia on coral reefs become a more active area of research 

(Altieri et al. 2017; Nelson and Altieri 2019; Johnson et al., 2021). Coral reefs have traditionally 

been assumed to be well-oxygenated systems, however, few studies or even monitoring 

programs include dissolved oxygen (DO) data in their measurements or analyses and hypoxia 

research has historically been biased toward temperate areas (Altieri et al., 2017). Thus, it is 

likely that hypoxic events on coral reefs have actually been historically under-reported, (Altieri 
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et al., 2017). Recent observations have demonstrated that tropical coral reefs can experience 

severe hypoxic events and these can lead to mass mortality of reef organisms and bleaching and 

mortality of the corals (Altieri et al., 2017; Johnson et al., 2018, 2021; Kealoha et al., 2019). 

In order to understand the potential implications of ocean deoxygenation and increasing 

frequency of hypoxic events for coral reefs, it is important to characterize the baseline dissolved 

oxygen conditions that reefs experience. Much like the carbonate chemistry, oxygen fluxes on 

coral reefs are driven by a combination of biological metabolic processes, environmental 

conditions, and physical characteristics of the reef (for a review, see Nelson and Altieri, 2019). 

Photosynthesis by algae, coral symbionts, and water column primary producers during the day 

significantly elevate DO on a reef, however, respiration by these organisms as well as the other 

reef inhabitants at night can significantly reduce DO concentrations (Niggl et al., 2010; Wild et 

al., 2010). In addition, environmental changes such as nutrient loading, warming, and seasonal 

stratification can cause increases in biological oxygen demand and thus decreases in DO 

concentration (Nelson and Altieri, 2019). Similarly, physical characteristics of the reef such as 

shallow reef depth, long water residence times, and slow currents can prevent re-oxygenation of 

the seawater from the atmosphere or open ocean and enhance the effects of local biological 

processes on the overlying water (Nelson and Altieri, 2019).  

Notably, the likelihood that corals will experience both acidic and hypoxic conditions 

may be particularly heightened in areas with high primary producer biomass, such as seagrass 

beds, mangroves, or near seaweed farms (e.g., Challener et al., 2016; Camp et al., 2017, 2019). 

While photosynthesis by primary producers during the day can significantly elevate pH and DO 

concentrations, respiration by primary producers and other organisms at night can lead to 

extremely low pH and DO levels (to or past the point of hypoxia) (e.g., Challener et al., 2016; 
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Camp et al., 2017, 2019). The extent to which the benefits of high pH and DO during the day 

outweigh the costs of low pH and DO at night for corals growing in these conditions is not 

known. Thus, identifying and studying corals naturally occurring in such systems can be useful 

for in situ experiments of the effects of both low oxygen and pH on coral growth.  

The broad goal of this dissertation research was to characterize the variability of 

carbonate chemistry and DO on coral reefs. In addition, I also quantify the impacts of this 

variability on coral growth and calcification in a naturally variable environment. The following 

chapters employ a variety of field and laboratory techniques including autonomous sensor 

deployments, spatial water surveys, and coral skeletal growth and isotope analyses to address 

specific questions within these general objectives.  

In Chapter 2, I characterize the multidimensional variability in carbonate chemistry and 

DO across Hog Reef, Bermuda: laterally across the surface, vertically with depth, and over time, 

using a combination of discrete seawater sampling and autonomous instrumentation. Using these 

tools, I assess the drivers of the observed variability and test the assumption of well-mixed 

conditions on the reef. 

In Chapter 3, I leverage autonomous sensor data from 32 deployments on reef sites at 12 

locations around the globe to establish baseline DO conditions on each reef and quantify the 

current hypoxia exposure under present-day conditions. Using location-specific model 

predictions of sea surface temperature rise by 2100, I calculate the projected effect of 5 warming 

scenarios, including an acute heatwave scenario, on the oxygen solubility and the biological 

oxygen demand for each site to understand how hypoxic event intensity, duration, and severity 

will change under warming. 
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In Chapter 4, I characterize the variability of water chemistry and DO across a seagrass 

bed over both time and space. Using massive Porites coral cores, I compare the calcification 

rates, density, growth rates, and skeletal stable isotopic compositions of corals residing along a 

natural gradient of seawater chemistry and DO across the seagrass bed to determine if 

differences in exposure to naturally variable pH and DO affect coral growth. 

 Chapter 5 is the conclusion to the dissertation, where key findings from the previous 

chapters are discussed. 
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Abstract: Declining dissolved oxygen concentrations in coastal waters are predicted to threaten 

marine ecosystems globally. However, current and future oxygen concentrations and the 

occurrence of hypoxic events on coral reefs remain underexplored. Here, we report present-day 

hypoxia exposure and modeled changes in hypoxic event duration, frequency, intensity, and 

severity under future warming at 32 representative reef sites. 84% of these reefs experienced 

weak to moderate (≤153 µmol kg-1) hypoxia and 13% experienced severe (≤61 µmol kg-1) 

hypoxia during our observations, demonstrating that hypoxia is already pervasive on some reefs 

at present-day. Projected ocean warming will increase the total duration, intensity, and severity 

of hypoxia on coral reefs, with more than 94% and 31% of these reefs experiencing weak to 

moderate and severe hypoxia, respectively, by 2100 under a high-end warming scenario. These 

projected increases in hypoxia duration, intensity, and severity could have serious consequences 

for many coral reef taxa worldwide.  
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Earth’s global ocean has been steadily losing oxygen due to warming-induced decreases 

in oxygen solubility, accelerated respiration, increases in water column stratification, and coastal 

eutrophication (1-3). Since the 1950s, the open ocean has lost more than 2% of its dissolved 

oxygen, oxygen minimum zones have expanded and shoaled, and hundreds of coastal sites have 

reported severe hypoxic conditions (1, 3-5). These trends will continue in the future, as ocean 

surface oxygen concentrations are projected to decrease by an additional 3.2 to 3.7% by 2100, 

with these changes expected to emerge across 59 to 80% of the ocean by 2050 (4). While trends 

of deoxygenation in the open ocean and the occurrence of temperate hypoxic and anoxic zones 

are relatively well-documented (1-3), there has been less focus on tropical coastal ecosystems 

such as coral reefs (6-8) despite mounting evidence that modern hypoxic events can lead to mass 

mortality of coral reef taxa (e.g., 6-9). 

Traditionally, coral reefs have been assumed to be well-oxygenated systems and 

historically, autonomous, high-frequency dissolved oxygen measurements have not been 

included in reef monitoring efforts (6-8). As a result, there is a paucity of high-quality dissolved 

oxygen measurements from tropical coral reefs and a high likelihood that the occurrence of 

hypoxia on tropical coral reefs across the globe has been severely underreported (6). Acute, 

severe hypoxic events can be induced on tropical coral reefs through a variety of physical and 

biological mechanisms such as warming, restricted water flow, increased biological oxygen 

demand, nutrient and organic matter loading, and/or an influx of oxygen deficient water (6-9). 

As global temperatures continue to rise and marine heatwaves become more frequent and severe 

(10), hypoxic events on coral reefs are likely to become more common as a result of changes in 

oxygen solubility and biological oxygen demand (11). Given the essential role of oxygen in 

driving aerobic metabolism, hypoxia poses a severe threat to coral reef ecosystems and the 
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humans that depend on them (3 ,4, 7, 12). Thus, characterizing present-day oxygen 

concentrations and hypoxia exposure on a variety of reefs across different spatiotemporal scales 

is imperative for defining “normoxia” on tropical coral reefs, understanding current levels of 

exposure to hypoxic conditions, and for projecting future coral reef oxygen conditions under 

ocean warming (7-8, 12). To date, a number of studies have expressed grave concerns about the 

potential consequences of declining oxygen on coral reefs (6-9, 12). However, there are currently 

no encompassing synthesis studies characterizing the range of oxygen conditions experienced on 

different reefs today or how these conditions will change under future warming.  

In the present study, we leveraged autonomous sensor data from 32 representative reef 

site deployments at 12 locations around the globe (Fig. 3.1A, 3.S1, Table 3.S1) to quantify 

present-day oxygen conditions and hypoxia exposure at a diverse subset of reefs. We also 

modeled the effect of future warming scenarios on the oxygen solubility and the biological 

oxygen demand for each site and location to calculate changes in oxygen availability and 

hypoxic event frequency, duration, intensity, and severity by the year 2100 (See Online 

Methods). The observational data presented here include reef sites between 23 ºS and 32 ºN in 

the East and South China Sea; North Atlantic; West, Central, and South Pacific; and Caribbean 

(Fig. 3.1A). Deployment lengths ranged from 3 to 309 days and occurred between 2015 and 

2019 across seasons (Table 3.S1; see Supplementary Materials for detailed site characterization 

and deployment information.). Oxygen data were recorded at sites ranging from 0.5 to 17 m in 

depth from a variety of coral reef habitat types (e.g., seagrass-dominated, reef flat, lagoon, patch 

reef, forereef, and reef crest; Table 3.S1). 

 

Results 
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Global variability in baseline dissolved oxygen concentration 

We observed a large range of oxygen conditions among the different reef habitats, with 

diel oxygen variability, means, and extremes differing between reef habitats at the same location, 

as well as between study locations in different regions (Fig. 3.1B-C, 3.S1, Table 3.S3). The mean 

daily dissolved oxygen concentration across all sites were 173 ± 28 µmol kg-1 (mean ± 1 SD) or 

88 ± 13 expressed as percent saturation. The mean daily range was 81 ± 52 µmol kg-1 (42 ± 28 % 

saturation) whereas the mean daily minimum oxygen concentration was 136 ± 40 µmol kg-1 (69 

± 20 % saturation) and the mean daily maximum was 217 ± 39 µmol kg-1 (111 ± 20 % 

saturation), with large variations between reef locations (Fig. 3.1, 3.2A, Table 3.S3). The 

smallest mean daily range in oxygen concentration and percent saturation (23 ± 4 µmol kg-1 and 

12 ± 2 %, respectively) was observed at the forereef in Tutuila, which was one of the deeper sites 

(15.2 m depth) and directly connected with the surrounding open ocean. In contrast, the largest 

mean daily range (258 ± 11 µmol kg-1 and 139 ± 5 %, respectively) was observed at Taiping 1, 

which was a shallow (0.5 m) nearshore reef area dominated by seagrass and scattered coral 

colonies. Oxygen was typically lowest in the early morning at all locations, and highest in the 

mid-afternoon as a result of nighttime respiration and daytime photosynthesis, respectively (Fig. 

3.1B).  

  

Pervasive hypoxia under present-day conditions 

While many studies use a threshold of ≤ 2 mg L-1 (~61 µmol kg-1 depending on seawater 

density) to define hypoxic conditions, dissolved oxygen thresholds vary as a function of taxa, 

exposure time, life stage, temperature, and other factors (8, 13-18). Evidence from the few 

experiments conducted on tropical reef taxa suggests lethal thresholds in reef taxa can be as high 
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as 4 mg L-1 (16) and sublethal hypoxia thresholds can be even higher for some species, 

especially under warming (15, 18-19). Thus, a threshold of 2 mg L-1 (61 µmol kg-1) may not 

accurately capture the range of all the potential sublethal and lethal impacts of hypoxia for all 

reef species. In our analyses, we employed four hypoxia thresholds: “weak hypoxia” of ≤ 5 mg 

L-1 (153 µmol kg-1), a conservative threshold that captures 90% of observed sublethal impacts in 

temperate benthic marine organisms (14), “mild hypoxia” of ≤ 4 mg L-1 (122 µmol kg-1), 

“moderate hypoxia” of ≤ 3 mg L-1 (92 µmol kg-1), and “severe hypoxia” as the conventional ≤ 2 

mg L-1 (61 µmol kg-1) threshold (see Online Methods). 

Based on these thresholds, we found that many reef sites already experience oxygen 

stress. Nearly all reefs in our study (84 %) experienced weak hypoxia, 50 % experienced mild 

hypoxia, 34 % experienced moderate hypoxia, and 13 % experienced severe hypoxia at some 

point during the data collection period (Fig. 3.1B-C, 3.2A-E). Across all sites, we identified 

1,198 weak hypoxic events lasting 0.5 to 64 hours across all sites and 229 mild to moderate 

events lasting up to 18 hours (Fig. 3.2B-E). Weak to moderate hypoxic events lasting less than 

12 hours were most common, whereas those lasting 12 to 24 hours or more than 24 hours were 

comparatively rarer (Fig. 3.2B-E). Severe hypoxic events were less common (19 events), 

observed at only 4 sites, with the longest event being 7.5 hours in duration (Fig. 3.2B-E). The 

majority of hypoxic observations, regardless of threshold, occurred in the early morning between 

2:00 and 7:00 h due to net nighttime respiration (Fig. 3.3).  

 

Hypoxia projections under warming by 2100 

To project future changes in oxygen concentrations and resultant hypoxia exposure at 

each reef site, we employed location-specific projections of ocean warming by the year 2100 to 
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calculate the cumulative effects of warming on oxygen solubility and biological oxygen demand. 

Warming projections were adopted from the Coupled Model Intercomparison Project 6 Shared 

Socio-economic Pathways (Fig. 3.S2, Table 3.S4) – SSP1-2.6 (+0.3 ºC to +1.1 ºC), SSP2-4.5 

(+1.1 ºC to +3.4 ºC), SSP3-7.0 (+1.8 ºC to +3.3 ºC), and SSP5-8.5 (+2.8 ºC to +4.1 ºC) from the 

Community Earth System Model Whole Atmosphere Community Climate Model (See Online 

Methods) – and a severe, acute heatwave scenario of +6 ºC (20). The effect on oxygen solubility 

was calculated based on thermodynamic principles while the effect on biological oxygen demand 

was approximated from nighttime respiration signals and a temperature coefficient (Q10) (See 

Online Methods, Fig. 3.S3, 3.S4).  

Our calculations reveal that under the SSP1-2.6 scenario, the number of reef sites 

assessed in this study experiencing weak hypoxia by the year 2100 would be similar to present-

day observations (84%), increasing to 94 % under SSP5-8.5 and 97 % during a 6 ºC heatwave 

event (Fig. 3.2A, Table 3.S5). Mild and moderate hypoxia would increase from 59 % and 34% of 

sites, respectively, under SSP1-2.6, to 72 % and 44 % of sites under the SSP5-8.5 scenario (Fig. 

3.2A, Table 3.S5) and 75 % and 53 % during a 6 ºC heatwave. Further, under the SSP1-2.6 

scenario, 19 % of sites would experience severe hypoxia by the year 2100, increasing to 31 % 

under the SSP5-8.5 scenario and 34 % during a 6 ºC heatwave event (Fig. 3.2A, Table 3.S5).  

Overall, the total number of hypoxic observations will increase for all warming scenarios 

ranging from an increase of 13 % to 42 % under SSP1-2.6 and 97 % to 287 % under SSP-8.5 

(Fig. 3.2F, 3.S5). As a result, the frequency, duration, intensity (i.e., the difference between a 

threshold and an observation concentration; 21), and severity (average intensity multiplied by 

duration; 21) of hypoxic events crossing each threshold will also increase (See Online Methods, 

Fig. 3.2, 3.S5-7, Table 3.S5). These projections suggest a shift from more acute to more chronic 
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hypoxia exposure under increasing warming, the magnitude of which will depend on future 

atmospheric CO2 concentrations and the relevant thresholds of hypoxia tolerance for reef taxa 

(Fig. 3.2, 3.S5-7, Table 3.S5). 

 

Discussion 

Understanding what changing oxygen dynamics on coral reefs means for corals and reef 

ecosystems requires urgent attention from the research community. Field data from previous 

severe hypoxic events on coral reefs report extremely variable responses of different coral genera 

(7), revealing both sensitive (e.g., Acropora and Pocillopora spp.) and tolerant (e.g., Porites 

spp.) groups (6, 22-24). Similarly, data from the relatively few laboratory hypoxia experiments 

reveal a wide range of species-specific tolerances to hypoxia intensity and duration, with 

mortality occurring in fewer than 3 days at oxygen concentrations as high as 4 mg L-1 (~122 

µmol kg-1) for Acropora yongeii (16) and after 7 days at as low as 0.5 mg L-1 (~15 µmol kg-1) for 

Stephanocoenia intersepta (6). In contrast, Orbicella faveolata survived more than 11 days at 1 

mg L-1 (~31 µmol kg-1) with no signs of stress (17), suggesting some species or populations may 

be particularly resilient to oxygen stress. Physiologically, some coral species may be able to cope 

with varying degrees of hypoxia by increasing anaerobic respiration (25) and engaging 

transcriptional hypoxia-response systems (26). However, these strategies may not be equally 

effective for all corals or sustainable under repeated stress or longer hypoxic events. Studies of 

coral larvae and recruits demonstrate that hypoxic conditions can impair coral settlement (27) 

and survivorship of coral recruits (28), further limiting ecosystem recovery under repeated or 

long-term hypoxic conditions. 
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Hypoxia tolerance also varies between reef-associated organisms by orders of magnitude, 

with some thresholds well above the standard 2 mg L-1. A 2008 meta-analysis of temperate 

species found molluscs and anemones were the most tolerant to hypoxia whereas crustaceans and 

fish were the most sensitive (14). Aside from direct mortality, hypoxic conditions can lead to 

changes in behavior, feeding, respiration, reproduction, and/or general performance, which can 

scale up to impair ecosystem function through loss or migration of key species (7, 29). It is also 

important to understand the tolerance of photosynthetic organisms to hypoxia, as a reduction in 

photosynthetic activity during the day will have implications for the mean and extreme oxygen 

conditions on the reef (7).  

Notably, oxygen loss and hypoxic events are not occurring in isolation from other 

stressors. Oxygen and temperature are tightly linked in terms of organism metabolism and 

together may severely limit species performance and restrict habitats that are metabolically 

viable (15, 30-32). For tropical corals, there is evidence that hypoxia exposure and tolerance are 

related to bleaching susceptibility (26). In addition, hypoxic conditions typically co-occur with 

acidification, as increased respiration decreases both pH and dissolved oxygen concentrations 

(32). The combination of low oxygen and acidification stress has been shown to be mainly 

additive, with negative impacts across a wide range of taxa (33). Coastal eutrophication therefore 

has the capacity to intensify local hypoxia and acidification, suggesting a reduction of nutrient 

inputs may improve projected conditions at local scales under ongoing global change (34). 

Here, we provide the first comprehensive synthesis of oxygen concentrations and 

variability as well as hypoxia frequency, intensity, severity, and duration on tropical coral reefs. 

Our findings suggest hypoxia is already pervasive in coral reef habitats around the world and 

will become more common and severe as ocean temperature increases. While these projections 
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are specific to the reefs and locations included in this study, the observations here provide broad 

representation of the different reef systems and environments found around the world. Continued 

and additional high frequency oxygen data measurements on coral reefs will be imperative for 

establishing current conditions, tracking potential hypoxic events, expanding the applicability of 

these predictions, and characterizing impacts on reef communities in the future. At the same 

time, field and laboratory experiments must aim to further refine accurate and realistic thresholds 

of oxygen for different coral reef organisms to better predict future impacts on reef ecology and 

functioning.  

 

Online Methods 

Sensor and Deployment Information 

The majority of dissolved oxygen data presented in the current study (25 of 32 sites) were 

recorded by SeapHOx or Sea-Bird Scientific CTD sensor packages with Aanderaa oxygen 

optodes (Table 3.S1). The remaining oxygen datasets were recorded by Idronaut CTD and 

oxygen sensor packages (Dongsha 1 and Dongsha 2), Sea-Bird SBE19 Plus CTD and SBE 43 

oxygen sensor packages (Baker, Jarvis, Palmyra 3, and Tutuila), or Sea-Bird Scientific CTD and 

PME miniDOT sensor packages (Taiping 1). Detailed site and deployment information can be 

found in the Supplementary Materials.  

 

Calibrations and Conversions of Datasets 

All sensors were calibrated by the manufacturer or according to manufacturer’s instructions by 

the user as noted in previous publications (40, 41, 43, 48, 58, 62, 64). If applicable, salinity 
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corrections were implemented according to manufacturer’s specifications and analog 

measurements were converted from voltages to concentrations. Data were assessed for quality 

and erroneous data points (defined as missing values or values that exceeded the measurement 

range of the instrument), which were flagged and excluded from any subsequent analyses. 

Deployment data were restricted to measurements in seawater based on salinity values to exclude 

extraneous data points collected during instrument transport, initial deployment, or recovery 

(exposure to air). Density calculations using the Gibbs Seawater Toolbox functions (70) in 

RStudio (71) were used to convert all oxygen units to µmol kg-1. See Supplementary Materials 

for an assessment and discussion on the potential errors and uncertainty of the oxygen 

measurements. 

 

Calculations 

Calculations of Daily Statistics 

The mean (Table 3.S3) and absolute daily minimum and maximum (Fig. 3.2A, Table 3.S3) as 

well as the mean daily range (Table 3.S3) were calculated for each site. These calculations 

excluded partial days of data (i.e., the first and last days of the deployment were excluded to 

avoid bias) to ensure means and extremes were calculated over full 24-hour cycles. See code file 

“PeznerMS.R” [GitHub link to be inserted prior to publication]. 

 

Calculations of Intensity, Duration, and Severity 

The intensity (I), duration (D), and severity (S) of hypoxic observations and events were 

calculated by modifying a methodology applied to seawater aragonite saturation states by Hauri 

et al. (21) according to Equations (1-3). Prior to calculations, datasets that were not at a 30-



46 
 

minute sampling frequency were either subsampled (Dongsha 1, Dongsha 2, Hog 1a, Hog 1b, 

Dongsha 3, Okinawa 2, Okinawa 3, Taiping 1, Taiping 2, Tutuila, Baker, Jarvis, Palmyra 3) or 

interpolated (Crocker 1a, 1b, 1c; Palmyra 1b) to a 30-minute sampling frequency to standardize 

comparisons across datasets. Linear interpolations were performed using the approx() function in 

RStudio (71). 

 

For individual hypoxic observations, the intensity (Iobs; µmol kg-1) was calculated as the 

difference between the observed oxygen concentration (DOobs; µmol kg-1) and a determined 

threshold of hypoxia (T; µmol kg-1): 

 

���� = � −  	
���    (Equation 1) 

 

For hypoxic events, consecutive observations below a given oxygen threshold were identified 

using the rleid() function of the data.table package (77) in RStudio (71; see “PeznerMS.R” code 

file). Intensity of the event (Ievent; µmol kg-1) was calculated as the difference between the mean 

oxygen concentration during the event (DOevent) and the threshold (T): 

 

����� = � − 	
��������������    (Equation 2) 

 

Severity of the event (S; µmol kg-1 hr) was calculated as the product of the event intensity (Ievent) 

and duration (D; hours) (21): 

 

� = 	 ∗ �����     (Equation 3) 
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For these calculations, we used four hypoxia thresholds: 153 µmol kg-1 (~ 5 mg L-1), 122 µmol 

kg-1 (~ 4 mg L-1), 92 µmol kg-1 (~ 3 mg L-1), and 61 µmol kg-1 (~ 2 mg L-1). While many studies 

use the threshold of ≤ 2 mg L-1 (~61 µmol kg-1) to define severe hypoxic conditions, it has been 

shown that this threshold, originally identified as the level at which great reductions in benthic 

macrofauna would be observed in Northern European fjords (78), is inadequate as a threshold for 

other marine species (13-14, 79). We provide the three additional thresholds to better capture a 

range of organism sensitivities to both lethal and sublethal impacts. Based on Vaquer-Sunyer and 

Duarte (14), we chose a “weak” hypoxia threshold of 153 µmol kg-1 (~ 5 mg L-1) as the upper 

bound of our thresholds, as it is the oxygen concentration that captured 90% of sublethal impacts 

in temperate benthic marine organisms. We also added thresholds at regular intervals, with a 

“mild” hypoxia threshold of 122 µmol kg-1 (~ 4 mg L-1; an upper bound of lethal oxygen levels 

determined for the tropical coral Acropora yongeii; 16) and a “moderate” hypoxia threshold of 

92 µmol kg-1 (~ 3 mg L-1). Calculations of intensity (for events and observations), duration of 

events, and severity of events were performed for each threshold (Fig. 3.2B-F, 3.S5-7).  

  

 

CMIP6 Temperature Projection Data 

We extracted predicted sea surface temperature (SST) rise values for each location (Fig. 3.S2) 

from the Coupled Model Intercomparison Project 6 (CMIP6) ensemble member Community 

Earth System Model Whole Atmosphere Community Climate Model (CESM2-WACCM) (5, 80-

81). The model was run by the National Center for Atmospheric Research (NCAR) in 2018, with 

a 0.9º × 1.25º finite volume grid atmosphere with 70 levels coupled with 320 × 384 
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longitude/latitude ocean with 60 levels (80-81). The model used the Historical, SSP1-2.6, SSP2-

4.5, SSP3-7.0, and SSP5-8.5 simulations (5, 80-81). Monthly SST data from the closest grid cell 

to each location’s latitude and longitude were averaged and compared between present day 

(mean of the 2015–2020 annual SST) and end of century (mean of 2090–2100 annual SST) to 

calculate anticipated increase in temperature by 2100 (Table 3.S4). This methodology was used 

so that the warming estimates would be less dependent on year-to-year climate variability events. 

See code file “CMIP6_SST_DO_sites.R” for full code used to extract and process these data.  

 

Predicting Changes in Dissolved Oxygen as a Result of Temperature Rise 

We calculated changes in DO concentrations as a result of the physical and biological impacts of 

temperature rise on DO solubility and biological oxygen demand (i.e., total respiration rates), 

respectively, based on measured DO at each reef site and the projected CMIP6 temperature rise 

for each location. A simple box model was also used to validate the methodology and 

calculations used to approximate changes in DO solubility and biological oxygen demand (See 

Supplementary Material). 

 

Calculating the Impact of Warming on Solubility 

Changes in DO solubility were calculated for each site under each climate projection 

(DOsol_SSP126, DOsol_SSP245, DOsol_SSP370, DOsol_SSP585) and a 6 ºC heatwave scenario (DOsol_heatwave) 

using Equations 4–5 (82) assuming only changes in temperature: 

 

        �� = log � ����.�� – ��
 ��� .�� ! ��"                                       (Equation 4) 
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          ln �	
��$� = %& +  %��� + %���� + % �� + %(��( + %���� +                   (Equation 5) 

��)& +  )��� + )���� + ) �� � + *&�� 

 

where t is temperature (ºC), Ts is the scaled temperature, DOsol is the solubility (µmol kg-1), A0 is 

5.80818, A1 is 3.20684, A2 is 4.11890, A3 is 4.93845, A4 is 1.01567, A5 is 1.41575, B0 is -

7.01211e-03, B1 is -7.25958e-03, B2 is -7.93334e-03, B3 is -5.54491e-03, C0 is -1.32412e-07, and 

S is salinity (PSU).  

 

Changes in DO concentration as a result of changes in solubility (∆DOsol) due to warming from 

present day were then calculated for each site and projection: 

 

Δ	
��$ =  	
��$ ,-���� − 	
��$ ,-�.                            (Equation 6) 

 

where DOsol_present is the solubility of DO under present-day measured temperature and salinity 

conditions (µmol kg-1) and DOsol_proj is the solubility of DO for a given temperature rise 

projection or scenario, calculated from Eqn. 4–5 (µmol kg-1). 

 

Calculating the Impact of Warming on Respiration 

The respiration signal of each reef at present day was approximated from the difference between 

the mean dissolved oxygen (	
����; µmol kg-1) across the entire deployment and the mean daily 

minimum dissolved oxygen concentration (	
/0��������; µmol kg-1), according to Equation 7: 

 

	
�11��� = 	
���� − 	
/0��������     (Equation 7) 
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Thus, DOoffset (µmol kg-1) reflects the observed changes in DO owing to the net effect of 

nighttime respiration, air-sea gas exchange, and physical transport processes assuming that on 

average, the daily mean DO at each location is close to 100% saturation. However, since air-sea 

gas exchange is quantitatively small relative to respiration rates on coral reefs and the flow is 

from air to sea at night, gas exchange was assumed to be negligible although it leads to a slight 

underestimation of the respiration signal. Similarly, day-to-day changes in water transport, 

current speed, trajectory, and residence time could also influence the observed DO loss, but on 

average each site is characterized by a set of baseline conditions constrained by the tidal cycle, 

depth, geomorphology, wind and swell conditions, which favors the application of DOoffset as an 

approximation of the respiration signal at each location. The daily statistics of DOoffset were 

calculated excluding the first and last days of the deployment in order to exclude partial days 

(less than full 24-hour periods) from the mean.  

 

To assess the biological impacts of each temperature rise scenario on biological oxygen demand, 

the change in respiration rate was calculated using a Q10 relationship according to Equations 8–9 

for each site and temperature scenario: 

 

�-2�� = �� − ��      (Equation 8) 

 

3� = 3� ∗ 4�&
�56789

:; "
    (Equation 9) 
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where Trise is the difference between baseline T1 and T2, R2 is the respiration rate under increased 

temperature T2, R1 is the respiration rate at present temperature (T1), and Q10 is the unitless 

metabolic quotient (83-84). In the present study, we assumed a Q10 of 2 (i.e., metabolic rate, in 

this case respiration, doubles for every temperature increase of 10 ºC), based on the literature for 

coral metabolism (85-89). However, because absolute respiration rates were unknown (i.e., R1), 

the reduction in DO concentrations due to increased respiration under different warming 

scenarios was calculated based on the ratio of R2,and R1 and the estimated respiration signal 

DOoffset according to Equations 10–11 (Fig. 3.S3): 

 

	
�11���<:; = 	
�11��� ∗ �=>
=:

"    (Equation 10) 

 

ΔDOA�& = 	
�11���<:; − 	
�11���    (Equation 11) 

 

where DOoffset_Q10 (µmol kg-1) is the expected change in DOoffset (change in DO due to respiration 

at present) as a result of increased respiration and ∆DOQ10 is the decrease in DO concentration, 

accounting for present-day respiration rates.  

 

Combining the Impacts of Warming on Solubility and Respiration 

Combining the physical (changes in solubility) and biological (changes in respiration rate) 

impacts of temperature rise, expected net reduction in DO concentration for each reef site and 

under each scenario was calculated using Equations 12-13 (Fig. 3.S3): 

 

∆	
 = ∆	
A�& + ∆	
��$     (Equation 12) 
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,-�. = 	
 −  ∆	
    (Equation 13) 

 

where ∆DO (µmol kg-1) is the total combined decrease in DO concentration, DOproj is the 

projected DO concentration (µmol kg-1) for each site and under each warming scenario, and DO 

is the present-day measured DO concentration at each site (µmol kg-1). 
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FIGURES 

 

 

 
 
Figure 3.1: Map of deployment sites and locations, hourly oxygen climatologies, and oxygen 
distributions. (A) Map and satellite images (Google Earth) of each reef location including specific 
instrument deployment sites (circles) at each location. Some sites had instruments deployed at multiple 
depths (Table 3.S1). (B) Mean ± shaded lower and upper 95 % confidence interval of the hourly 
climatology of dissolved oxygen (DO) concentrations for all sites.  The grey dashed lines indicate the four 
hypoxia thresholds: 153, 122, 92, and 61 µmol kg-1. (C) Ridgeline distributions of dissolved oxygen 
concentration and percent saturation grouped by location. Vertical grey dashed lines indicate four hypoxia 
concentration thresholds as in B. In all panels the color scheme follows the location colors used in A. 
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Figure 3.2: Shifts in dissolved oxygen concentration, hypoxic event duration, and occurrence of 
hypoxia exposure under warming. (A) Vertical dark shaded bars represent the mean daily range of 
dissolved oxygen for each site at present (Table 3.S3) and future temperature projections for the year 
2100 (Table 3.S4). The lower and upper bounds of the vertical light shaded bars represent the lowest daily 
minimum oxygen and highest daily maximum oxygen concentration, respectively (Table 3.S3). The grey 
dashed lines indicate four hypoxia thresholds: 153 µmol kg-1 (weak), 122 µmol kg-1 (mild), 92 µmol kg-1 

(moderate), and 61 µmol kg-1 (severe). (B-E) Percent of sites (n = 32) that experience hypoxic events of 
each listed duration for each warming scenario and hypoxia threshold (153, 122, 92, or 61 µmol kg-1; B-
E, respectively). (F) Percent increase in the total number of observations below each hypoxia threshold 
across all sites for each temperature projection relative to present day.  
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Figure 3.3: Timing of present-day hypoxic observations across all sites. Percent of recorded oxygen 
observations below each of the four thresholds (153, 122, 92, and 61 µmol kg-1; light to dark blue) 
occurring at each hour of the day for all sites and deployments. Daylight hours denoted by orange shaded 
box (local time). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 



58 
 

SUPPLEMENTAL FIGURES 

 

 
 
Figure 3.S1: Dissolved oxygen and temperature time series for all sites. Dissolved oxygen (µmol kg-1; 
black, left y-axis) and temperature (ºC; blue, right y-axis) in order of sites with increasing deployment 
length (Table 3.S1). 
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Figure 3.S2: Sea surface temperature predictions for each location. Mean monthly CMIP6 CESM2-
WACCM (80-81) sea surface temperature (SST) projections at each study location for the SSP1-2.6, 
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios (blue to red). 
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Figure 3.S3: Conceptual diagram of calculation approach used to estimate changes in coral reef 
dissolved oxygen under warming (Equations 6-13). (A) Present-day dissolved oxygen (DO; µmol kg-1; 
solid grey line), mean DO value across time series (purple dashed line), estimation of drawdown of DO 
by respiration (DOoffset; yellow arrow) as the difference between mean DO and mean daily minimum 
(DOmin; orange); and increase in respiration under 3 ºC warming (∆DOQ10; pink arrow). (B) Present-day 
DO (solid grey line), present-day solubility (dashed dark blue line; DOsol present), solubility of DO under 3 
ºC warming (dashed light blue line), and the decrease in solubility under warming (∆DOsol; green arrow). 
(C) Present-day DO and new calculated DO under warming (black solid line) due to changes in 
respiration and solubility (green and pink arrows, respectively).  
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Figure 3.S4: Box model results and comparison of results to calculations. (A) Modeled decreases in 
dissolved oxygen concentration (µmol kg-1) over 7 days under three temperature scenarios (25 ºC, 28 ºC, 
31 ºC; purple, green, blue, respectively) and two residence times (1 hour and 5 hours; solid and dotted 
lines, respectively). (B) Deviation of calculations used in the present study to model decreases in oxygen 
as a result of warming from box model output using data in A under two warming scenarios (+3 ºC and 
+6 ºC; blue and green, respectively) and two residence times (1 hour and 5 hours; solid and dotted, 
respectively). 
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Figure 3.S5: Change in number of hypoxic observations and events under warming. (A) Change in 
number of observations below each oxygen threshold: 153 µmol kg-1, 122 µmol kg-1, 92 µmol kg-1, and 
61 µmol kg-1 (weak, mild, moderate, and severe; shades of blue) and (B) Change in number of hypoxic 
events for each warming projection and threshold across all sites.  
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Figure 3.S6 Changes in duration, intensity, and severity of hypoxic events under warming. 
Distributions of the duration (A), intensity (B) and severity (C) of all hypoxic events below each 
threshold (≤153 µmol kg-1, ≤122 µmol kg-1, ≤92 µmol kg-1, or ≤61 µmol kg-1) for each warming 
projection (blue to red) across all sites. 
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Figure 3.S7: Changes in cumulative duration, intensity, and severity under warming. Cumulative 
duration (A), cumulative intensity (B), and cumulative severity (C) of the hypoxic events below each 
threshold (≤153 µmol kg-1, ≤122 µmol kg-1, ≤92 µmol kg-1, or ≤61 µmol kg-1; shades of blue) for each 
warming scenario across all sites. 
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Table 3.S2: Assessment of dissolved oxygen measurement bias. Percent (%) of observations 
below each threshold (153 µmol kg-1, 122 µmol kg-1, 92 µmol kg-1, 61 µmol kg-1) for observed 
oxygen data (Obs.; left) and oxygen data corrected for a -5% bias (Bias; right) for each 
projection (Present, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5, and a 6 ºC Heatwave). 
 

 

  153 µmol kg-1 122 µmol kg-1 92 µmol kg-1 61 µmol kg-1 
Projection  Obs. Bias Obs. Bias Obs. Bias Obs. Bias 

Present  3.91 2.67 0.547 0.380 0.104 0.0817 0.0297 0.0280 
SSP1-2.6  4.41 3.07 0.678 0.467 0.138 0.108 0.0420 0.0375 
SSP2-4.5  5.54 4.08 1.09 0.689 0.186 0.143 0.0462 0.0411 
SSP3-7.0  6.46 4.91 1.48 0.982 0.250 0.206 0.0646 0.0604 
SSP5-8.5  7.68 6.03 2.12 1.47 0.333 0.269 0.0764 0.0685 
Heatwave  10.5 9.31 4.68 3.58 0.958 0.691 0.217 0.180 
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Table 3.S4: Temperature projections by location. Predicted temperature rise (ºC) for each 
location sourced from the CMIP6 CESM2-WACCM model (81-82). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

Location 
Predicted Temperature Rise (ºC) 

SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 

Bocas del Toro 0.85 1.53 2.39 3.18 
Crocker Reef 0.92 1.54 2.45 3.09 

Hog Reef 0.68 1.23 2.43 3.38 
Heron Island 0.95 1.87 2.72 3.76 
Kaneohe Bay 0.36 1.90 2.22 3.47 

Dongsha 0.97 1.11 2.34 3.03 
Okinawa 1.07 1.06 2.32 2.94 

Taiping 0.98 1.16 2.55 3.49 

Baker 0.60 2.14 2.93 3.89 

Jarvis 0.72 2.37 3.30 4.05 

Palmyra 0.29 1.55 2.30 3.38 

Tutuila 0.64 1.14 1.83 2.79 



70 
 

 

 



71 
 

 

 



72 
 

Extended Materials and Methods 

Detailed Site and Deployment Information 

 

Heron Island, Australia 

Heron Island (23.443°S, 151.915°E) is a small coral cay (~0.16 km2) located on the Heron Reef 

platform (~28 km2) in the Capricorn Group of the Southern Great Barrier Reef (35-36). The 

Heron Reef platform is characterized by reef flat and lagoon habitats dominated by calcium 

carbonate sands, some algae, and live coral, predominantly Acropora spp. (37-38). SeapHOx 

(39) sensors were deployed on the benthos at three sites along the Heron Reef platform along an 

east-west transect: close to Heron Island (Heron 1), in the middle of the lagoon (Heron 2), and on 

the reef flat (Heron 3) (40). All instruments were deployed starting on October 8, 2015, and 

recorded temperature, salinity, dissolved oxygen, and pH every 30 minutes. Heron 1 was 

deployed for 14 days at approximately 0.7 m depth and Heron 2 and Heron 3 were deployed for 

7 days at approximately 2.1 m and 1.2 m depth, respectively (40; Table 3.S1). 

 

Bocas del Toro, Panamá 

Bocas del Toro (9.358°N, 82.244°W) is an archipelago on the northwest coast of Panamá, 

separated from the Caribbean Sea by the estuarine Almirante Bay (41). Almirante Bay is 

influenced by intense terrestrial runoff, freshwater discharge, and sedimentation from upstream 

rivers, streams, and plantations (42). Punta Caracol (9.377°N, 82.300°W) is a shallow reef site 

on the west coast of Isla Colón in Almirante Bay of Bocas del Toro, mostly protected from open 

ocean water flow and surrounded by dense mangroves (41). Punta Caracol is mainly composed 

of sandy sediments and large colonies of Porites, Orbicella, Diploria, Montastrea and 
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Colpophyllia at 2 to 4 m depth and a mixed community with muddy sediments from 4 to 12 m 

depth (41). Punta Vieja (9.259°N, 82.108°W) is a reef site at the southern tip of Isla Bastimentos, 

exposed to the Caribbean Sea and subject to much less terrestrial runoff and fewer anthropogenic 

inputs (41). The reef at Punta Vieja is dominated mainly by Acropora cervicornis and Acropora 

palmata from 2 to 5 m and drops off to a muddy bottom at 12 m depth (41).  

 

Four SeapHOx (39) sensors were deployed on the benthos at Punta Caracol on November 3–4, 

2015, at depths of 1 m, 3 m, 8 m, and 12 m depth (Bocas 1a, 1b, 1c, and 1d, respectively) and 

recorded temperature, salinity, dissolved oxygen, and pH every 30 minutes (Table 3.S1). The 

sensors at 3 m and 8 m remained in place for 16 days and were recovered on November 19. On 

November 9, the sensors at 1 m and 12 m were moved to Punta Vieja and deployed at 3 m and 8 

m (Bocas 2a and Bocas 2b, respectively). The sensors at Punta Vieja were recovered on 

November 20 after 11-day deployments (41). 

 

Kāne‘ohe Bay, O‘ahu, Hawai‘i, USA 

Kāne‘ohe Bay (21.463°N, 157.810°W) is a large bay on the northeastern (windward) coast of 

O‘ahu, home to a large barrier reef extending 13 km (alongshore) by 4 km (cross shore) (43). 

The reef area has a reef crest, reef and sand flats, and lagoon with many patch reefs (44-45). The 

reef flat is shallow and has a mixed benthic community, with some areas dominated by reef, 

rubble (coral skeletons with encrusting or turf algae), or sand (44-45). A SeapHOx sensor (39) 

was deployed on the benthos between June 17–30, 2016, at a reef site near the NOAA CRIMP2 

buoy (https://www.pmel.noaa.gov/co2/story/CRIMP2), measuring temperature, salinity, pH, and 

dissolved oxygen every 30 minutes for the 13-day deployment (Kaneohe 1a). Two SeapHOx 
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sensors were also later deployed on the benthos in the fall at the same CRIMP2 reef site 

(Kaneohe 1b) and at a rubble site (Kaneohe 2) for 7 days from November 10 to17, 2016, 

recording the same parameters every 30 minutes (43; Table 3.S1).  

 

Hog Reef, Bermuda 

Hog Reef (32.457ºN, 64.835ºW) is a rim-reef on the northern side of the Bermuda carbonate 

platform dominated by macroalgae (35 ± 3 %), hard coral (27 ± 5 %), turf algae (20 ± 4 %), soft 

coral (16 ± 2 %), and some areas of sand, rock, rubble, and coralline algae (< 5 %; mean ± 1 SD 

benthic cover) (46-48). The depth at Hog Reef ranges from 4 to 25 m, with a mean (± 1 SD) of 

10.3 ± 3.3 m, generally increasing offshore but with variable structure and complexity (47-49). A 

suite of autonomous sensors were deployed at Hog Reef in September of 2017, including 

Aanderaa oxygen optodes measuring dissolved oxygen and a CTD (Microcat, Sea-Bird 

Scientific) measuring temperature and salinity, among other parameters not included in the 

present study (48; Table 3.S1). Instruments were deployed either attached to (surface, Hog 1a) or 

on the benthos below (7 m; Hog 1b) the NOAA PMEL MAPCO2 buoy on Hog Reef 

(https://www.pmel.noaa.gov/co2/story/Hog+Reef) for 21 days from September 1-22, 2017, 

recording every 15 minutes. Salinity values for the Hog 1a sensors were taken from the 

MAPCO2 buoy and linearly interpolated to match the recording frequency of the sensors (every 

15 minutes) (48). 

 

Dongsha Atoll, Taiwan 

Dongsha Atoll (20.682ºN, 116.808ºE) is a large (~23 km wide), circular atoll in the South China 

Sea (also known as one of the Pratas Islands) southwest of Taiwan, with a wide reef flat and 
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large lagoon containing thousands of patch reefs of varying size. Dongsha Island on the western 

side of the atoll is home to a large seagrass bed on its north shore, extending up to 1 km offshore 

with scattered patches of Porites spp. coral colonies. The lagoon patch reefs are dominated 

mainly by massive Porites, foliaceous Echinopora, Pavona, and Turbinaria corals (50). An 

Idronaut CTD was deployed on the bottom in the shallow seagrass (Dongsha 1) at ~0.5 m depth 

during July 1–8, 2018, recording temperature, salinity, pH, and dissolved oxygen every 15 

minutes for 7 days. Another Idronaut CTD was deployed on the benthos of a large patch reef 

(Dongsha 2) near the center of the lagoon from July 1–8, 2018, at ~4 m for 7 days, also recording 

temperature, salinity, pH, and dissolved oxygen every 15 minutes. A Sea-Bird CTD sensor and 

Aanderaa oxygen optode were deployed on the benthos at a smaller patch reef on the eastern side 

of the lagoon at ~4 m depth for 7 days from July 1–8, 2018, measuring temperature, salinity, and 

dissolved oxygen every 10 minutes (Table 3.S1). 

 

Taiping Island, Taiwan 

Taiping Island (10.376ºN, 114.365ºE) or Itu Aba Island is the largest of the naturally occurring 

Spratly Islands in the South China Sea (0.57 km2), ~ 500 km due west of Palawan Island, 

Philippines and ~1180 km southwest of Dongsha Atoll, Taiwan (51). The east-west oriented 

coral island is surrounded by shallow seagrass beds that transition into a reef flat (1–4 m in 

depth) extending ~50 m offshore before a steep reef drop off with low to no coral cover below 18 

m depth (52). Previous work employing remote sensing data estimates that Taiping is home to 

1.27 km2 of reef flat and 2.46 km2 sub-tidal reef area (51). The reef areas surrounding Taiping 

are high in coral cover, with less than 5 % cover of algae, most of which was crustose coralline 

algae (53). Surveys in 1994 identified 120 species of corals on the south side of the island, 
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dominated mainly by Pocillopora and Acropora species (52). A Sea-Bird CTD and PME 

MiniDOT were deployed in the shallow seagrass and a SeapHOx (39) sensor was deployed on 

the benthos of the reef flat on the south side of the island for 3 days from March 28–31, 2019. 

The Sea-Bird and MiniDOT measured temperature, salinity, and dissolved oxygen every 10 

minutes and the SeapHOx sensor measured temperature, salinity, dissolved oxygen, and pH 

every 10 minutes (Table 3.S1). 

 

Okinawa, Japan 

Okinawa Island is the largest of the Ryuku Islands of southern Japan’s Kyushu region. Onna 

Reef (26.449ºN, 127.796ºE), located in Onna Village near Nakadomari, is a fringing coral reef 

along Okinawa’s central western side, extending 2.8 km alongshore with a 150 km wide reef flat. 

The reef flat has a mean depth of ~1.3 m and is composed mainly of carbonate rock, crustose 

coralline algae, sand, rubble, turf algae, and some small coral colonies (54). The lagoon (3–4 m 

depth) inshore from the reef flat is mainly sand, with scattered patch reefs, coral farms (55), 

seaweed farms, and has several deeper channels in the south and north. A SeapHOx (39) sensor 

was deployed on the benthos on the reef flat (Okinawa 1) and two Sea-Bird CTDs equipped with 

Aanderaa Oxygen Optodes were deployed in the lagoon near a coral farm (Okinawa 2) and in the 

southern boat channel (Okinawa 3) next to a group of artificially placed large Porites colonies 

(54). The sensors were deployed at ~0.5 m, 2 m, and 10 m, respectively from October 10–29, 

2019; however, biofouling on the Sea-Bird and Aanderaa sensors led to unusable dissolved 

oxygen data after October 21 (54). Thus, the SeapHOx sensor recorded temperature, salinity, 

dissolved oxygen, and pH for 19 days every 30 minutes, and the other instruments recorded 
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temperature, salinity, and dissolved oxygen every 10 minutes for ~10 (Okinawa 3) and 11 days 

(Okinawa 2) (54; Table 3.S1). 

 

Crocker Reef, Florida, USA 

Crocker Reef (24.908ºN, 80.525ºW), located on the outer reef tract of the Florida Keys, is a 

“senile or dead reef” dominated mainly by rubble, sand, and scattered coral colonies (56). An 

autonomous sensor package including a SeapHOx (39, 57) sensor was deployed on the benthos 

(3.7 m) in a sandy patch next to hardbottom to capture temperature, salinity, dissolved oxygen, 

and pH every hour for 47 days during late summer (July 19–September 3, 2014; Crocker 1a), 46 

days in winter (December 4, 2013–January 19, 2014; Crocker 1b), and 126 days from summer to 

fall (June 24, 2014–October 27, 2014; Crocker 1c) (58; Table 3.S1). 

 

Baker Island, Phoenix Islands 

Baker Island (0.194ºN, 176.478ºW) is a small (2.1 km2), uninhabited atoll in the Central Pacific 

and part of the Baker Island National Wildlife Refuge and the Pacific Remote Island Marine 

National Monument. The low-lying island is surrounded by a narrow fringing reef extending 

mainly east to west, and deeper reef slopes and terraces that drop off precipitously (59), with a 

total reef area of about 4 km2 (60). Benthic community composition on the southern reef slopes 

at Baker is dominated by Acropora corals (28.9 % cover), turf algae (22.3 %), macroalgae (15.6 

%), and crustose coralline algae (24.2 %) (60-61). A Sea-Bird SBE43 dissolved oxygen sensor 

and Sea-Bird SBE19 plus CTD were deployed on the forereef benthos at 14.3 m for 3 days 

between June 12 and 15, 2018, recording temperature, salinity, and dissolved oxygen every 10 

seconds (62; Table 3.S1). 
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Jarvis Island, Line Islands 

Jarvis Island (0.372ºS, 159.997ºW) is a small (4.5 km2), barren island in the Central Pacific 

surrounded by narrow fringing reefs and steep forereefs that drop off to depths of more than 

3,000 m (60, 63). Total reef area at Jarvis is approximately 3 km2, with less than 1 % live coral 

cover following mass bleaching in 2015 (63). A Sea-Bird SBE43 dissolved oxygen sensor and 

Sea-Bird SBE19 plus CTD were deployed on the forereef benthos at 17.1 m for 3 days between 

July 28 and 31, 2018, recording temperature, salinity, and dissolved oxygen every 10 seconds 

(62; Table 3.S1).  

 

Tutuila, American Samoa 

Tutuila (14.319ºS, 170.751ºW) is the main and largest island of American Samoa at 142.3 km2. 

The island is surrounded by narrow fringing reefs, with highly variable coral and macroalgal 

cover (63). The benthic community of the reefs on the northwest side of the island is dominated 

by turf algae (~40 % cover), hard coral (~25 %), crustose coralline algae (<20 %), and some 

macroalgae (<4 %), with similar composition at shallow (0–6 m), mid (> 6–18 m), and deeper 

depths (18–30 m; 60, 63). A Sea-Bird SBE43 dissolved oxygen sensor and Sea-Bird SBE19 plus 

CTD were deployed on the forereef benthos at 15.2 m for 24 days between June 23 and July 17, 

2018, recording temperature, salinity, and dissolved oxygen every 5 minutes (64; Table 3.S1). 

 

Palmyra Atoll, Line Islands 

Palmyra Atoll (~2 km2) of the northern Line Islands is a coral atoll in the South Pacific (5.882ºN, 

162.081ºW) approximately due south of the Hawaiian Islands. Palmyra is a National Fish and 
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Wildlife Refuge and part of the Pacific Remote Island Areas National Marine Monument, and 

thus not exposed to recent anthropogenic influences such as fishing or pollution (65-66). The 

atoll runs east to west, with two large lagoons and shallow reef terraces on either side (67) and a 

total reef area of about 42 km2 (60). The benthic community at Palmyra is dominated by live 

stony corals (28.5%), crustose coralline algae (18.9%), turf algae (24.3%), and macroalgae 

(12.8%) (60, 68). The forereef of Palmyra has been noted to contain a more diverse coral 

community, with higher cover of faster growing species like Acropora and Pocillopora (69).  

 

SeapHOx (39) sensors were deployed at a site on the reef terrace in 2016–2017 and 2018–2019 

and on the reef flat in 2016–2017. A SeapHOx sensor was deployed on the benthos of the reef 

terrace at approximately 5 m depth to record temperature, salinity, pH, and dissolved oxygen 

every 30 minutes from July 7, 2016–April 8, 2017 (275 days; Palmyra 1a) and October 30, 

2018–May 14, 2019 (196 days; Palmyra 1b). The SeapHOx placed on the benthos of the back 

reef was deployed from July 7, 2016, to May 12, 2017 (309 days; Palmyra 2) at ~4 m depth, also 

recording temperature, salinity, pH, and dissolved oxygen every 30 minutes. An SBE43 

dissolved oxygen sensor and Sea-Bird SBE19 plus CTD were also deployed at a site on the 

forereef benthos from August 3–6, 2018 (3 days; Palmyra 3) at 12.8 m depth, recording 

temperature, salinity, and dissolved oxygen every 10 seconds (62; Table 3.S1). 

 

Potential Errors and Uncertainty 

The accuracy of autonomous oxygen measurements depends on a number of factors including 

quality of the initial sensor calibration, subsequent sensor drift (during storage, transport, and/or 

deployment), and biofouling. (72). We note the oxygen data in the present study were collated 
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from multiple sources including both published (i.e., Crocker Reef, Heron Island, Bocas del 

Toro, Kāne‘ohe Bay, Jarvis, Baker, Tutuila, Palmyra 3, and Bermuda; 40, 41, 43, 48, 58, 62, 64) 

and unpublished (i.e., Dongsha Atoll, Okinawa, Taiping Island, Palmyra, 1a, 1b, 2) datasets as 

well as different oxygen sensors, calibration protocols, deployment durations, and users. 

However, because of the dynamic nature of oxygen in coral reef benthic environments spanning 

the full range from anoxia (e.g., 9, 73-74) to extensive super saturation (e.g., 75), it is not 

straightforward to identify suboptimal measurements that remain within reasonable bounds. We 

have done our best to assess the validity of each dataset both technically (i.e., following 

calibration protocols, etc.) and holistically (i.e., if a range of observations from a given 

environment makes sense based on the local benthic community, geomorphology, 

hydrodynamics, and history), and have found no direct evidence of any outstanding problems 

with the datasets that would negate our main conclusions. If we consider a hypothetical mean 

bias of -5% of our oxygen measurements (76), this alters the percentage of observations below 

the different thresholds at present by at most -32 % (153 µmol kg-1), -31 % (122 µmol kg-1), -21 

% (92 µmol kg-1), and -6 % (61 µmol kg-1) with mostly similar or smaller reductions under 

future warming projections (Table 3.S2). This would lessen the observed and projected hypoxia 

intensity and severity with respect to the defined thresholds, but it does not affect the ranges of 

oxygen variability and the projected decreases in dissolved oxygen under different warming 

scenarios. The same would be true for a positive measurement bias, although this would worsen 

the observed and projected intensity and severity for the different reefs. In either case, under 

projected future warming, there will be an increase in the frequency, intensity, duration, and 

severity of hypoxia for all reefs in this study compared to present, which emphasize the concerns 

raised here and elsewhere (6-8). It also highlights the need to further solidify relevant 
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physiological oxygen thresholds and their implications, and to continue developing 

methodological and technological improvements for making high quality, autonomous oxygen 

measurements in shallow, near-shore environments.  

 

Box Model of DO Changes as a Result of Temperature Rise 

A simple box model was used to validate the methodology and calculations performed as 

described in the Online Methods. The objective of the model was not to create a full-fledged 

biogeochemical coral reef model, but simply to create a model that could be used to conceptually 

validate the computational approximation of DO changes owing to the combined effect of 

decreasing gas solubility and increasing respiration rates resulting from ocean warming. The 

observations of DO from each reef location reflected the net effect of primary production, 

respiration, and physical transport processes, but without quantitative knowledge of these 

individual processes, we could only approximate the net effect of future warming on DO 

concentrations (see Online Methods). In the model, individual fluxes were prescribed and 

assessed independently, which allowed us to model the effect of warming on these processes and 

compare the net effect to the computational approximation applied to the global coral reef 

oxygen dataset. 

The model calculations were assessed for a 1 m3 seawater reservoir (1 m x 1 m x 1m) 

with dissolved oxygen concentration influenced by inflow (Fsw-i) and outflow (Fsw-o) of seawater 

and gross primary production (FPP) and respiration (FR). Gas exchange was negligible relative to 

these other fluxes and therefore not included in the model. The mass balance of oxygen was 

described by: 

CDE
C� = F�GH2 − F�GH� + FII − F=    (Equation 14) 
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All calculations were conducted at constant salinity, with the base scenario having a salinity of 

35 g kg-1 and temperature of 25 ºC. At initial conditions, seawater was assumed to be at 100 % 

oxygen saturation. Seawater inflow was assumed constant from an open ocean end member at 

100 % oxygen saturation throughout the simulation. Gross primary production was defined 

according to Falter et al. (90): 

 

FII = J ∗ sin �M��H�86�
��88H�86�"

�.�
 for tsr ≤ t ≤ tss   (Equation 15) 

 

    FII = 0        in all other cases 

 

where P is the maximum rate of gross primary production, t is time, and tsr and tss represent the 

time of sunrise and sunset. For this model we used a 12-hour day night cycle, with sunrise and 

sunset being at 6am and 6pm respectively. Respiration was assumed to be constant. Primary 

production and respiration rates were prescribed according to typical coral reef rates (90 and 

references therein), and tuned to reproduce a typical diel cycle of reef oxygen variability (194 

µmol kg-1 to 233 µmol kg-1). Thus, the maximum rate of gross primary production was 

prescribed at 40 mmol m-2 h-1 (P = 40 mmol m-2 h-1) and respiration at 12 mmol m-2 h-1 resulting 

in a daily net productivity of 0 mmol m-2 day-1 in the base scenario. Numerical integration was 

conducted with Matlab R2018a (91) using an ordinary differential equation solver (ode45) based 

on an explicit Runge-Kutta (4, 5) formula. The model was run for 7 days.  

Sensitivity analyses were conducted with respect to different residence times (1 and 5 hours) and 

three temperature scenarios (25 ºC, 28 ºC, 31 ºC) to assess the influence on both the mean and 

the diel variability in DO concentrations. For each scenario, open ocean and initial seawater 
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conditions were assumed to be at 100% oxygen saturation calculated using the constant salinity 

and given temperature of the scenario. Gross primary production was assumed to be unaffected 

by warming whereas respiration rates changed according to the Q10 relationship previously 

described (Eq. 9). The computational approximation approach employed to the global coral reef 

dataset was used for each model scenario and compared to the exact model results of DO 

concentrations (Fig. 3.S4). These comparisons showed that the approximation approach 

reproduced oxygen concentrations to within 0 to 0.5 µmol kg-1 of the actual results for a 1 hour 

residence time and within 0.1 to 5.6 µmol kg-1 for a 5 hour residence time once the model 

reached a near quasi-steady state (Fig. 3.S4). This comparison provides confidence of the 

application of the calculations used to estimate the effect of warming on oxygen solubility and 

biological oxygen demand for the global coral reef dataset. 
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CHAPTER 4: Effects of spatiotemporal gradients in pH and oxygen on coral growth in a 

naturally variable seagrass bed 

 
Ariel K. Pezner, Christopher D. Charles, Wen-Chen Chou, Hui-Chuan Chu, Travis A. Courtney, 
Benjamin W. Frable, Samuel A. H. Kekuewa, Keryea Soong, Yi Wei, and Andreas J. Andersson 

 

ABSTRACT 

Coral reefs are facing threats from a variety of global change stressors, including 

warming, ocean acidification, and oxygen loss. Although low oxygen and low pH conditions 

tend to co-occur in the natural environment, few studies have examined the simultaneous impacts 

of hypoxia and acidification on coral calcification and growth. In this study, we investigated 

differences in coral growth rates across a natural gradient in seawater temperature, pH, and 

dissolved oxygen (DO) variability in a seagrass bed within Dongsha Atoll, Taiwan, South China 

Sea. We observed a strong spatial gradient in temperature (up to 5 ºC), pH (0.29 pH units), and 

DO (and 129 µmol kg-1) across the 1-kilometer wide seagrass bed over a single day. Similarly, 

diel variability recorded by an autonomous sensor in the shallow seagrass measured daily ranges 

in temperature, pH, and DO of up to 2.6 ºC, 0.55, and 204 µmol kg-1. Despite these highly 

variable conditions, we observed many massive Porites corals scattered throughout the seagrass 

bed along the gradient. Cores collected from 15 of these coral colonies at 4 sites revealed no 

significant differences in coral calcification rates between sites along the gradients. However, 

there were significant differences in extension rate and density between corals at some sites. 

Isotopic analyses of two cores from the extreme ends of the gradient demonstrated that coral 

skeletal ∂18O strongly tracked local sea surface temperatures for both corals, but the seasonality 

and mean values of skeletal ∂13C differed depending on growth location.  

 

INTRODUCTION 
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Coral reefs are experiencing a myriad of environmental changes, from warming to 

acidification and hypoxia (e.g., Pandolfi et al., 2011; Breitburg et al., 2018; Nelson and Altieri, 

2019). Coral cover has been declining worldwide in recent decades, with a global loss of 13.5 % 

between 2009 and 2020 (Status of the Coral Reefs of the World: 2020, 2020). Warming in 

coastal areas has led to mass coral bleaching events and significant coral mortality in tropical 

reefs around the world (e.g., Hoegh-Guldberg, 1999). In addition, ocean acidification (OA), 

caused by the uptake of excess anthropogenic CO2 in seawater (Doney et al., 2009), has been 

predicted to potentially decrease calcification rates in scleractinian corals (Chan and Conolly, 

2013). While the effects of both temperature and acidification on coral growth have become 

relatively well-studied, less is known about the impacts of low oxygen or hypoxia on coral 

growth (for a review, see Nelson and Altieri, 2019). However, experimental and field evidence 

suggests that hypoxia can lead to mass mortality for vulnerable species (e.g., Altieri et al., 2017; 

Johnson et al., 2021). Importantly, rising temperatures, low pH, and low oxygen are not 

occurring in isolation, and many of the processes that cause warming, acidification, or hypoxia 

are interconnected (Altieri and Gedan, 2015). 

Management strategies proposed to help ameliorate the effects of OA and hypoxia have 

included proposals to grow marine photosynthesizers near corals or place corals in areas with a 

high cover of primary producers. Experimental evidence suggests that primary producers like 

macroalgae and seagrasses can modify local water chemistry in ways to oppose OA, potentially 

leading to benefits for calcifiers downstream (Anthony et al., 2011). Marine photosynthesizers 

such as seagrasses are also predicted to potentially benefit from increased ocean acidity, as an 

increase in the CO2 available in seawater can enhance photosynthetic rates (Invers et al., 1997; 
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Zimmerman et al., 1997). Thus, the potential refugia created by the primary producers could be 

maintained under increasing acidification.  

Seagrasses are known to be among the most productive marine primary producers, and it 

is well-documented that they have the capacity to change the biogeochemistry of the surrounding 

seawater (Duarte and Chiscano, 1999; Marbà et al., 2006). These modifications can be observed 

over large spatial scales (Manzello et al., 2012; Buapet et al., 2013; Cyronak et al., 2018), and 

throughout the water column (Frankignoulle and Distèche, 1984). Daytime photosynthesis by the 

seagrasses removes dissolved inorganic carbon (DIC) from the water and produces oxygen, 

leading to an increase in pH and dissolved oxygen (DO) concentration (Marbà et al., 2006). This 

has led many to hypothesize that seagrasses can create a pH-refuge for other species from OA 

(Manzello et al., 2012; Hendriks et al., 2014; Koweek et al., 2018; Ward et al., 2022). Studies in 

some temperate species have shown that the presence of primary producers can relieve pH stress 

from acidification, leading to higher calcification rates (Semesi et al., 2009; Bergstrom et al., 

2019; Ricart et al., 2021). However, models estimate that the ability of seagrasses to ameliorate 

OA impacts will likely vary as a function of depth-averaged and seasonal productivity as well as 

seawater residence time (Koweek et al., 2018; Ward et al., 2022) 

While elevations of pH and DO during the daytime in areas with a high cover of primary 

producers may be beneficial, nighttime respiration significantly lowers pH and DO, often to or 

past the point of hypoxia (e.g., Camp et al., 2017; Cyronak et al., 2018a). Compared to coral 

reefs, the magnitude of change in pH and DO over a single day in ecosystems dominated by 

primary producers such as seagrasses, macroalgae, or mangroves is immense (e.g., Challener et 

al. 2016; Camp et al., 2017, 2019), with extremely low pH and DO in early morning and high pH 

and DO in the late afternoon. Currently, it is unclear whether the benefits of elevated pH and DO 
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during the day outweigh the potential costs of extremely low pH and DO at night for calcifying 

organisms like corals. Significant time and effort have been put into researching the effects of 

OA on calcifying species like corals with mixed results (for a review, see Chan and Connolly, 

2013). In addition, research on the impacts of variable pH on photosynthesizing calcifiers has 

shown that the majority are indifferent to variable pH regimes (Kaspenberg and Cyronak, 2019). 

This may be due to the fact that the daytime increases in pH are transient, and often accompanied 

by similar nighttime minima that lead to no overall change in the mean pH experienced 

(Kaspenberg and Cyronak, 2019). While the effect of low pH may be minimal for many marine 

calcifiers, the effects of low and variable oxygen has been shown to have strong impacts for 

some species. In temperate mollusks growing in eelgrass dominated areas, variable DO and 

temperature had stronger impacts on mollusk physiology compared to pH, which had no effect 

(Spencer et al., 2019). Low oxygen alone has also been demonstrated to have negative impacts 

on coral calcification in the laboratory (Wijgerde et al., 2012, 2014). In the field, research in 

mangrove ecosystems has shown that corals can successfully grow in dynamic oxygen and pH 

environments, but with lower calcification and photosynthetic rates than corals found on reefs 

(Camp et al. 2017, 2019), suggesting there may be physiological tradeoffs. 

In this study, we used a seagrass bed as a natural laboratory to investigate: 1) What is the 

natural spatiotemporal variability in seawater temperature, carbonate chemistry, and dissolved 

oxygen across the seagrass bed in Dongsha?; 2) How do potential gradients in these 

environmental parameters drive differences in coral growth rates across the seagrass bed?; and 3) 

How do these gradients control skeletal stable isotopic composition in corals collected inside and 

outside of the seagrass? To address these questions, we characterized changes in water chemistry 

and DO across the seagrass bed over space and time using in situ sampling and deployment of an 
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autonomous sensor. We also quantified annual skeletal density, calcification, and extension rates 

in massive Porites collected from four sites across the seagrass bed to assess how the chemical 

gradients might have influenced these growth parameters. Lastly, we measured the stable 

isotopic composition of two coral cores to further elucidate the potential impacts of this 

environmental variability on patterns of skeletal isotopic signatures.  

 

MATERIALS AND METHODS 

Study Site 

Dongsha Atoll (20°40' N, 116°48' E) is a nearly circular coral atoll located in the northern 

South China Sea ~ 420 km southwest of Kaohsiung, Taiwan. Dongsha has an approximate 

diameter of 23 km and an area of 460 km2 (Tkachenko and Soong 2017; Figure 1). The atoll is 

composed of a ~ 3 km wide shallow reef flat and an inner lagoon dominated by patch reefs with 

an average depth of 10 m (Chou et al., 2018). Water exchange with the open ocean occurs 

mainly through large open channels on the western side of the atoll both north and south of 

Dongsha Island.  

Positioned on the western edge of the atoll, Dongsha Island (2.86 km long, 1.75 km2) is 

home to expansive seagrass meadows that extend up to 1 km offshore, covering an estimated 

area of between 8.2 and 11.85 km2, depending on the survey year and season (Dai, 2006; Lin et 

al., 2005; Huang et al., 2015). The seagrass meadows on Dongsha have been found to contain 

seven species of seagrass from six genera and two families, though the meadows on the north 

shore where the present study was conducted are dominated by Thalassia hemprichii, 

Cymodocea rotundata, and Cymodocea serrulata (Lin et al., 2005; Huang et al., 2015; Lee et al., 

2015). Seagrass percent cover along the north shore was estimated to be 81% in 2011, with a 
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mean shoot density of between 455 and 2522 shoots m-2 (Huang et al., 2015). The seagrass beds 

are shallow, with a depth of 0.5 to 2.2 m nearshore (tidal range of 0.85 ± 0.21 m; Lee et al., 

2015; this study) and 3 m offshore (Chou et al., 2018). Within these seagrass meadows are also 

some small patches of scleractinian corals, mainly massive Porites and some Acropora colonies. 

The presence of coral colonies in the seagrass bed have been noted in the literature since at least 

1994 (Dai, 2006; Dai et al., 1995).  

The climate on Dongsha Atoll is tropical, with sea surface temperatures ranging between 

19.61 ºC and 31.77 ºC (NOAA Coral Reef Watch 1985-2022). The atoll experiences a dry season 

from October to May, driven by northeast monsoonal winds, with mean monthly rainfall of < 50 

mm (Dai, 2006; Lin et al., 2005). Between June and September, southwest winds bring rain 

(mean monthly rainfall > 170 mm) and warmer temperatures (Dai, 2006; Lin et al., 2005). 

Typhoons also occur regularly during the wet season from July to October (Lin et al., 2005; 

Tkachenko and Soong, 2017). 

Coral biodiversity across Dongsha Atoll is high, with 267 coral species identified as of 

2017 (Dai et al., 1995; Dai, 2006). Coral cover was historically very high across Dongsha, with 

cover ranging from 80 to 95 % in many parts of the atoll in 1994 (Dai et al., 1995). However, 

intense pressure from illegal fishing, including use of dynamite and poison, has led to severe 

declines in coral cover and diversity since the late 1990s (Li et al., 2000). In addition, this area of 

the South China Sea has experienced coral bleaching events in 1998, 2007, 2010, and 2015-2016 

that have driven increased coral mortality (Tkachenko and Soong, 2017). The major bleaching 

event in 1998 led to mass mortality of corals across the atoll lagoon and an estimated 95 % 

reduction in coral cover (Soong et al., 2002; Dai, 2006). In June 2015, a combination of El Niño 

Southern Oscillation-driven sea surface temperature warming and a confluence of local 
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conditions (low flow and weak winds) led to mass mortality of the reef community on the eastern 

reef flat (up to 40 %; DeCarlo et al., 2017). During both events, species-specific trends were 

observed, with higher mortality among the Acropora spp. and Pocillopora spp. corals 

(Tkachenko and Soong, 2017). 

 

Spatial Surveys 

To assess the spatial and temporal variability of water chemistry parameters and 

dissolved oxygen (DO) across the seagrass bed, water samples were collected at 12 stations on 

the north shore of Dongsha Island in 2018. The sampling area covered approximately 0.7 km2 

across the seagrass bed. The spatial surveys were conducted a total of four times, with one in the 

early morning (~6:30 – 7:15 h) on June 30, two in the early to mid-afternoon (~11:00 – 13:30 h) 

on June 27 and June 30, one in the late afternoon (~15:00 – 16:30 h) on June 26.  

Spatial surveys were conducted using a jet-ski, with one driver and one collector, as the 

water depth was too shallow for boat use. Water samples (N = 48 total) were collected at the 

surface in 250 mL Pyrex glass sample bottles by rinsing the bottle with seawater three times and 

then submerging the bottle in the water until filled (ensuring no bubbles were collected) at all 

stations. In situ temperature and salinity were measured with a YSI 556 Handheld 

Multiparameter Instrument (accuracy: temperature ±0.15°C, salinity ±1%). Once all of the 

samples were collected, the bottles were then handed off to scientists on the beach and 

immediately fixed with 100 µL of a saturated HgCl2 solution and sealed for later analyses of 

dissolved inorganic carbon (DIC) and total alkalinity (TA) (Dickson et al., 2007).  

The water samples were transported back to Scripps Institution of Oceanography (SIO), 

where DIC was measured using an Automated Infra-Red Inorganic Carbon Analyzer (AIRICA, 
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Marianda) with a Li-COR 7000 detector. TA was analyzed via an open-cell potentiometric acid 

titration system developed by the Dickson Lab at SIO (Dickson et al., 2007). Accuracy (± 

precision) of TA and DIC measurements were calculated as the mean offsets (± SD) from 

Certified Reference Materials provided by the Dickson Lab and were 1.5 ± 2.5 μmol kg−1 (n = 

23) for DIC and -0.62 ± 2.1 μmol kg−1 (n = 20) for TA. Additional carbonate chemistry 

parameters were calculated using CO2SYS for Excel (Lewis and Wallace, 1998) and the Seacarb 

package in R (Gattuso et al., 2021). Constants and scales used included: the first and second 

dissociation constants of carbonic acid (K1 and K2) from Mehrbach et al. (1973) refit by 

Dickson and Millero (1987), the dissociation constants of bisulfate (KHSO4) from Dickson (1990) 

and total boron by Uppström (1974), and total scale pH (pHT). For TA:DIC analyses, TA, DIC, 

and DO were normalized to a mean salinity across all surveys of 34.2 PSU. nDICNCP was also 

calculated by removing the influence of CaCO3 calcification and dissolution on DIC using the 

following equation, assuming mean TA across all surveys serves as a reasonable source water 

value: 

P	�*QRI =  P	�* + �STU9VWHST
� �    (Equation 1) 

 

Autonomous Measurements 

An Ocean Seven 316 Plus CTD (IDRONAUT S.r.l, Italy) was deployed at a shallow, 

nearshore site in the seagrass meadow to collect high frequency, temporal measurements of 

seawater chemistry and DO. This deployment site overlapped with the central nearshore survey 

station (Figure 1). The CTD recorded temperature (accuracy: ± 0.003 °C), salinity (± 0.003 mS 

cm-1), DO (± 0.01 ppm), and pHNBS (± 0.01) every 15 minutes. The CTD was deployed on 25 

June 2018 and was left to collect at the shallow station until 8 July 2018. However, a problem 
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with the battery led to a loss of data between 27 June and 1 July 2018. Thus, only data from 2 

July to 8 July 2018 are reported in the present study. All CTD pH data was converted from NBS 

scale to total scale using the offset from the pH of a bottle sample collected next to the CTD 

during deployment. pH from the bottle sample (in total scale) was calculated in CO2SYS using 

measured TA and DIC. The offset (-0.059) was calculated as the difference between the bottle 

pH and the average of the two CTD pH values at time points before and after the water sample 

was collected. 

 

Coral Core Collection and Analysis 

Coral cores were drilled from 20 individual colonies of massive Porites along a transect 

perpendicular to the north shore of Dongsha Island and along the inshore-offshore axis of the 

spatial surveys. To compare growth rates between corals across and outside of the seagrass bed, 

we selected 4 sites to collect cores (n = 5 per site) located: ~15 m offshore in dense seagrass 

(“Nearshore”), ~300 m offshore in seagrass (“Mid”), ~600 m offshore in a patch with no 

seagrass (“Outer”), and ~1 km offshore outside the seagrass bed (“Outside”). There was a slight 

depth gradient from the nearshore to outside locations, with the shallowest coral collected at ~ 

0.6 m depth and the deepest coral collected at ~ 2.4 m depth (as measured by a SUUNTO Zoop 

Wrist Scuba Diving Computer). 

Cores were drilled using a handheld pneumatic drill (Nemo Power Tools) and a 3 cm drill 

bit from freestanding massive Porites colonies of approximately the same size (~50 cm tall). 

Holes in the corals from coring were sealed with epoxy. Cores measured 3 cm in diameter, and 

most were ~20 cm in length (excluding those that broke or were interrupted by low drill battery). 

Cores were cleaned, dried, and shipped back to SIO for processing. Cores were slabbed using a 
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double-bladed lapidary saw and then x-rayed with matching aluminum and aragonite (Tridacna 

sp. shell) wedges at 35 kVp and 0.3 mAs for 40 seconds using a Faxitron X-Ray in the SIO 

Marine Vertebrate Collection. Scans of each core were then analyzed in Coral XDS (Helmle et 

al., 2003) to identify growth bands and calculate annual density, annual calcification, and linear 

extension rates. Unfortunately, 5 cores were removed from the analyses (one core from the 

nearshore, mid, and outer sites and two cores from the outside site) due to limited or 

unidentifiable annual banding patterns. 

 

Coral Isotope Measurements and Chronology Development 

Two coral cores, one from the nearshore collection site and one from the outside site, 

were analyzed for skeletal ∂13C and ∂18O isotopic composition. Core slabs for each coral were 

sampled at 1 mm intervals along a transect perpendicular to the growth axis of each core. Mean 

annual extension rates derived from Coral XDS analyses for the outside and nearshore corals 

between 2003 and 2017 were 0.9 and 1.2 cm year-1, respectively. Thus, this sampling scheme 

achieved approximately monthly resolution. The samples were analyzed using the Kiel IV 

Carbonate Device and ICP mass spectrometer in the Charles Lab at SIO to measure ∂13C and 

∂18O stable isotopic ratios, where ∂13C and ∂18O were calculated as follows: 

 

X 
 �� =  Y E :Z / E :\ 8VU]^9
 E :Z / E :\ 8_VW`V6`

− 1b ∗ 1000 ‰   (Equation 2) 

 

X * � =  Y  R :d / R :> 8VU]^9
 R :d / R :> 8_VW`V6`

− 1b ∗ 1000 ‰   (Equation 3) 
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NBS 19 standards were used for each run of the device and mass spectrometer. Long-term 

precision of these instruments is better than 0.08 ‰ for ∂18O and 0.06 ‰ for ∂13C (Charles et al., 

2003). 

To assign dates to the collected isotope data, the ∂18O record of each coral was compared 

to the available SST data from the NOAA Coral Reef Watch Satellite SST products for Dongsha 

Atoll. Mean monthly SST was calculated as the average between the monthly minimum and 

monthly maximum SST data points in the absence of finer temporal scale data. Given the strong 

seasonality of the skeletal ∂18O record for both corals, we assumed that this record would closely 

follow the local SST trend. With this assumption, maxima and minima of the ∂18O record were 

matched with the maxima and minima of the mean monthly SST record, knowing that the most 

recent maxima would have occurred in winter 2017 (as the corals were collected in summer 

2018). After assigning the month and year for the maxima and minima, the na.fill() function 

from the 'zoo’ package (Zeileis and Grothendieck, 2005) in RStudio (R Core Team, 2019) was 

used to interpolate the missing dates for the ∂18O and ∂13C records of each coral. Due to differing 

growth rates as well as drill angle, the number of samples for each core representing the same 

time period differed. Thus, for all analyses and statistics, only data from July 2007 to January 

2018 for both cores was used for equal comparison.  

 

Calculations and Statistical Analyses 

Spatial gradients in temperature, carbonate chemistry, and DO across the seagrass were 

calculated as the difference between the survey mean and the station value for each parameter. 

This was performed for each survey independently. A positive value thus indicates that the value 
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recorded at the station was higher than the survey mean, whereas a negative value indicates a 

value lower than the survey mean.  

To statistically compare the spatial gradients within each survey, linear models were 

constructed with survey and location as fixed effects (parameter ~ Location*Survey) for 

temperature, DO, pH, DIC, and TA. Stations were grouped into four groups of three stations 

corresponding to the four locations along the inshore-offshore gradient (nearshore, mid, outer, 

and outside). The ‘emmeans’ package and emmeans() function with a Tukey adjustment (Lenth, 

2022) in RStudio (R Core Team, 2019) was used to compute pairwise comparisons of the 

locations for each survey and parameter. 

Similarly, to compare extension rates, annual density, and calcification rates between 

coral cores at different locations, linear mixed effects models were constructed with location and 

core as random effects (i.e., growth parameter ~ location, random = ~ location | core) using the 

lme() function from the ‘nlme’ package (Pinheiro et al., 2021) in RStudio (R Core Team, 2019). 

The ‘emmeans’ package and emmeans() function with a Tukey adjustment (Lenth, 2022) in 

RStudio (R Core Team, 2019) was used to compute pairwise comparisons of these growth 

parameters between each location. Linear models were also created for calcification ~ density, 

density ~ extension, and extension ~ calcification using the lmodel2() function (Legendre, 2018) 

in RStudio (R Core Team, 2019) to compute r2, slopes, and p-values. 

For the isotope data, an unpaired, two-sample t-test using the t.test() function in RStudio 

(R Core Team, 2019) was used to compare the mean values of the ∂13C and ∂18O time series 

from the coral cores between the nearshore and outside coral cores. In addition, linear models 

were constructed for ∂18O ~ ∂13C using the lmodel2() function (Legendre, 2018) in RStudio (R 

Core Team, 2019) to compute r2, slopes, and p-values for each coral core. 
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RESULTS 

Spatial Variability of Carbonate Chemistry and Dissolved Oxygen 

Repeat spatial surveys over the seagrass bed revealed gradients in many parameters from 

nearshore to outside stations (Figure 2, S1; Table 1). These gradients were most pronounced 

during the early morning and late afternoon surveys.  

In the early morning, spatial gradients were observed for all measured parameters: 

temperature, dissolved oxygen (DO), pH, dissolved inorganic carbon (DIC), and total alkalinity 

(TA) (Figure 2, S1). DO recorded at the nearshore stations was up to 69 µmol kg-1 lower than the 

early morning survey average and up to 129 µmol kg-1 lower than the highest value recorded at 

the outside stations (Figure 2, S1; Table 1). DO concentrations recorded at two of the three 

nearshore stations were severely hypoxic (< 61 µmol kg-1; Rosenberg, 1980). pH at the nearshore 

stations was up to 0.13 units lower than the survey average and up to 0.24 units lower than the 

highest pH recorded at the outside stations (Figure 2, S1; Table 1). In contrast, DIC recorded at 

the nearshore and mid stations were up to 57 µmol kg-1 higher than the survey average and up to 

104 µmol kg-1 higher than the lowest value recorded at the outside stations (Figure 2, S1; Table 

1). Temperature and TA were more uniform amongst the mid, outer, and outside stations, but 

were still distinct from the nearshore stations (Figure 1, S1). Temperature at the nearshore 

stations was up to 1.0 ºC warmer and TA was up to 50 µmol kg-1 lower than the early morning 

survey average and up to 1.3 ºC warmer and 95 µmol kg-1 higher, respectively, than the lowest 

recorded value at the other stations (Figure 2, S1; Table 1).  

Post-hoc Tukey tests of the linear models of the spatial gradients of each parameter 

across the early morning survey revealed that both mean DO and pH were significantly (p < 
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0.01) higher at both the outer and outside stations compared to the nearshore stations (Figure 3). 

However, while there appeared to be differences in mean temperature, DIC, and TA between the 

nearshore and outside stations, these difference were not statistically significant (p > 0.05, Tukey 

test; Figure 3).  

Even more pronounced spatial gradients were observed during the late afternoon survey 

for all measured parameters (Figure 2, S1). Temperature at the nearshore stations was up to 2.6 

ºC warmer than the survey average and up to 5.0 ºC warmer than the coolest outside station 

(Figure 2, S1; Table 1). DO and pH were up to 62 µmol kg-1 and 0.17 units higher at the 

nearshore stations than the survey average, and up to 129 µmol kg-1 and 0.29 units higher than 

the lowest values recorded at the outside stations, respectively (Figure 2, S1; Table 1). DIC was 

up to 204 µmol kg-1 lower at the nearshore stations and up to 342 µmol kg-1 lower than the 

highest value recorded at the outside stations (Figure 2, S1; Table 1). The gradients in total 

alkalinity, similar to the early morning survey, were less clear because both the highest and 

lowest TA were measured at adjacent nearshore stations.  

Post-hoc Tukey tests of the linear models of the spatial gradients for the afternoon survey 

revealed that the mean temperature and pH at the mid, outer, and outside stations were 

significantly lower than the temperature at the nearshore stations (p < 0.001), but not 

significantly different between the other stations (Figure 3). Similarly, mean DIC at the mid, 

outer, and outside stations was significantly higher than the DIC at the nearshore stations (p < 

0.001), but not significantly different between the other stations (Figure 3). Mean DO at the 

nearshore sites was also significantly higher at the nearshore stations compared to the outside 

stations (p < 0.05), but not statistically different from the other stations (Figure 3).  
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Spatial gradients were also observed during the mid-morning and mid-day surveys 

(Figure 1,S1), however they were much less pronounced than the gradients observed in the early 

morning and late afternoon and followed similar patterns to those of the late afternoon surveys. 

Comparing observations at each station between the late afternoon and early morning 

surveys revealed strong temporal variability in all parameters along this spatial gradient. At the 

nearshore stations, temperature was up to 6.6 ºC warmer, the DO concentration 332 µmol kg-1 

higher, and pH 0.76 units higher in the late afternoon survey compared to the early morning 

survey (Figure 1, Table 1). At the offshore stations, temperature was up to 3.9 ºC warmer, the 

DO concentration 175 µmol kg-1 higher, and pH 0.40 units higher in the late afternoon compared 

to the early morning survey (Figure 1, Table 1). The differences observed between the mid and 

outer stations between the early morning and late afternoon surveys were of similar magnitude. 

In addition, the differences between all station locations between the mid-morning and mid-day 

surveys were much smaller than the differences observed between the early morning and late 

afternoon surveys (Table 1).  

 

Metabolic Controls of Variability 

A regression of salinity normalized DIC (nDIC) and TA (nTA) revealed a significant, 

positive relationship (slope = 0.18, r2 = 0.45, p < 0.01) (Figure 4A,B) and a regression of salinity 

normalized DO (nDO) and NCP DIC (nDICNCP) revealed a significant negative slope (slope = -

0.51, r2 = 0.87, p < 0.01). (Figure 4C,D). Observations of both nDIC and nTA and nDO and 

nDICNCP clustered strongly by survey, station locations, and pH (Figure 4).  

 

Fine Scale Temporal Variability of Temperature, pH, and Dissolved Oxygen 
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High frequency measurements from the CTD sensor deployed at the shallow seagrass site 

revealed a strong diel pattern of variability in temperature, DO, and pH (Figure 5). Across the 7-

day deployment, the temperature varied between 29.08 ºC to 32.24 ºC, DO from 0 to 224 µmol 

kg-1 (0 to 121 % saturation), and pH from 7.67 to 8.36 (Table 2). Salinity was relatively 

invariable during dry conditions but increased in association with precipitation events (33.67 ± 

1.08 PSU; mean ± SD) (Figure 5). Temperature, DO, and pH peaked in the late afternoon, and 

were lowest in the early morning (Figure 5). Diel variability in temperature had a mean daily 

range (± SD) of 2.28 ± 0.22 ºC across the 7-day deployment. DO and pH had mean daily ranges 

of 187 ± 14 µmol kg-1 (100 ± 7 % saturation) and 0.53 ± 0.02, respectively (Table 2). The DO 

concentrations in the seagrass bed reached hypoxic concentrations (< 61 µmol kg-1; Rosenberg, 

1980) every evening of the deployment (Figure 5).  

 

Coral Core Linear Extension, Density, and Calcification Rates 

 Annual linear extension rate, density, and calcification rate varied both between and 

across years in the same coral core as well as between cores from all sites (Figures 6,7). Across 

all cores, years, and sites, the mean extension rate was 0.94 ± 0.36 cm year-1 (mean ± SD), the 

mean annual density was 2.11 ± 0.40 g cm-3 year-1, and the mean calcification rate was 1.98 ± 

0.82 g cm-2 year-1. We observed no clear temporal trends in calcification, extension, or density 

over the growth record for any site (Figure 6).  

Due to variations in growth rates, core geometry, core length, and banding patterns, the 

number of usable growth years varied between cores. The core with the longest record had 

growth years dating to as early as 1994. All cores (N = 15, with poor quality cores removed) 
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contained data for growth years 2012 to 2017. Thus, only data from this 6-year period were used 

in statistical comparisons between sites (Figure 7).  

Between 2012 and 2017, linear mixed effects models and a Tukey’s pairwise comparison 

revealed no significant differences in calcification rates between corals from different sites 

(Figure 7, Table 3). However, there were significant differences between annual density and 

extension rates between corals collected at different sites (Figure 7, Table 3). Corals collected 

from the mid site had significantly higher mean annual density and significantly lower mean 

annual extension rates compared to corals collected at the nearshore site (p < 0.05; Figure 7, 

Table 3). In addition, the corals collected at the outside site had significantly higher mean annual 

density than the corals collected at the nearshore site (p < 0.001) and significantly higher mean 

annual extension rates compared to the corals from the mid site (p < 0.05; Figure 7, Table 3).  

Linear regressions of pairs of the growth parameters across all cores from 2012 to 2017 

revealed a strong, significant positive relationship between annual calcification rate and annual 

extension rate (r2 = 0.76, p < 0.01) and weakly positive but significant relationship between 

annual calcification rate and annual density (r2 = 0.12, p < 0.01; Figure 7). The relationship 

between annual extension rate and annual density was very weakly negative and not significant 

(r2 = 0.02, p = 0.1; Figure 7).  

 

Coral Core Skeletal Isotopic Composition (∂18O and ∂13C) 

 The time series of ∂18O from both coral cores was highly seasonal, with the record 

covering a near decade-long period between July 2008 and January 2017 (Figure 8). ∂18O varied 

between -6.222 ‰ and -4.476 ‰ for the coral collected from the outside site and between -6.235 

‰ and -4.211 ‰ for the coral collected from the nearshore site (Figure 8). ∂18O was more 
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negative in the summer months and more positive in the winter months (Figure 8). The mean 

values of ∂18O across the time series were not significantly different between the two corals (t-

test, p = 0.881; Figure 9). The time series of ∂13C from the coral collected at the outside site was 

also seasonal, with more positive values in summer and more negative values in winter (Figure 

8). The ∂13C time series was significantly anti-correlated to the ∂18O time series in the same core, 

though this relationship was relatively weak (linear model slope = -0.54, r2 = 0.17, p < 0.01; 

Figure 9). ∂13C varied between -4.284 ‰ and -1.836 ‰ across the entire time series for the 

outside coral (Figure 8). The seasonal trend in the ∂13C for the nearshore coral was weaker, with 

much more high frequency variability and two extremely low ∂13C events during the record in 

summer 2007 and 2015 (Figure 8). Despite this high variability, the ∂13C time series for the 

nearshore coral was also weakly but significantly negatively correlated with ∂18O (linear model 

slope = -0.32, r2 = 0.15, p < 0.01; Figure 9). The range of ∂13C for the nearshore coral was 

between -4.320 ‰ and -1.747 ‰ (Figure 8). In addition, the mean value of ∂13C was 

significantly higher in the nearshore coral than the outside coral (t-test, p < 0.0001; Figure 9). 

 

 

DISCUSSION 

Spatiotemporal Variability of Carbonate Chemistry and Dissolved Oxygen 

Here, we demonstrate that at times there were significant gradients in seawater 

temperature, dissolved oxygen (DO), and carbonate chemistry across the Dongsha seagrass bed 

from inshore to offshore. The spatial gradients were present during all daytime surveys, but were 

strongest in the early morning and late afternoon (Figure 2), highlighting the high daytime 

productivity and nighttime respiration rates of the Dongsha seagrass system (Figure 4). The 
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maximum ranges of pH (0.76) and DO (332 µmol kg-1) recorded across the Dongsha seagrass 

bed were generally larger than ranges reported from other spatial surveys of tropical and 

subtropical seagrass beds (Cyronak et al., 2018a). This is supported by previous work around 

Dongsha Island that has shown that seagrass productivity here is higher than the global average 

and higher than measurements for the same species in other areas (Huang et al., 2015).  

These extreme diel changes were also captured by the autonomous sensor deployed in the 

shallow seagrass, which recorded fluctuations in temperature, DO, and pH that exceed global 

projections of warming, oxygen loss, and pH decline by the end of the century for the open 

ocean (Kwiatkowski et al., 2020; Figure 5). Previous work in seagrass meadows around the 

globe have reported pH fluctuations ranging from 0.25 to > 1 pH units (Frankignoulle and 

Bouquegneau, 1990; Marbà et al., 2006; Semesi et al., 2009; Unsworth et al., 2012; Challener et 

al., 2016; Saderne et al., 2019) across time scales varying from hours to months. Thus, the 0.7 

pH unit range observed in the Dongsha seagrass over just a few days is relatively high compared 

to some seagrass beds. Notably, DO concentrations as measured by the CTD were severely 

hypoxic (< 61 µmol kg-1; Rosenberg, 1980) every single night of the deployment (Figure 5). This 

nighttime hypoxia was also observed in the spatial surveys, with all of the measurements at the 

nearshore stations during the early morning survey either below or very close to severely 

hypoxic (Figure 2). 

 In contrast to DO, pH and DIC, total alkalinity was not significantly different between 

sites during any survey and changes between surveys were relatively small compared to the 

changes in DIC (Figure 3). Based on the shallow nTA:nDIC slope of 0.18 from the TA:DIC 

regression analysis (Figure 4A,B; Andersson and Gledhill, 2013; Cyronak et al., 2018b), and the 

strong relationship between nDO and nDICNCP (Figure 4C,D), we can conclude a dominance of 
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organic carbon cycling processes (i.e., photosynthesis and respiration) over the inorganic carbon 

cycle (CaCO3 calcification and dissolution) across the seagrass bed over diel timescales. This 

pattern holds across the seagrass bed, and led to the more distinct gradients in DO, pH, and DIC 

over time compared to TA (Figure 2,3). A dominance of organic carbon over inorganic cycling 

has previously been documented in the same seagrass bed over short time scales (Chou et al., 

2018), though the nTA:nDIC slope was steeper (0.35) for samples collected over several years 

(Chou et al., 2021). Similar spatial studies of seagrass beds in Bermuda and San Diego, 

California reported similarly low TA:DIC slopes of 0.12 and -0.09, respectively (Cyronak et al., 

2018a). However, studies of other seagrass beds, such as one conducted at a site in the Red Sea 

have reported much higher nTA:nDIC slopes (0.65 ± 0.05; Saderne et al., 2019), suggesting a 

stronger influence of inorganic carbon cycling in this seagrass bed.  

All of the observed spatial and temporal trends in biogeochemical parameters were 

heightened in the shallow, nearshore areas of the seagrass compared to the outside stations, 

which was likely driven by a combination of shallower depth and higher seagrass density. Our 

depth measurements of the coral core collection locations suggest a depth gradient of ~ 0.6 m to 

2.4 m nearshore to outside, depending on the tide. The nearshore stations were almost 

completely covered in seagrass, which led to a higher biomass to water volume ratio compared to 

the deeper outside stations. The outside stations were located outside of the farthest extent of the 

seagrass bed, and thus had a lower density of seagrass and a lower biomass to water volume 

ratio, leading to smaller changes in the magnitude of DO, pH, and DIC over time. Previous work 

in other seagrass beds and on coral reefs have demonstrated the importance of depth as a 

property influencing both temperature and carbonate chemistry variability (Cyronak et al., 2020), 

in addition to flow speed, water residence time, and path of the water over the reef (Page et al., 
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2018; Pezner et al., 2021). Shallower depths allow for the benthic community to modify the 

above seawater to a greater extent, leading to larger differences along inshore-offshore gradients 

as well as larger differences between day and night (Unsworth et al., 2012; Falter et al., 2013). 

Thus, the greater influence of the seagrass in these shallow depths likely led to the high pH and 

DO values observed in this area. While the observations of DO, pH, and DIC at the outside 

stations still followed patterns of diel seagrass metabolism, the strength of these seawater 

modifications was smaller. 

 

Coral Core Linear Extension, Density, and Calcification Rates 

The mean annual extension, density, and calcification rates measured for the corals in the 

seagrass bed in this study are within values reported for other Indo-Pacific massive Porites (e.g., 

Lough, 2008; Cooper et al., 2012; Tanzil, 2013; Lough and Cantin, 2014). Given a mean annual 

SST of 26 ºC (Pan et al., 2017), the mean calcification rate of the corals collected in the Dongsha 

seagrass (2.0 ± 0.8 g cm-2 year-1) is slightly higher than what would be predicted by the 

relationship proposed for Indo-Pacific Porites by Lough and Cantin (2014; ~ 1.5 g cm-2 year-1 for 

annual mean SST of 26 ºC). This suggests that Dongsha seagrass corals are calcifying faster than 

what would be expected for them based on SST alone, suggesting that perhaps other 

environmental factors may be influencing their calcification rates. The mean annual extension 

rate of the seagrass corals was somewhat low (0.9 ± 0.4 cm year-1), but within the range of 

reported extension rates for massive Porites growing in more typical reef environments in the 

Indo-Pacific (0.54 – 2.67 cm year-1; Lough et al., 2016). In contrast, the mean annual density of 

the seagrass corals (2.1 ± 0.4 g cm-3 year-1) was much denser than those measured in other areas 

of the Indo-Pacific (0.95 – 1.70 g cm-3 year-1; Lough et al., 2016).  
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Typically, there is a significant inverse relationship between skeletal density and 

extension rates for Indo-Pacific massive Porites (Lough and Barnes, 2000; Lough and Cantin, 

2014). However, we observed no significant relationship between those parameters for these 

cores (Figure 7). Similarly, Indo-Pacific massive Porites skeletal density is typically weakly 

inversely related to calcification (Lough and Barnes, 2000; Lough and Cantin, 2014), but we 

observed a weakly significant positive relationship (Figure 7). In line with other Indo-Pacific 

massive Porites, we did observe the strongest relationship between extension and calcification 

rates (Lough and Barnes, 2000; Lough et al., 2016), suggesting that extension rates were the 

most important drivers of calcification in these corals (Figure 7). 

A previous study of coral cores collected from the eastern reef flat of Dongsha Atoll 

reported higher mean annual extension rates than the seagrass corals (1.5 cm year-1 versus 0.9 cm 

year-1, respectively; DeCarlo et al., 2017). In addition, the mean annual calcification rate for the 

reef flat corals was lower than that of the seagrass corals (1.4 g cm-2 year-1 versus 2.0 g cm-2 

year-1, respectively; DeCarlo et al., 2017). However, the reef flat corals were older (70-100 years 

old) than the corals in the present study (20-25 years old), which may complicate direct 

comparisons due to the potential age-dependence of skeletal growth rates (Lough and Cooper, 

2011). The eastern reef flat where these corals were collected, aside from being a mainly coral 

environment, has a similar depth to the seagrass bed and thus is vulnerable to bleaching under 

periods of anomalously warm SST, as evidenced in 2015 (DeCarlo et al., 2017). While we 

observed no obvious signs of bleaching during 2015 in the seagrass coral cores, we did note high 

density stress bands in the year 2007 in 4 of our 15 cores (27 %). Similarly, DeCarlo et al. 

reported identifying stress bands in 6 of 22 (27 %) of their cores from the year 2007, suggesting 
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that the 2007 bleaching event was an atoll-wide event and may have affected massive Porites in 

both environments.  

Given the large temperature, pH, and DO gradients experienced by the corals in the 

Dongsha seagrass, we expected to see differences in coral growth parameters along these 

gradients. Despite high interannual and inter-colony differences in growth parameters, 

particularly for the outer corals, we did observe some significant differences in annual extension 

rate and annual density between the nearshore cores and the mid and outside cores.  

Surprisingly, we found that both the nearshore and outside corals had significantly higher 

mean annual extension rates than the corals at the mid site (Figure 7). It is well-established that 

depth, and therefore the amount of light, influences coral growth rates (e.g. Lough and Cooper, 

2011). Typically, linear extension and calcification rates decrease with increasing water depth, 

while density increases (Lough and Cooper, 2011). In the Dongsha seagrass corals we observed 

this trend in density, where the nearshore corals were significantly less dense than the mid and 

offshore corals (Figure 7). However, the expected trend for extension rates did not hold across 

the depth gradient of the collection sites. Other studies of corals along inshore to offshore 

gradients have recorded trends in coral growth parameters, which were attributed to differences 

in nutrient availability, heterotrophy versus autotrophy, turbidity, and/or wave action (for a 

review, see Lough and Cooper, 2011). Thus, we believe that the observed differences in the 

seagrass corals may not be entirely explained by depth or light availability alone, and could be 

due to other environmental parameters we were unable to measure or simply individual 

differences in corals (e.g., Lough and Cooper, 2011; Lough et al., 2016).  

Notably, we observed no significant differences in mean annual calcification rates 

between corals at any site along the gradient (Figure 7). While models have predicted that coral 
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calcification could be up to 18 % higher in the presence of seagrass (Unsworth et al., 2012), we 

see no evidence of significant elevation of calcification between the corals in the nearshore 

seagrass compared to those found outside of the seagrass bed. The impacts of seagrass presence 

on calcification for calcifiers in temperate systems have been shown to be mixed, with some 

studies showing no changes in calcification in the presence of seagrass (Groner et al., 2018; 

Lowe et al., 2019), whereas others found more positive effects (Wahl et al., 2018; Ricart et al., 

2021). However, even with positive effects, there can be tradeoffs. Ricart et al., (2021) observed 

an increase in oyster shell growth rates with seagrass density, but this newly formed shell was 

thinner and less dense. While we found no significant differences in overall calcification rate of 

corals at any site, there were significant differences in extension and density (Figure 7). Thus, 

perhaps while the nearshore corals were able to maintain similar calcification rates as their peers 

in less variable areas of the seagrass, there is a tradeoff of decreased density for increased 

extension rates, similar to the oysters in Ricart et al. (2021). 

 Growth rate data from massive Porites colonies living in seagrass beds is limited. 

However, other studies of changes in massive Porites growth under either experimental or 

natural exposure to low pH have found that calcification tends to be quite resistant to 

acidification either alone or in combination with other stressors. For example, in a study testing 

the interactive effects of low pH and high temperature on massive Porites, calcification was 

found to be unaffected by either treatment either alone or in combination (Edmunds et al., 2012). 

Other experimental studies have yielded mixed responses to various acidification treatments, 

varying by species, variable versus static exposure, and method of acidification (e.g., Chan and 

Connolly, 2012; Comeau et al., 2013; Edmunds et al., 2012; Kaspenberg and Cyronak, 2019). In 

a study of corals found at natural CO2 seeps, researchers found no significant differences in 
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calcification rates of massive Porites growing near the low pH seeps versus outside of them 

(Fabricius et al., 2011). Similar to the Dongsha seagrass bed, there was low diversity of corals at 

the low pH site, with very few structurally complex “weedy” corals, suggesting that massive 

Porites may be particularly insensitive to low pH environments (Fabricius et al., 2011).  

 In addition to low pH, the corals in the shallow seagrass are also experiencing high 

temperatures and hypoxic oxygen concentrations on a daily basis. While the relationship 

between temperature and calcification is relatively well-known (e.g., Lough and Barnes, 2000; 

Lough et al., 2016), few studies have quantified the effects of hypoxia on tropical coral growth 

and no studies have tested the interactive effects of temperature, pH, and hypoxia together. 

Calcification rates and temperature generally scale linearly as discussed above, however extreme 

temperature events that lead to bleaching can lead to suspensions or cessations in coral growth 

(e.g., DeCarlo et al., 2017). The effects and mechanisms of hypoxia on calcification are not as 

well resolved. While one study recorded increases in daytime calcification rate under elevated 

oxygen (Colombo-Pallotta et al., 2010), another found that both hypoxia and hyperoxia 

decreased daytime calcification rates, regardless of coral nutrition (Wijgerde et al., 2012). Other 

studies have found that nighttime hypoxia decreases dark calcification rates (Al-Horani et al., 

2007). In a study of both pH and oxygen, daytime hyperoxia was found to negate the positive 

effects of elevated pH on calcification (Wijgerde et al., 2014). Despite these findings, we 

recorded elevated calcification rate of the corals in the Dongsha seagrass bed relative to 

published data for other Indo-Pacific massive Porites and what would be expected based on 

temperature alone (e.g., Lough et al., 2016), as well as a lack of differences in calcification rate 

across the environmental gradient. We find it likely that the corals in the Dongsha seagrass have 

naturally acclimated or adapted to living in these conditions, and have thus been able to maintain 
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their calcification rates. Being one of the only coral species to inhabit the seagrass bed suggests 

that these massive Porites may be particularly resistant to environmental stressors compared to 

other species found on Dongsha Atoll. 

Lastly, while other studies have found significant decreases in calcification, density, and 

extension rate in recent decades for massive Porites, Pocillopora damicornis, and other species 

(De’ath et al., 2009; Manzello 2010), we found no trends of declining growth in the seagrass 

corals over time (Figure 7). Similarly, the study of much older massive Porites from the eastern 

reef flat of Dongsha Atoll also found no significant decline in calcification rate over time 

(DeCarlo et al., 2017). Thus, corals on Dongsha Atoll appear to be doing well when compared to 

global trends of coral growth. 

 

Coral Core Skeletal Isotopic Composition (∂18O and ∂13C) 

While we observed significant differences in temperature between the nearshore and 

outside sites over the short time scale of this study, the similar mean skeletal ∂18O of the corals 

collected at these sites suggests that on longer time scales, these corals experienced similar 

seasonal temperature and salinity conditions (Figure 8,9; Urey, 1974; McCrea, 1950; Epstein et 

al., 1953; Epstein and Mayeda, 1953). It is likely that these short-term, diel differences in 

temperature at the two sites led to overall equal monthly and annual average temperature values 

that were then incorporated as similar ∂18O in the coral skeletons. In the absence of long term in 

situ temperature data for the nearshore and outside sites, our comparisons rely on satellite-sensed 

SST, which cannot be resolved to scales small enough to compare the two sites. Based on the 

NOAA satellite SST data for Dongsha, we observe the expected seasonal patterns of skeletal 

∂18O tracking SST, with lower values during the warm summer months and higher values during 
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the cooler winter months (Figure 8). It is well-established that skeletal ∂18O is a good proxy for 

both water temperature and the ∂18O of seawater (Urey, 1974; McCrea, 1950; Epstein et al., 

1953; Epstein and Mayeda, 1953). Thus, these observations match previous measurements in 

many other corals. We do note, however that the range of values of ∂18O are quite high compared 

to most measurements made in other tropical corals (e.g., Fairbanks and Dodge, 1979; Gagan et 

al., 1994; Grottoli, 1999), highlighting the uniquely warm environment that these corals are able 

to persist in.  

The differences in skeletal ∂13C between the nearshore and outside corals, as well as the 

differences in skeletal ∂13C over time in both corals, could be the result of one or more 

environmental and/or physiological processes. While the environmental controls on skeletal ∂18O 

have been long known, the environmental and physiological significance of skeletal ∂13C 

patterns are less well-resolved. Previous work has shown that variations in skeletal ∂13C can be 

the result of variations in symbiont respiration and photosynthesis (Goreau, 1977; Erez, 1978; 

Grottoli and Wellington 1999), light availability/depth (e.g. Weber et al., 1976; Fairbanks and 

Dodge 1979; Muscatine et al., 1989; Guzmán and Tudhope 1998; Grottoli 2002; Rosenfeld et al., 

2003; Linsley et al., 2019), host reproduction and spawning (Gagan et al. 1994, 1995), kinetic 

effects related to calcification and growth rate (Land et al. 1975; McConnaughey 1989, 1997), 

and pH (Adkins et al., 2003; Martin et al., 2016).  

We propose several hypotheses to explain the observed trends in skeletal ∂13C in the 

seagrass corals. In the first hypothesis, we propose that the seagrass is modifying the ∂13C of the 

DIC in the seawater. These modifications of the ∂13C of DIC may be related to seagrass 

productivity and thus may occur seasonally, leading to the clearer seasonal trends in skeletal 

∂13C for the outside coral. Seagrass biomass and growth rates tend to follow seasonal patterns, 
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with higher growth in late summer and lower growth in winter (Duarte, 1989). These variations 

can also lead to seasonal patterns in the modification of the overlying seawater carbonate 

chemistry and DO concentrations (e.g., Ganguly et al., 2017; Challener et al., 2016). The skeletal 

∂13C of the outside coral follows an approximately seasonal pattern, with lower ∂13C in winter 

and higher ∂13C in summer (Figure 8). This could be linked to increased uptake of local DIC for 

photosynthesis by the seagrasses in summer, wherein the seagrasses preferentially take up the 

lighter DIC with lower ∂13C for their photosynthesis. This leaves behind DIC with a heavier ∂13C 

signature for the coral symbionts to use during summer and thus be incorporated into the host 

skeleton. In winter, when the seagrasses are not as productive, the corals have access to more of 

the lighter ∂13C DIC and thus incorporate lower ∂13C values in their skeletons. Previous work on 

reefs in Florida have confirmed that the ∂13C of the DIC in seawater does change seasonally and 

these trends match those of the ∂13C of corals collected from those reefs (Swart et al., 1996). This 

seasonal trend is suggested to reflect the overall productivity of the community, with the heaviest 

∂13C of DIC occurring during the periods of maximum light and productivity (Swart et al., 1996). 

The nearshore coral, in contrast, was growing in the shallowest and densest part of the seagrass 

bed, which we suggest likely remains fairly productive throughout the entire year. This 

maintenance of productivity, and thus uptake of lighter DIC may explain why the skeletal ∂13C 

record of the nearshore coral is much more variable without the clear same seasonal trend and 

significantly higher than the ∂13C of the outside coral throughout the entire record (Figure 8,9).  

In our second hypothesis, we propose that depth and food source may have also driven 

some of the differences in skeletal ∂13C between the nearshore and outside coral. We observed 

significantly lower mean skeletal ∂13C in the outside coral (collected at 2.4 m depth) compared to 

the nearshore coral (collected at 1.2 m depth) (Figure 9). Many studies have found that skeletal 
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∂13C decreases with depth (Weber et al., 1976; Weber and Woodhead, 1970; Fairbanks and 

Dodge 1979; Muscatine et al., 1989; Guzman and Tudhope 1998; Rosenfeld et al., 2003; Linsley 

et al., 2019). At increasing depths, less light is available for photosynthesis, leading to reduced 

coral symbiont photosynthetic rates. In order to maintain enough energy for growth, corals at 

depth or in areas of reduced light may rely more on heterotrophy, which in turn also reduces 

skeletal ∂13C (Grottoli-Everett, 1998; Grottoli, 2000). This also supports our observation that the 

seasonal pattern of ∂13C closely tracked that of the ∂18O for the deeper outside coral, whereas this 

was less clear for the nearshore coral. Reduced light during winter months led to a stronger 

reliance on heterotrophy, leading to lower ∂13C in the outside coral, and the high dependence on 

light led to a stronger seasonal pattern. 

Lastly, we hypothesize that the two major decline events in the skeletal ∂13C of the 

nearshore coral may be due to bleaching or coral spawning events. The extremely low values of 

∂13C both occurred during years that bleaching was either reported on Dongsha Atoll (2015; 

DeCarlo et al., 2017) or observed in the skeletal record of other cores from this study (2007). 

Previous studies of ∂13C in bleached corals have shown that bleaching can lead to sharp declines 

in ∂13C in Caribbean Montastraea annularis (Porter et al. 1989), Costa Rican Porites lobata 

(Carriquiry et al. 1994), Porites from Japan (Suzuki et al. 2003), and Porites compressa and 

Montipora verrucose from Hawai‘i (Grottoli et al. 2004). However, similar declines in ∂13C have 

also been observed in Indo-Pacific Porites following coral spawning events (Gagan et al., 1994, 

1996). Without more data on spawning patterns for corals in this area or bleaching surveys, we 

cannot confirm which if either of these potential causes may be more likely for this coral. 

 

CONCLUSION 
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Overall, we demonstrate that seagrass on Dongsha has the ability to strongly modify local water 

chemistry and dissolved oxygen concentrations over both time and space. While the seagrass 

elevates local pH and DO during the daytime, it also creates acidic and hypoxic conditions at 

night. Despite these variable conditions, we show that the corals in the Dongsha seagrass bed are 

persisting and growing at all sites along this extremely dynamic temperature, pH, and dissolved 

oxygen gradient, though perhaps with tradeoffs in terms of density or extension rate. However, 

we found no evidence to suggest that corals growing in shallow areas surrounded by seagrass 

had enhanced calcification rates compared to corals growing outside of the seagrass bed. 

Additional research is needed to investigate whether corals exposed to natural variability in pH 

and oxygen are better prepared for future exposure to low pH or oxygen. We believe 

environments such as seagrass beds that support corals can serve as natural laboratories to test 

how corals will fare under more extreme variable conditions as well as future studies 

investigating the mechanisms of this tolerance. 
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TABLES 

Table 4.1: Seagrass spatial survey statistics. Minimum, maximum, range, and mean (± standard 
deviation; n = 12 per survey) temperature, salinity, dissolved oxygen concentration, dissolved oxygen 
percent saturation, total scale pH (pHT), dissolved inorganic carbon, and total alkalinity for all spatial 
surveys from in situ YSI measurements and bottle sample data.  

  Survey 

  
June 30 
06:34–07:15 

June 27 
11:04–11:56 

June 30 
12:43–13:27 

June 26  
15:13–16:21 

Temperature 

(ºC) 

Min 28.3 28.7 29.8 30.5 

Max 29.6 31 30.8 35.5 

Range 1.3 2.3 1 5 

Mean ± SD 28.6 ± 0.4 29.7 ± 0.8 30.3 ± 0.3 32.9 ± 1.6 
      

Salinity 

(PSU) 

Min 34.3 32.6 34.3 33.5 

Max 34.3 34.2 34.3 35.2 

Range 0 1.6 0 1.7 

Mean ± SD 34.3 ± 0 33.9 ± 0.5 34.3 ± 0 34.2 ± 0.4 
      

Dissolved 

Oxygen 
(µmol kg-1) 

Min 61.2 186.8 199.1 263.6 

Max 189.7 244.9 260.3 392.8 

Range 128.5 58.2 61.2 129.3 

Mean ± SD 130.1 ± 45.3 214.4 ± 19.5 227.4 ± 20 330.6 ± 41.7 
Dissolved 
Oxygen 

Percent 
Saturation 

(%) 

Min 32 95 103 142 

Max 97 127 138 224 

Range 65 32 35 82 

Mean ± SD 67 ± 23 111 ± 10 120 ± 11 181 ± 26 
      

pHT 

Min 7.73 7.94 7.99 8.2 

Max 7.97 8.08 8.12 8.49 

Range 0.24 0.14 0.13 0.29 

Mean ± SD 7.86 ± 0.08 8.05 ± 0.05 8.05 ± 0.05 8.32 ± 0.11 
      

Dissolved 

Inorganic 
Carbon 

(µmol kg-1) 

Min 1952 1836 1819 1397 

Max 2056 1933 1904 1739 

Range 104 97 85 342 

Mean ± SD 1999 ± 37 1865 ± 32 1863 ± 35 1601 ± 102 
      

Total 
Alkalinity 

(µmol kg-1) 

Min 2168 2178 2161 2107 

Max 2263 2197 2223 2233 

Range 95 20 63 126 

Mean ± SD 2217 ± 24 2189 ± 7 2199 ± 17 2146 ± 37 
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Table 4.2: Seagrass CTD sensor statistics. Daily statistics (mean daily minimum, maximum, range, and 
mean ± SD) and deployment absolute minima and maxima for temperature, salinity, dissolved oxygen 
concentration, dissolved oxygen percent saturation, and total scale pH recorded by the autonomous sensor 
in the shallow seagrass. Only full days (i.e., complete 24-hour cycle) are included in daily means (2-7 
July 2018).  
 

 
Temp 

(ºC) 

Salinity 

(PSU) 

DO 

(µmol kg-1) 

DO Saturation 

(%) 
pHT 

Mean daily 

min 
29.4 ± 0.4 32.6 ± 1.8 20.7 ± 17.1 11 ± 9 7.76 ± 0.06 

Mean daily 

max 
31.7 ± 0.3 34 ± 0 208.1 ± 8.2 111 ± 4 8.3 ± 0.05 

Mean daily 

range 
2.3 ± 0.2 1.4 ± 1.8 187.5 ± 14.2 100 ± 7 0.53 ± 0.02 

Mean daily 

mean 
30.7 ± 0.3 33.8 ± 0.1 115.4 ± 5 61 ± 3 8.04 ± 0.04 

Deployment 

min 
29.1 23.6 0.0 0 7.67 

Deployment 

max 
32.2 34.0 224.1 121 8.36 

 
 
Table 4.3: Mean coral core growth parameters by site between 2012 and 2017. Mean annual 
extension, density, and calcification rates between 2012 and 2017 for corals at the nearshore (n = 4), mid 
(n = 4), outer (n = 4), and outside sites (n = 3), as well as averaged across all sites (n = 15). 
 

 Mean annual 

extension Rate 

(cm year-1) 

Mean annual 

density 

(g cm-3 year-1) 

Mean annual 

calcification Rate 

(g cm-2 year-1) 

Nearshore 1.10 ± 0.29 1.79 ± 0.12 1.95 ± 0.44 
Mid 0.69 ± 0.18 2.38 ± 0.39 1.66 ± 0.51 
Outer 0.94 ± 0.36 1.97 ± 0.38 1.93 ± 0.96 
Outside 1.01 ± 0.24 2.26 ± 0.17 2.28 ± 0.53 
Across all sites 0.93 ± 0.31  2.09 ± 0.38 1.93 ± 0.68 
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FIGURES 

 

Figure 4.1: Map of study site and sampling locations. (A) Map of the South China Sea including 
coastal China, Taiwan (Republic of China), and Dongsha Atoll (blue circle); (B) Image of Dongsha Atoll 
(Taiwan News) and Dongsha Island study area (white rectangle); (C) Google Earth image of Dongsha 
Island and surrounding seagrass beds. Spatial survey locations are denoted by black circles, the CTD 
instrument deployment location is denoted by a pink diamond, and the coral core collection locations are 
shown in circles colored by collection location (nearshore – green, mid – yellow, outer – light blue, and 
outside – dark blue). These same names are used to refer to the groups of 3 spatial survey stations 
spanning northwest to southeast near the core collection locations. 
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Figure 4.2: Spatial surveys of temperature, water chemistry, and dissolved oxygen across the 
seagrass. Spatiotemporal variability in temperature (ºC), dissolved oxygen (DO; µmol kg-1), total scale 
pH (pHT), dissolved inorganic carbon (DIC; µmol kg-1); and total alkalinity (TA; µmol kg-1) across the 
four spatial surveys (stations denoted by black circles) in the Dongsha Island north shore seagrass bed. 
Coral core collection locations are denoted by white open circles. Times listed below dates represent the 
time of collection of the first and last sample of the survey (local time). 
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Figure 4.3: Spatial gradients in water chemistry and oxygen in the early morning and late 
afternoon. Boxplots of temperature (ºC), dissolved oxygen (DO; µmol kg-1), total scale pH (pHT), 
dissolved inorganic carbon (DIC; µmol kg-1); and total alkalinity (TA; µmol kg-1) for the grouped spatial 
survey locations (nearshore, mid, outer, and outside; n = 3 each) for the early morning and late afternoon 
surveys. Significant differences (Tukey) are denoted by brackets with listed p-values.  
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Figure 4.4: Salinity normalized TA, DIC, and DO property-property plots. Salinity normalized TA 
(nTA) and salinity normalized DIC (nDIC) shaped by location, colored by survey time (A) and by 
calculated pH (B). Salinity normalized DO (nDO) and salinity normalized DIC accounting for NCP 
effects only (nDICNCP) shaped by location, colored by survey time (C) and colored by calculated pH (D). 
All normalization was done to a mean salinity of 34.2. 
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Figure 4.5: High frequency data from the seagrass CTD sensor. Time series of temperature (ºC), 
salinity (PSU), dissolved oxygen (DO; µmol kg-1 and percent saturation), and total scale pH (pHT) from 
the IDRONAUT CTD sensor deployed in the shallow seagrass. Yellow shaded boxes denote local 
daylight hours. Dashed grey line on the DO panel denotes severe hypoxia (< 61 µmol kg-1).  
 

 
Figure 4.6: Trends of coral skeletal growth parameters over time. Time series of annual extension 
rate (cm year-1), density (g cm-3 year-1), and calcification rate (g cm-2 year-1) for all years for all cores at 
each of the four collection locations (columns; n = 4 cores per location, but n = 3 at the outside site). 
Lighter color lines are time series for individual cores and darker lines are the mean for all cores at each 
location with 95 % confidence interval shading above and below.  
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Figure 4.7: Differences in coral growth parameters between sites. Boxplots of annual extension rate 
(cm year-1) (A), density (g cm-3 year-1) (B), and calcification rate (g cm-2 year-1) (C) for the years 2012 to 
2017 for all cores at each collection location. Significant differences between mean growth parameters 
grouped by site are indicated by a grey bracket and asterisk (*p < 0.06. **p < 0.01; Tukey). Property-
property plots of extension rate, density, and calcification rate for all cores (D-F) colored by location, 
with linear regression lines (grey) and linear model statistics.  
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Figure 4.8: Time series of degree heating weeks, temperature, and coral skeletal isotopic ratios. (A) 
Mean monthly degree heating weeks (DHW), (B) maximum and minimum mean monthly satellite-
derived sea surface temperature (º C), (C) skeletal ∂18O/16O isotopic ratio (‰) for the nearshore and 
outside coral, and (D) skeletal ∂13C/12C (‰) for the nearshore and outside coral. 
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Figure 4.9: Comparisons of ∂13C and ∂18O between corals and property-property plots of isotopes. 
Boxplots of ∂13C (A) and ∂18O (B) for the outside (blue) and seagrass (green) core. Significant differences 
(p < 0.01, t-test) in mean values denoted by gray bracket and asterisk. Property-property plots of ∂13C and 
∂18O for the seagrass coral (C) and the outside coral (D) with linear regression line in gray and linear 
model statistics. 
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SUPPLEMENTARY MATERIAL 

 

FIGURES 

 
Figure 4.S1: Gradients in temperature, water chemistry, and dissolved oxygen across the seagrass 
spatial surveys. Spatial gradients in temperature (ºC), dissolved oxygen (DO; µmol kg-1), total scale pH 
(pHT), dissolved inorganic carbon (DIC; µmol kg-1); and total alkalinity (TA; µmol kg-1) across the four 
spatial surveys (stations denoted by black circles) in the Dongsha Island north shore seagrass bed. Coral 
core collection locations are denoted by white open circles. Times listed below dates represent the time of 
collection of the first and last sample of the survey (local time). Delta values reported were calculated as 
the difference between the survey mean and the value recorded at a given station (i.e., positive values 
indicate that the value recorded at that station was higher than the survey average and negative values 
indicate that the value recorded at the station was lower than the survey average). 
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CHAPTER 5: Conclusions 

 
This dissertation explores multidimensional variability in carbonate chemistry and 

oxygen across reefs (Chapter 2), the prevalence of present and future hypoxia exposure on global 

reefs (Chapter 3), and how spatial gradients in water chemistry and oxygen impact coral 

calcification in a seagrass bed (Chapter 4). Together, these results contribute to our growing 

understanding of the controls on coral reef biogeochemical variability and how corals themselves 

may fare in a changing ocean.  

 

Chapter 2 

• In addition to benthic production (photosynthesis and respiration), water column 

production was quantitatively important at Hog Reef, contributing to the observed strong 

diel signals in dissolved oxygen (DO), pH, and seawater pCO2. 

• The total alkalinity (TA) signal was driven mainly by biogeochemical processes 

occurring only on the benthos (calcification and dissolution) and modified by local 

hydrodynamics, leading to higher frequency variability.  

• Lateral spatial gradients in water chemistry parameters across the reef were larger than 

vertical gradients and were strongly influenced by the geomorphology of the reef, water 

current speed, and flow direction. 

• While the gradients between surface and benthic water chemistry parameters were small, 

the non-zero differences suggest that the assumption of a well-mixed water column 

should be assessed for specific reef cases. 
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Chapter 3 

• Baseline oxygen concentrations and variability differ both within and between reef 

locations around the world, leading to different definitions of “normoxia” for each reef 

habitat. 

• Low oxygen conditions are pervasive on reefs across the globe under present-day 

conditions, with nearly all sites experiencing weak to moderate hypoxia and some already 

experiencing severe hypoxia. 

• Calculations of changing oxygen solubility and biological oxygen demand under modeled 

warming reveal an increase in hypoxic event intensity, duration, and severity for all reef 

sites by the end of the century, with more than a third experiencing severe hypoxia. 

• Assessments and predictions of hypoxia exposure depend strongly on the thresholds set 

to define hypoxic conditions; thus, continued quality measurements of DO on reefs as 

well as quantitative exploration of relevant oxygen thresholds for tropical reef taxa is 

needed to improve predictions. 

 

Chapter 4 

• Seagrasses strongly modify the surrounding seawater environment on diel and spatial 

scales, creating significant inshore to offshore gradients in temperature, pH, dissolved 

inorganic carbon (DIC), and DO. 

• High frequency autonomous sensor data reveal that the corals in the shallowest part of the 

seagrass experience severe hypoxia and low pH every night, and hyperoxia and high pH 

during the day. 
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• Despite the observed spatial gradient, there was no evidence of significant elevation of 

coral calcification for corals inside the seagrass bed. 

• Significant differences in coral skeletal extension rate, density, and ∂13C between corals 

collected across the seagrass may be driven by a combination of depth, feeding strategy, 

seagrass modifications of local DIC, or individual differences between corals.  

• More research is needed to assess whether corals exposed to natural variability in 

temperature, pH, and DO are better prepared to cope with warming, acidification, and 

deoxygenation in the future. 

 

Ultimately, this dissertation highlights the many interactive processes that shape 

carbonate chemistry and oxygen variability on reefs over both time and space and how this 

variability translates to differences in coral growth. Measurements of both biological and 

physical processes on reefs are needed for proper assessment of changes in reef biogeochemistry 

under climate change. In addition to warming and acidification, oxygen loss and hypoxia are 

likely to be important drivers of reef scale changes in the future, and additional research is 

needed to elucidate the impacts of low oxygen on coral reefs. 

 

 

 

 




