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Abstract  

Anthropogenic ocean acidification (OA) has compromised the ability of marine organisms to calcify. 

However, many coastal environments naturally exhibit high variability in seawater pH (pHsw) and the 

impact of OA on these environments is unclear. For instance, sub-tropical corals can modify the pH of 

the calcifying fluid (pHcf) from which they precipitate their skeleton. This study examines the influence 

of OA on pHcf upregulation of Porites lutea microatolls inhabiting reef flat environments. 

Environmental measurements including pHsw and temperature were performed on reef flats and 

adjacent fore-reefs on Kiritimati Island (Kiribati), Arno Atoll (Marshall Islands), and Rarotonga (Cook 

Islands) to quantify the temporal and spatial variability of these parameters. Slabs were removed from 

microatolls to construct multi-decadal (1938 – 2018) records of their boron isotopic (δ11B) and 

geochemical composition. The sensitivity of microatoll pHcf upregulation to ambient pHsw was evaluated 

by comparing annual band δ11B with synchronously recorded pHsw and temperature, and microatoll 

records were compared to a fore-reef record of similar age. 

Although daily means in pHsw on reef flats and fore-reefs were relatively similar, large diurnal cycles in 

pHsw (∆pHsw = 0.28) and temperature (∆T = 2.0°C) were found on reef flats exceeding that on fore-reefs 

by far (∆pHsw = 0.07, ∆T = 0.7°C). Furthermore, spatial variations in pHsw and temperature were 

observed that were linked to reef flat hydrodynamics. Microatoll pHcf revealed a higher correlation to 

ambient seawater temperatures than to pHsw and only the fore-reef core showed a long-term trend in 

pHcf (-0.0003±0.0009 year-1) that is indicative of OA, while microatoll records revealed variable long-

term trends unlikely reflecting ocean conditions (-0.0030±0.0005 to +0.0007±0.0003 year-1). Corals 

from the three sites revealed similar mean pHcf ≈ 8.44 although the difference in pHsw between the 

locations (∆pHsw = 0.17) noticeably exceeded the decline in pHsw due to OA (∆pHsw = 0.10). 

In conclusion, Porites lutea microatoll pHcf appeared to be relatively insensitive to OA. This is likely a 

result of the large variability in seawater conditions on reef flats that supersede OA, and the strong 

modification of coral pHcf by physiological processes.  
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Chapter 1 Introduction 

1.1 Introduction 

Atmospheric CO2 levels have increased dramatically since the beginning of the industrial era, with 

approximately one-quarter of the emitted CO2 absorbed by the oceans (Doney et al. 2009). As the 

partial pressure of CO2 (pCO2) in the surface ocean increases, the carbonate ion concentration (𝐶𝐶𝐶𝐶32−) 

of seawater is reduced, lowering the saturation state (Ω) of the biologically important carbonate minerals 

calcite and aragonite, and increasing the concentration of hydrogen ions (H+), thus lowering seawater 

pH (pHsw). It is estimated that since pre-industrial times pHsw has dropped by 0.10 units, and model 

simulations estimate a decline of pHsw of up to 0.30 units by 2100 (Ciais et al. 2013). In a geological 

context, recent changes in pHsw are extremely rapid and of apparently unprecedented magnitude 

(Hönisch et al. 2012). Ocean acidification (OA) is therefore expected to have profound impacts on ocean 

biological and chemical systems. In particular, OA poses a threat to marine life as the reduced 

saturation state of carbonate minerals will impact the ability of organisms such as tropical corals to 

calcify leading to ecological and structural instability of coral reefs, collapse of fisheries and loss of 

ecosystem services underpinning coastal communities (Kleypas et al. 1999). Indeed, a decline of coral 

reef health has been observed over recent decades which has been attributed to the combined effects 

of thermal stress, environmental degradation and ocean acidification (Doney et al. 2009). 

Despite the significance of OA to marine systems, instrumental records of pHsw have only become 

widely available in recent decades, with extended records starting in the late 1980s/early 1990s only 

existing for a limited number of locations (Dore et al. 2009, Midorikawa et al. 2010). In lieu of extensive 

datasets, geochemical models have been relied upon to provide estimates of global patterns of change 

in ocean acidity (Sarmiento and Gruber 2006). Assumptions underpinning model approaches, that 

interactions between the atmosphere-ocean CO2 system are sufficiently well understood to model 

paleo-ocean pHsw response at high resolution, is subject to considerable doubt, and there has been 

virtually no field-based validation of these simulations (Parrenin et al. 2013). Little is therefore known 

about temporal and spatial variabilities of pHsw over the last century or millennium (Pelejero et al. 2010, 

Hönisch et al. 2012). One approach to reconstruct longer-term records of pHsw is to use geochemical 

proxies for the ocean carbonate system, the most prominent of which is the boron isotope ratio (δ11B) 

of marine biogenic carbonates (Foster and Rae 2016). Stony corals are unique in their potential to 
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reveal paleo-ocean and -climate signatures at sub-annual timescales, as they retain information on past 

ocean and climate conditions in the chemical composition of their aragonite skeletons (Lough 2010). 

Furthermore, they live in shallow ocean waters where the impacts of CO2 uptake on acidity are expected 

to be rapid. While corals are routinely used to explore climate dynamics (Zaunbrecher et al. 2010, 

McGregor et al. 2011a), paleo-pHsw records from corals have been constructed only for a few locations 

and over limited time scales (Figure 1.1, Pelejero et al. 2005, Liu et al. 2009, Wei et al. 2009, Doville et 

al. 2010, Liu et al. 2013, Shinjo et al. 2013, Kubota et al. 2014, Wei et al. 2015, D’Olivo et al. 2015, 

Kubota et al. 2015, Goodkin et al. 2015, Kubota et al. 2017, Fowell et al. 2018, Wu et al. 2018, D’Olivo 

et al. 2019, Chen et al. 2019). However, corals do not precipitate calcium carbonate directly from 

seawater, but instead from a calcifying fluid located in a physiologically controlled compartment between 

skeleton and living tissue. In order to facilitate aragonite precipitation, corals elevate the pH of the 

calcifying fluid (pHcf) relative to ambient pHsw (McCulloch et al. 2012, Sevilgen et al. 2019). The extent 

of pHcf upregulation appears to be species-dependent, and the relationship between coral control on 

pHcf and ambient pHsw remains uncertain. Some studies have shown pHcf upregulation is sensitive to 

changes of ambient pHsw (Comeau et al. 2017b, Kubota et al. 2017), while others suggest pHcf is 

decoupled from pHsw (Georgiou et al. 2015, Wall et al. 2016). Furthermore, chemical conditions of reefal 

waters are modified from conditions off reef by ecosystem-level (DeCarlo et al. 2017, Kleypas et al. 

2011) and hydro-dynamical processes (Zhang et al. 2012, Falter et al. 2013, Page et al. 2018). 

Variabilities in skeletal δ11B between similarly aged coral records from a single reef system (D'Olivo et 

al. 2015, Fowell et al. 2018) highlight the need to better understand reefal pHsw dynamics, and evaluate 

the local environmental conditions of a coral before interpreting its skeletal δ11B as a proxy for surface 

ocean pHsw (Kubota et al. 2017). 

This research aims to construct δ11B-pH records from Porites lutea microatolls collected from sites 

across the Pacific and covering the 20th and 21st centuries. The successful application of the δ11B-pH 

proxy requires its calibration against the physiology and ambient environment of the corals. Therefore, 

the spatial and temporal pHsw dynamics of reef systems and the sensitivity of coral internal pHcf to 

changes of ambient environmental conditions are examined. Thereafter, coral δ11B-pH records from 

Kiritimati Island (Republic of Kiribati) in the central Pacific are constructed to infer how skeletal δ11B 

recorded by the corals relates to the observed pHsw dynamics of the Kiritimati Island reef system. Finally, 

records from microatolls from Arno Atoll (Republic of Marshall Islands) and Rarotonga (Cook Islands) 
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are analysed to study variations in microatoll δ11B over the industrial era covering the full range of Pacific 

pHsw. This research seeks to expand the spatial coverage of coral δ11B-pH records, determine the 

controls of the observed temporal and spatial variability in coral pHcf, extend the short instrumental 

records of pHsw into the past, and ultimately assess the susceptibility of Porites lutea microatolls to 

anthropogenic OA. 

 

Figure 1.1 Temporal and spatial coverage of coral δ11B records to date. The map shows the location of coral 

δ11B studies. The line in the lower panel represents LOESS smoothing (bandwidth = 0.5) through data. 

 

1.2 Paleo-environmental records from microatolls 

To date, studies using corals to reconstruct pHsw records have targeted domal corals from fore-reef 

(reef slope) or lagoonal environments of reef systems. In contrast, this study will explore the use of 

microatolls growing on reef flats. Corals of the genera Porites growing on reef flats often form microatolls 
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when their vertical growth is constrained by low spring tide water levels. The corals continue growing 

laterally, resulting in a discoidal shaped morphology with a flat-topped surface (McLean and Woodroffe 

1990, Kench et al. 2019). While the exchange of seawater between the ocean and fore-reef is rapid, 

reef flats may be more separated from the ocean and thus the proxy information from reef flat corals 

may deviate from the chemistry of open ocean water conditions. Furthermore, because of the low water 

levels, the influence of ecological and tidal processes on reef flat seawater chemistry is more extreme 

compared to the fore-reef (Shaw et al. 2012, Page et al. 2016). Despite these complicating factors, 

microatolls hold a number of advantages when compared with domal corals. Domal corals from deeper 

water are mostly less than 200 years old as they are rapidly overgrown by younger corals or eroded 

after die-off (McGregor et al. 2011a). Coring of these corals is also logistically demanding and thus the 

quantity of specimens that can be sampled is limited. In contrast, modern and sub-fossil microatolls can 

be found on many Pacific atoll reef flats or island interiors and date back to the mid-Holocene sea-level 

high-stand (Goodwin and Harvey 2008, Woodroffe and McLean 1998). Following sea-level fall they can 

become emergent and susceptible to burial and preservation under sediment. Sampling these corals 

for age determination is logistically easier compared to their counterparts from deeper water (McGregor 

et al. 2011b). Due to the accessibility of sub-fossil microatolls on land and recent microatolls on reef 

flats, these corals have been shown to be promising paleoclimate recorders (Woodroffe et al. 2003). 

Hence, microatolls hold the promise to construct a continuous δ11B-paleo-pH record for the last 3000 

years, a time interval for which almost no proxy data of this type is available (Figure 1.1). However, sub-

fossil microatolls buried under sediments are susceptible to subaerial diagenesis mainly through the 

exposure to meteoric water that can alter their geochemical signal (Stewart et al. 2015, Swart 2015, 

Lazareth et al. 2016). Furthermore, as described above, seawater chemistry on reef flats is more 

dynamic and undergoes modification from open ocean conditions and the fidelity of paleoclimatic 

information extracted from microatolls, therefore, remains unclear. Additionally, all growth forms of 

corals, regardless of growth position, physiologically modify their internal pHcf, further complicating the 

application of the proxy. Thus, it is crucial to resolve what properties of ambient water conditions are 

recorded in microatoll δ11B records and then test its value for the reconstructions of ocean paleo-pH for 

the 20th and 21st centuries. 
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1.3 Processes determining Porites microatoll δ11B 

The focus of this study is the interpretation of the boron isotopic composition of coral skeletons as a 

proxy for ocean paleo-pH. However, in corals, δ11B values do not directly translate into a corresponding 

value of ocean paleo-pH (McCulloch et al. 2018). Instead, multiple processes are involved in 

determining skeletal δ11B which needs to be considered when interpreting this geochemical tracer 

(Figure 1.2). 

 

 

Figure 1.2 Schematic overview of processes determining microatoll δ11B. Numbers relate to numbers in the 

text. While in atoll island settings terrestrial runoff or nutrient influx has only a minor impact, these processes 

can play an important role in fringing reefs. 

 

(1) Skeletal δ11B measured will directly reflect the pH of the coral calcifying fluid from which the CaCO3 

precipitated (Rollion-Bard et al. 2003, Allison et al. 2010, Trotter et al. 2011). Corals physiologically 

modify the carbonate chemistry of the calcifying fluid. The pHcf upregulation is largely achieved through 

enzymatic removal of H+ from the calcification site through the calicoblastic cell membrane in exchange 

for Ca2+ (McConnaughey 1989, Allison et al. 2010). However, initially, the calcifying fluid is derived from 

the ambient seawater (Cole et al. 2018). (2) Porites microatolls inhabit reef flats (Meltzner and 

Woodroffe 2015), which are environments partly restricted from the open ocean. Thus, the seawater 

conditions on the reef flat can differ from ocean or fore-reef conditions (McGregor et al. 2011a). On the 

reef flat, the balance between Net Ecosystem Productivity (NEP) and Net Ecosystem Calcification 

(NEC) strongly regulate pHsw (Smith 1973, Gattuso et al. 1993, DeCarlo et al. 2017). NEP is driven by 
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photosynthesis and respiration. If photosynthesis is stimulated during sunlight hours or summer, reef 

pHsw increases due to the consumption of CO2. NEC is controlled by the rate of calcification and 

dissolution. If calcification dominates, reef pHsw is reduced as calcification releases CO2 and 

consumes 𝐶𝐶𝐶𝐶32−. (3) Seawater temperature and salinity determine the dissociation constants of the 

carbonate system and thus also influence pHsw. At some locations, such as on fringing reefs surround 

volcanic islands, the influx of freshwater or carbon molecules into reefal waters as through river outflow 

can further influence reef flat pHsw (D'Olivo et al. 2015). However, this may be less important for atoll 

islands and barrier reefs. (4) Tidal processes and sea-level variations will affect the flushing and 

seawater residence time on the reef flat that will change the degree to which the reef flat water 

carbonate chemistry is influenced by the ocean off reef (Pelejero et al. 2005, Bates et al. 2010). (5) The 

carbonate chemistry of the open ocean is ultimately a function of the local oceanography. For instance, 

upwelling areas have a low pHsw, because deep waters are enriched in carbon, while strongly stratified 

waters of ocean gyres exhibit an elevated pHsw (Sarmiento and Gruber 2006). (6) Finally, the absorption 

of anthropogenic excess CO2 by the surface ocean since the mid-20th century has resulted in a decline 

of pHsw. This process is known as ocean acidification (Fairhall 1973, Byrne et al. 1984). 

  

1.4 Research aims and objectives 

This study aims to construct δ11B-pH records from Porites lutea microatolls covering the 20th and 21st 

centuries for Kiritimati Island (Kiribati), Arno Atoll (Republic of Marshall Islands) and Rarotonga (Cook 

Islands). Specific objectives are: 

1. To study the relationship between reef flat, fore-reef, and open ocean pHsw. 

Specific sub-objectives are to: 

1a.  Quantify temporal variations of reef flat pH and its interrelation with variations of 

seawater temperatures, salinity and water depth 

1b.  Quantify spatial variations of reef flat pH and its interrelation with variations of seawater 

temperatures, salinity and water depth 

1c. Compare measurements of seawater chemistry between reef flat and fore-reef to 

quantify the linkage and modifications between reef flat and open ocean  
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2. To evaluate the pH offset between coral calcifying fluid and reef flat seawater, and determine 

vital effects 

Specific sub-objectives are to: 

2a.  Resolve the offset between reconstructed coral pHcf and reef flat pHsw 

2b.  Identify the controls on calcifying fluid carbonate chemistry 

2c.  Develop methods to estimate ambient pHsw from coral pHcf 

 

3. To examine spatial and temporal variations of pHcf and pHsw during the 20th and 21st centuries 

on Kiritimati Island reef system in the central Pacific Ocean 

Specific objectives are to: 

3a.  Compare multi-decadal δ11B-pH records from reef flat microatolls and a domal fore-

reef coral 

3b.  Compare proxy records with instrumental records 

3c.  Explore drivers of spatial and temporal reef system pH variability 

 

4. To study spatial and temporal variations of pHcf and pHsw during the 20th and 21st centuries, 

at sites across the equatorial and South Pacific Ocean. 

Specific objectives are to: 

4a.  Quantify the temporal and spatial pHsw variability on reef flats on Arno Atoll (Republic 

of Marshall Islands) and Rarotonga (Cook Islands) 

4b.  Compare centennial-scale microatoll δ11B–pH records at locations across the Pacific 

with instrumental records and model data 

4c. Explore drivers of spatial and temporal patterns in microatoll δ11B-derived paleo-pH 

across the Pacific and under anthropogenic ocean acidification 
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1.5 Thesis outline 

Chapter 1 introduces the topic and research of this study and outlines the structure of the thesis. This 

is followed by a review of the fundamental literature related to this study in chapter 2. The following 

chapters, 3 to 6, present the main results of this research. Chapters 3 and 4 construct and calibrate the 

δ11B-pH proxy for application in chapters 5 and 6. Finally, chapter 7 summarises the results of this study 

and discusses them with reference to the results of previous studies (Figure 1.3). 

 

Figure 1.3 Flow diagram of thesis structure. 

 

Chapter 1 – Introduction 

In chapter 1 the environmental problem of OA and the need to extend the short existing instrumental 

records of ocean pH into the past are explained. Furthermore, the advantages and challenges of using 

microatoll δ11B-pH proxy records for reconstructions of paleo-pH are outlined. The aims and objectives 

of this study are presented and an outline of the thesis structure is defined. Finally, an overview of the 

fieldwork is presented, including a description of the three study sites, Kiritimati Island, Arno Atoll and 

Rarotonga, as well as an explanation of the basic sampling methodology. 
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Chapter 2 – Literature review 

In chapter 2 existing literature regarding current and past seawater pH variations of coral reefs and 

surface oceans, as well as the basics of coral paleoclimatology and boron isotope geochemistry are 

reviewed. This chapter provides the essential content for the research and identifies existing research 

gaps. Literature specific to each chapter is reviewed in the relevant chapter. 

 

Chapter 3 – Kiritimati Island reef system seawater pH variability 

In chapter 3 the temporal and spatial pHsw variability of reef flats on Kiritimati Island is studied, as well 

as the connection between environmental conditions on the reef flat and fore-reef. First, one year of 

highly resolved (30 minutes) recordings of water properties on Cecile Peninsula reef flat are analysed 

and compared with similar recordings from the fore-reef over a shorter 9 day period. Second, 

measurements of highly resolved (0.3 meters) spatial variations of similar environmental parameters 

along transects on Cecile Peninsula (CP) and Northeast Point (NP) reef flat are examined. 

 

Chapter 4 – Controls on Porites lutea microatoll calcifying fluid pH 

The aim of chapter 4 is to quantify the pHcf upregulation, identify the controls of the observed variability 

in calcifying fluid carbonate chemistry and assess pHcf sensitivity to changes of ambient pHsw. 

Ultimately, existing pHcf-pHsw transfer functions and a numerical model of pHcf upregulation are adjusted 

to the results of this chapter to enable calculation of paleo-pHsw from reconstructed Porites microatoll 

pHcf. Coral pHcf is inferred from skeletal δ11B measured along the growth axis of one year of coral growth 

on CP reef flat and is compared to synchronously recorded ambient environmental conditions (chapter 

3). Furthermore, the results of a laser ablation study are presented and the spatial heterogeneities in 

δ11B that exist between the different components of the skeletal macrostructure are discussed. 

 

Chapter 5 – Intra-reef variability in Porites lutea calcifying fluid pH upregulation 

Chapter 5 builds on the findings of chapters 3 and 4. Two microatoll δ11B-pH records of similar age from 

different sites on Kiritimati Island are constructed, as well as a δ11B-pH record from a domal coral from 
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the fore-reef. The conditions observed on the reef flats and fore-reef environments (chapter 3) are 

examined in relation to the geochemical signal of the corresponding coral records. The δ11B-pH records 

are subsequently used to evaluate past OA in the central Pacific Ocean and assess its impact on reef 

flat environments. 

 

Chapter 6 - Microatoll calcifying fluid pH upregulation across Pacific Ocean pH gradients 

In chapter 6 microatoll δ11B-pH records covering the 20th and 21st centuries from Arno Atoll (Republic 

of Marsahh Islands) and Rarotonga (Cook Islands) are constructed. The records are constructed using 

the calibrations from chapter 4 and interpreted based on the results of chapters 3 and chapter 5. From 

these records, it is determined how Porites lutea microatolls from locations with different oceanography 

and climate have up-regulated pHcf under OA. 

 

Chapter 7 – Discussion and conclusions 

Chapter 7 summarizes the major findings of this research and compares them with the results of other 

studies. 

 

1.6 Overview of field sites 

The study is based on coral microatolls sampled from reef flats spanning the central, west and 

southwest Pacific (Figure 1.4). These sites are located in sections of the Pacific with differing ocean pH 

conditions. 
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Figure 1.4 Study site locations of coral sampling. Colours indicate the estimated pHsw of the tropical and 

subtropical Pacific Ocean (GLODAP 2016). 

 

1.6.1 Study sites 

Coral sample collection was undertaken at three different sites in the Pacific Ocean namely Kiritimati 

Island (Republic of Kiribati), Arno Atoll (Republic of Marshall Islands) and Rarotonga (Cook Islands, 

Figure 1.4). These sites were chosen because of their locations in ocean regions with largely differing 

pHsw and the reported presence of reef flat microatolls. 

Kiritimati Island is a coral atoll in the equatorial central Pacific (Figure 1.4), where oceanographic 

conditions are characterized by upwelling of carbon-rich deep waters and thus relatively low surface 

water pH (~ 8.03, GLODAP 2016). Kiritimati Island is the southernmost of the Northern Line Island and 

is located at 01°52′N 157°24′W. The atoll has the largest land area (321 km2) of any atoll in the world 

with a relatively small and shallow lagoon in the West of the island (Woodroffe and McLean 1998a). 

Most of the island's interior is characterized by an extensive network of hypersaline lakes. Narrow reef 

flats can be found around most of the island (Figure 1.5a). The local oceanography around Kiritimati 

Island is mainly controlled by the South Equatorial Current, which is characterized by low temperatures 

and relatively high salinity. The maximal tidal range on the coast of the island is 1.12m (tide-forecast 

2020). Kiritimati Island is located directly to the West of the NINO3 region, which is an area where SST 

anomalies during El Niño events are highest within the equatorial central Pacific (Evans et al. 1999). 

During an El Niño event trade winds weaken and thus equatorial upwelling is significantly reduced. 
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Average annual SSTs vary between 24°C during El Niña and 30°C during El Niño conditions (Woodroffe 

et al 2003), and average annual rainfall rates are low with 900 mm/year but increase during El Niño 

events to up to 3000 mm/year (Morrison and Woodroffe 2009). El Niño events also cause a positive 

sea-level anomaly of up to 0.4 m compared to La Niña conditions (Woodroffe et al. 2012). Kiritimati 

Island is located in an equatorial upwelling zone and thus, nutrient concentrations, productivity and 

consequently chlorophyll-a concentrations of the water are relatively high (Sandin et al. 2008). Regional 

upwelling occurs mainly at the northwest shore of the island. 

Arno Atoll (Figure 1.5b) is located at 07°04′N 171°41′E in the western equatorial Pacific. This region is 

characterized by an intermediate pHsw (~ 8.08, GLODAP 2016) compared to the range that exists in the 

tropical and subtropical Pacific (Figure 1.4). The prevailing winds are the easterly trade winds (Myhrvold 

et al. 2014). The annual rainfall rate is high with values of 3000 mm/year to 4000 mm/year (Ahlgren et 

al. 2014). During El Niño events rainfall rates are lower, sea-level is reduced (Ahlgren et al. 2014) and 

SSTs are increased (Spennemann and Marschner 1995). The maximal tidal range on Arno Atoll is 2.22 

m (tide-forecast 2020).  
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Figure 1.5 Field sites of microatoll sample 

collection, Pacific Ocean. Shown are 

satellite images of Kiritimati Island atoll, 

Kiribati, in the central Pacific (a), the 

northern sector of Arno Atoll, Republic of 

Marshall Islands, in the western Pacific 

(b), and Rarotonga with its fringing reef, 

Cook Islands, in the southwest Pacific (c). 

Red dots denote locations of microatolls 

with sample code and red labels indicate 

microatolls analysed in this study. 

 

Rarotonga is located in the centre of the South Pacific subtropical gyre (Linsley et al. 2000a) at 21°13’S 

159°47’W, in a highly stratified ocean region with thus high pHsw levels (~ 8.13, GLODAP 2016, Figure 

1.4). Contrary to Kiritimati Island and Arno Atoll, Rarotonga is not a low-lying coral atoll, but a volcanic 

island (Figure 1.5c) with a fringing reef (Goodwin and Harvey 2008). Surface morphology rises to 653 

m above sea-level (Moriwaki et al. 2006). Ocean conditions are determined by the westward flowing 

South Equatorial Current with SSTs ranging usually between 23° and 27°C and a high salinity between 

35.5 and 35.7 PSU (Linsley et al. 2000a, Lei et al. 2003). On Rarotonga, the maximal tidal range is 1.08 

m (tide-forecast 2020). During an El Niño event, Rarotonga experiences lower SSTs and decreased 

rainfall rates (Linsley et al. 2000a). Furthermore, during El Niño events water levels are reduced 

(Goodwin and Harvey 2008).  



Chapter 1: Introduction 

14 
 

 

1.6.2 Coral sampling 

Subfossil microatolls from Kiritimati Island, Arno Atoll and Rarotonga were chosen for sampling based 

on their age range. The ages had been determined from samples collected during previous fieldwork 

or were derived from the literature (Appendix 1). Modern microatolls were chosen based on their size 

and position on the reef flat (Figure 1.6a). Slabs of 7 to 10 cm thickness spanning from the centre to 

the edge of a microatoll were removed using hand saws or, in case of subfossil microatolls on land, 

with a chainsaw (Figure 1.6b). After collection microatoll slabs were cleaned, treated with bleach 

(sodium hypochlorite) overnight, rinsed and dried. Microatoll slabs from Rarotonga were further cut into 

smaller pieces before shipment to reduce shipping weight. All other microatoll slabs were shipped 

completely.  

 

  

Figure 1.6 Pictures of modern and subfossil microatolls. Microatoll on CP reef flat (a) and fossil microatoll CR36 

after removal of the slab (b). 
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Chapter 2 Literature review 

2.1 Introduction 

This chapter reviews the literature of greatest relevance to this study. The chemical basis of ocean 

acidification (OA) is reviewed followed by the natural variability in ocean pH that results from variations 

in climatic and oceanographic conditions, as well as the natural variability in reefal pHsw. Furthermore, 

the value of corals as recorders of paleo-environmental conditions is reviewed with a focus on the usage 

of the δ11B proxy for reconstructions of paleo-pH. Finally, several research gaps are identified. 

 

2.2 Ocean acidification 

In this section, the fundamentals of OA and its impact on natural and human systems are reviewed. 

The main focus is on anthropogenic OA and natural pHsw variability on coral reefs and its implications 

for coral calcification. 

 

2.2.1 The chemistry of ocean acidification 

Since the onset of the Industrial Revolution, approximately one-quarter of the anthropogenic CO2 

emitted into the atmosphere has been absorbed by the oceans (Rhein et al. 2013). Absorption of 

atmospheric CO2 by oceans elevates the aqueous CO2 partial pressure (pCO2, Eq. 1) that again causes 

an increase of carbonic acid (𝐻𝐻2𝐶𝐶𝐶𝐶3, Eq. 2). Carbonic acid further dissociates to bicarbonate (𝐻𝐻𝐶𝐶𝐶𝐶3−) 

and hydrogen ions (H+,  Eq. 3). As a consequence of elevated hydrogen ion concentrations pH 

decreases (Eq. 4). The hydrogen ions again react with carbonate ions (𝐶𝐶𝐶𝐶32−) and produce additional 

bicarbonate (Eq. 5). Thus, the concentration of carbonate ions and pHsw level reduce with increasing 

pCO2, while the concentration of the other carbonate species (pCO2, 𝐻𝐻2𝐶𝐶𝐶𝐶3, 𝐻𝐻𝐶𝐶𝐶𝐶3−) increases. The 

equilibrium constants K0, K1, and K2 further define the concentration of each species which again are 

temperature and salinity dependant (Sarmiento and Gruber 2006). 

𝐶𝐶𝐶𝐶2
 
↔ 𝑝𝑝𝐶𝐶𝐶𝐶2 Eq. 1 

𝑝𝑝𝐶𝐶𝐶𝐶2 + 𝐻𝐻2𝐶𝐶
𝐾𝐾0↔ 𝐻𝐻2𝐶𝐶𝐶𝐶3 Eq. 2 



Chapter 2: Literature Review 
 

16 
 

𝐻𝐻2𝐶𝐶𝐶𝐶3
𝐾𝐾1↔𝐻𝐻+ + 𝐻𝐻𝐶𝐶𝐶𝐶3− Eq. 3 

𝑝𝑝𝐻𝐻 = −log10[𝐻𝐻+] Eq. 4 

𝐻𝐻𝐶𝐶𝐶𝐶3−
𝐾𝐾2↔𝐻𝐻+ + 𝐶𝐶𝐶𝐶32− Eq. 5 

The concentration of all carbonate species in solution is defined as dissolved inorganic carbon or DIC 

(Eq. 6). The buffering capacity of a solution is defined as total alkalinity or Alk (Eq. 7). The value of Alk 

describes the excess of bases over acids or of proton acceptors over donors, respectively (Sarmiento 

and Gruber 2006). 

𝐷𝐷𝐷𝐷𝐶𝐶 = [𝐻𝐻2𝐶𝐶𝐶𝐶3] + [𝐻𝐻𝐶𝐶𝐶𝐶3−] + [𝐶𝐶𝐶𝐶32−] Eq. 6 

𝐴𝐴𝐴𝐴𝐴𝐴 = [𝐻𝐻𝐶𝐶𝐶𝐶3−] + 2 × [𝐶𝐶𝐶𝐶32−] + [𝐶𝐶𝐻𝐻−] − [𝐻𝐻+] + [𝐵𝐵(𝐶𝐶𝐻𝐻)4−] + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 Eq. 7 

If the pH of a given solution, one other of the six variables of the carbonate system (pH, pCO2, DIC, Alk, 

𝐶𝐶𝐶𝐶32−, 𝐻𝐻𝐶𝐶𝐶𝐶3− ), as well as the equilibrium constants K1, and K2 are known, the whole carbonate system 

can be quantified (Dickson et al. 2007, Foster and Rae 2016). 

The CaCO3 saturation state of seawater is defined as Ω (Eq. 8). As Ca2+ is abundant in seawater, [𝐶𝐶𝐶𝐶32−] 

is the limiting variable and thus exerts the strongest effect on the value of Ω. The value of 𝐾𝐾𝑠𝑠𝑠𝑠
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3  is a 

function of salinity, temperature, pressure, the seawater ion composition, especially [Mg], and the 

CaCO3 mineral phase (Hain et al. 2015, Foster and Rae 2016). 

Ω =
[𝐶𝐶𝑏𝑏2+] × [𝐶𝐶𝐶𝐶32−]

𝐾𝐾𝑠𝑠𝑠𝑠
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3

 Eq. 8 

The seawater saturation state of CaCO3 determines if formation or dissolution is taking place (Eq. 9, 

Eq. 10), where aragonite is generally more soluble than calcite (Sarmiento and Gruber 2006). At a value 

of Ω = 1 seawater is saturated, at Ω < 1 seawater is under-saturated and at Ω > 1 seawater is 

supersaturated with respect to CaCO3. 
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𝐶𝐶𝑏𝑏𝐶𝐶𝐶𝐶3
 
↔ 𝐶𝐶𝐶𝐶32− + 𝐶𝐶𝑏𝑏2+ Eq. 9 

𝐶𝐶𝑏𝑏𝐶𝐶𝐶𝐶3 + 𝐶𝐶𝐶𝐶2 +  𝐻𝐻2𝐶𝐶
 
↔𝐻𝐻𝐶𝐶𝐶𝐶3− + 𝐶𝐶𝑏𝑏2+ Eq. 10 

 

2.2.2 Observations and future projections in ocean acidification 

The longest time series of directly measured and calculated pHsw are the Hawaii Ocean time series 

(HOT) at Ocean station ALOHA in the Pacific (Figure 2.1a, Dore et al. 2009), the Bermuda Atlantic Time 

Series (Bates 2007, BATS) and the European Station for Timer-series on the ocean Canary Islands 

(ESTOC) in the Atlantic (Tilbrook et al. 2019). HOT and BATS start in 1988, and ESTOC in 1994. HOT 

reveals a decrease of ocean pHsw of -0.0018 pH year-1, BATS -0.0014 year-1 and ESTOC -0.0024 year-

1, all indicating a clear association between the increasing atmospheric CO2 concentration and ocean 

pCO2, pH respectively (Dore et al. 2009, Tilbrook et al. 2019).  

 

Figure 2.1 The longest pHsw time series in the Pacific and Atlantic. Shown are the Hawaiian Ocean Time Series 

(HOT, a), Bermuda Atlantic Time Series (BATS, b) and European Station for Time-series in the Ocean Canary 

Island (ESTOC, c). Source: Tilbrook et al. 2019. 
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Estimations of changes in pHsw since the mid-19th century are based on the whole ocean inventory of 

anthropogenic CO2. These calculations suggest a drop of pHsw of 0.10 in the northern North Atlantic 

and 0.05 in the subtropical South Pacific since the beginning of the industrial era (Rhein et al. 2013). 

The trend in OA varies regionally because the buffering capacity of the surface ocean is not similar in 

all regions of the world (Egleston et al. 2010, Jiang et al. 2019).  

 

Figure 2.2 Map showing Revelle (buffer) factor of the surface ocean. The Revelle factor quantifies the amount 

of anthropogenic carbon that has been absorbed by the ocean. Higher values indicate that more anthropogenic 

CO2 has been absorbed due to a reduced seawater buffering capacity (Jiang et al. 2019). 

 

Little is known about variations of ocean pH during the Holocene, because studies on reconstructions 

of paleo-pH from foraminiferal δ11B mostly focus on time scales beyond the Holocene (Martínez-Botí et 

al. 2015a). An OA event likely occurred during the last glacial/interglacial transition between 17.8 and 

11.6 thousand years before present (BP). This time interval was characterized by an increase of 

atmospheric CO2 from approximately 189 ppm to 265 ppm and, based on planktonic foraminifera δ11B, 

by a decrease of pHsw of 0.002 units per 100 years (Hönisch et al. 2012). Also, studies using coral δ11B 

records indicate that the equatorial ocean experienced a drop of pHsw during the Heinrich Stadial 1 

approximately 16,800 years ago and the Younger Dryas 12,800 to 11,500 years ago (Douville et al. 

2010, Kubota et al. 2014). However, during the last glacial/interglacial transition atmospheric CO2 

increase was two orders of magnitude slower than at present. Since the pre-industrial era (~1850) 

atmospheric [CO2] has increased from 280 ppm to currently (March 2020) 414 ppm (Tans and Keeling 

2020). Thus, OA as a result of anthropogenic fossil fuel combustion remains an unprecedented incident 

in the earth’s recent history (Zeebe et al. 2016). 
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To project future trends of pHsw during the 21st century in different areas of the world, ocean process-

based carbon cycle models are used that follow different emission scenarios, known as Representative 

Concentration Pathways (RCPs). The most optimistic, RCP2.6, predicts a global pHsw drop of 0.06 to 

0.07, and the most pessimistic, RCP8.5, a drop of 0.30 to 0.32 pH units by 2100 (Ciais et al. 2013). The 

trend in the 21st century OA is expected to be faster in the Arctic and Southern Ocean (-0.0050 to -

0.0035 year-1) and slower in the tropics and subtropics (-0.0035 to –0.0020 year-1). Furthermore, these 

projections relate to the surface waters of the open ocean where pHsw is predominantly controlled by 

the invasion of anthropogenic CO2 (Ciais et al. 2013). Contrary, in coastal environments, pHsw is 

controlled by multiple drivers including nutrient input or changes in ecosystem structure, and thus the 

effect of anthropogenic OA on these environments is more complex and less predictable (Duarte et al. 

2013). 

 

Figure 2.3 Future projections of global OA. Source: Jiang et al. 2019. 

 

2.2.3 Impacts of Ocean acidification 

OA affects marine ecosystems directly and indirectly. Direct effects relate to the deterioration of the 

physiological processes of marine organisms (Nagelkerken et al. 2016). For instance, calcifiers 

producing aragonite exoskeletons, such as corals, pteropods, algae, and other molluscs and 

invertebrates will most likely experience reduced calcification rates (Gattuso et al. 1998, Fabry et al. 

2008, Krief et al. 2010). Indirect effects relate to the deterioration of marine ecosystems through 

changes in ecological behaviour and trophic dynamics (Watson et al. 2017), shifts in extent and 
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structure of habitats, reduced biodiversity (Sunday et al. 2016) and the alteration of phytoplankton 

growth rates and primary productivity (Kroeker et al. 2013, Shi et al. 2017). It is thought that the indirect 

degradation of ecosystems due to OA will especially impact human societies (Le Quesne and Pinnegar 

2012, Herr et al. 2014, Talberth and Niemi 2017). 

However, the rate of OA and its impact on biogeochemical cycles vary across ecosystems (Ciais et al. 

2013). Coastal environments, such as coral reefs, exhibit high natural variability in pHsw and the 

response of coastal ecosystems to OA is coupled to other processes, such as eutrophication, warming 

or environmental degradation (Borges and Gypens 2010, Duarte et al. 2013). Hence, in coastal habitats, 

the response and vulnerability of biota to OA are less certain than the open ocean (Hendriks et al. 

2010). 

 

2.2.4 Coral reefs under ocean acidification 

The combined effects of elevated sea surface temperatures (SSTs), environmental degradation and 

OA have demonstrably induced lower coral growth rates on reefs and caused bleaching events (De'ath 

et al. 2009). Coral mass bleaching describes a phenomenon during which corals covering large areas 

lose their symbiotic algae that causes whitening and ultimately their die-off (Glynn 1984, Brown 1997). 

In the future, warmer and more acidic oceans will likely deteriorate coral reef ecosystems (Hoegh-

Guldberg et al. 2007, Pandolfi et al. 2011). 

 

Figure 2.4 Trends in coral health. Shown are trends in coral calcification (a), linear extension rates (b) and 

density (c) as observed over the 20th century in cores from 328 coral colonies on the Great Barrier Reef (De’ath 

et al. 2009). 
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However, it remains under debate at which temperature threshold coral calcification declines (Kornder 

et al. 2018) and to which degree scleractinian corals are affected by reduced pHsw alone (Hughes et al. 

2017a). Corals precipitate the CaCO3 (Figure 2.5) in a physiologically controlled environment between 

the skeleton and the adjacent living tissue, the calicoblastic ectoderm, filled with calcifying fluid (Gattuso 

et al. 1999). Calcifying fluid pH is elevated with respect to the ambient seawater by up to 0.30 to 0.60 

pH units (Cai et al. 2016, Sevilgen et al. 2019) most likely through the active transport of H+ from the 

site of calcification in exchange for Ca2+ via the enzyme Ca2+ ATPase (Ohno et al. 2017).  

 

Figure 2.5 Processes involved in coral CaCO3 precipitation. DIC enters the calcifying fluid either through 

passive diffusion of metabolic CO2 or active transport of 𝐻𝐻𝐶𝐶𝐶𝐶3−, and similarly Ca2+ either through a passive 

paracellular or active transcellular pathway. 𝐻𝐻𝐶𝐶𝐶𝐶3− is either catalysed from CO2 via the enzyme carbonic 

anhydrase (CA) or used in situ to form CaCO3. These reactions produce H+ that is removed from the calcifying 

fluid through the enzyme Ca2+ ATPase (based on Allemand et al. 2011). 

 

It is not entirely clear how corals precipitate CaCO3 (Figure 2.5). Most likely, 𝐻𝐻𝐶𝐶𝐶𝐶3− directly enters the 

calcifying fluid via a bicarbonate anion transporting enzyme (Taylor 1983, Guo 2019) and is utilized in 

situ (Eq. 11): 

Alternatively, metabolic CO2 could be the source of the calcifying fluid DIC (DICcf). In this case, 𝐻𝐻𝐶𝐶𝐶𝐶3− 

is catalyzed in the calcifying fluid by the enzyme carbonic anhydrase (Hopkinson et al. 2015) following 

equation: 

𝐻𝐻𝐶𝐶𝐶𝐶3− + 𝐶𝐶𝑏𝑏2+
 
→ 𝐶𝐶𝑏𝑏𝐶𝐶𝐶𝐶3 + 𝐻𝐻+ Eq. 11 
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𝐶𝐶𝐶𝐶2 + 𝐻𝐻2𝐶𝐶
 
→𝐻𝐻𝐶𝐶𝐶𝐶3− + 𝐻𝐻+ Eq. 12 

As a by-product of both reactions (Eq. 11, Eq. 12), H+ ions accumulate in the calcifying fluid that are 

removed through Ca2+ ATPase proton pumping that elevates pHcf (Cohen 2003). Ca2+ enters the 

calcifying fluid either through this active transcellular pathway, a passive paracellular pathway, or both 

(Allemand et al. 2011). As pHcf is upregulated, also the calcifying fluid aragonite saturation state (Ωcf) is 

increased at least up to 5 times of that of the ambient sweater (Comeau et al. 2017b, Sevilgen et al. 

2019). Thus, the coral likely modulates the calcifying fluid carbonate chemistry to facilitate calcium 

carbonate precipitation (DeCarlo et al. 2018b, Ross et al. 2019). Consequently, coral calcification rate 

(G) exhibits a dependency on Ωcf (Burton and Walter 1987): 

𝐺𝐺 = 𝐴𝐴 × (Ω𝑐𝑐𝑐𝑐 − 1)𝑛𝑛 Eq. 13 

With the rate-law constant k and reactions order constant n: 

𝐴𝐴 = −0.0177 × 𝑇𝑇𝑏𝑏𝑚𝑚𝑝𝑝𝑏𝑏𝑚𝑚𝑏𝑏𝑇𝑇𝑇𝑇𝑚𝑚𝑏𝑏2 + 1.47 × 𝑇𝑇𝑏𝑏𝑚𝑚𝑝𝑝𝑏𝑏𝑚𝑚𝑏𝑏𝑇𝑇𝑇𝑇𝑚𝑚𝑏𝑏 + 14.9 Eq. 14 

𝑚𝑚 = 0.0628 × 𝑇𝑇𝑏𝑏𝑚𝑚𝑝𝑝𝑏𝑏𝑚𝑚𝑏𝑏𝑇𝑇𝑇𝑇𝑚𝑚𝑏𝑏 + 0.0985 Eq. 15 

However, organic molecules are also thought to be involved in the calcification process and indeed it 

has been proposed that coral calcification might also be an entirely biologically mediated process (Cuif 

and Dauphin 2005, Allemand et al. 2011). In this case, the elevated pH in the calcifying fluid is only a 

secondary effect of calcification rather than a driver (Von Euw et al. 2017). Regardless of coral 

calcification being a physiochemical or biological process, both would suggest that corals can at least 

to a certain level maintain calcification rates despite OA induced reduction of ambient pHsw. 

Furthermore, there is also debate over the degree to which pHcf upregulation is sensitive to changes in 

ambient pHsw (McCulloch et al. 2012). Some studies found no correlation between pHcf and pHsw 

(Georgiou et al. 2015), while others have (Kubota et al. 2017). Recent studies also indicate that pHcf 

may not only be controlled by pHsw but instead affected by other environmental parameters, such as 

temperature, nutrient concentrations or light availability (Ross et al. 2017, McCulloch et al. 2018, Guo 

2019). However, a common principle of all calcification models is that it is more energetically costly for 

corals to maintain CaCO3 precipitation and up-regulate the pHcf in a more acidic environment. Energy 
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depleted corals will more likely be sensitive to environmental degradation and global warming (Pandolfi 

et al. 2011). 

 

2.2.5 Natural pH variability on coral reefs 

Additional to a long-term lowering of pHsw due to OA, coral reefs also experience considerable natural 

short and medium-term pHsw variability. The seawater that bathes coral reef originates from the open 

ocean but is modified by reefal organic and inorganic processes (Smith 1973, Gattuso et al. 1993), such 

as photosynthesis and respiration (Net Ecosystem Productivity, NEP, Eq. 16), as well as calcification 

and dissolution (Net Ecosystem Calcification, NEC, Eq. 17). 

𝑁𝑁𝑁𝑁𝑁𝑁: 𝐶𝐶𝐶𝐶2 +  𝐻𝐻2𝐶𝐶 
 
↔  𝐶𝐶𝐻𝐻2𝐶𝐶 + 𝐶𝐶2 Eq. 16 

𝑁𝑁𝑁𝑁𝐶𝐶: 𝐶𝐶𝑏𝑏2+ + 𝐶𝐶𝐶𝐶32−
 
↔𝐶𝐶𝑏𝑏𝐶𝐶𝐶𝐶3 Eq. 17 

If photosynthesis dominates over respiration, NEP is positive, that elevates reef water pH by releasing 

𝐶𝐶𝐶𝐶32− and consuming CO2. (Figure 2.6). Similarly, if calcification dominates over dissolution, NEC is 

positive and reef water pH is reduced because calcification releases CO2 and consumes 𝐶𝐶𝐶𝐶32− (Figure 

2.6). NEP has strong influence on the DIC of seawater (DICsw), but no influence on the alkalinity of 

seawater (Alksw), while NEC can affect both, but primarily Alksw (Cyronak et al. 2018). However, both 

processes, NEP and NEC, are inter-linked, as both are biologically controlled and products of one are 

reactants of the other (Suzuki et al. 1995). The balance of NEP and NEC oscillates diurnally as 

photosynthesis dominates during the day, and calcification and respiration dominate during the night 

(DeCarlo et al. 2017). The magnitude of the diurnal pHsw cycle on the reef flat is further modified by the 

residence time of seawater on the coral reef (Cyronak et al. 2018) that again varies with water depth 

and tides (Shaw et al. 2012, Chan and Eggins 2017, Page et al. 2018). At low tides, the products of 

photosynthesis and calcification accumulate over shallow water leading to more extreme levels of low 

pHsw during the night and high pHsw during the day. Also, the composition of the benthic community of 

a reef influences the magnitude of the diurnal cycle. The degree to which the reef water pHsw is elevated 

during the day is highest when green algae dominate the benthic ecology, while coral, coralline red 

algae or sediment exert a smaller influence on pHsw (Page et al. 2016). Additionally, reefal pHsw can 

exhibit seasonal variability, especially in higher latitudes, where seasonal variations of pHsw can be 
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caused by the temperature dependency of the carbonate dissociation constants. Other potential drivers 

are changes of freshwater input or organic carbon input into the reef from adjacent ecosystems (D'Olivo 

et al. 2015, Dong et al. 2017), seasonal changes of the NEP/NEC balance induced by e.g. changes of 

solar irradiance (Kayanne et al. 2005, Gray et al. 2012) or changes of the flushing of the reef due to 

sea-level variations or tidal mixing (Pelejero et al. 2005). It has been postulated that changes in the 

balance of NEP and NEC caused by long-term shifts in the benthic community composition potentially 

also drive reefal pHsw variability on an inter-annual to centennial time scale (Fowell et al. 2018). 

Accordingly, a shift of the benthic community composition from being dominated by calcifying organisms 

to non-calcifying macro-algae will potentially elevate future reef water pH, while open ocean pH off reef 

declines due to OA (Bates et al. 2010, Andersson et al. 2013). 

 

Figure 2.6 The influence of NEP and NEC on seawater carbonate chemistry. Relationship between 

photosynthesis, respiration, calcification, and dissolution with total alkalinity (Alk), dissolved inorganic carbon 

(DIC), and pH (Cyronak, 2018). 

 

2.3 Broad-scale Pacific Ocean environmental conditions 

Dynamics in pHsw are coupled to physical, biogeochemical and ecological processes (Sarmiento and 

Gruber 2006). To understand variations in pHsw on large temporal (20th and 21st centuries) and spatial 

(Pacific basin) scales, this chapter first reviews the oceanography and climate of the Pacific Ocean. 

This includes the El Niño Southern Oscillation (ENSO) as it is the main driver of the inter-annual Pacific 

basin climate variability (Fiedler 2002, Wang et al. 2016). Thereafter, broad-scale variations in Pacific 

Ocean pH are discussed. 
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2.3.1 Oceanography and climate 

The tropical Pacific is located between the Tropic of Cancer (23°N) and the Tropic of Capricorn (23°S) 

(Ganachaud et al. 2011). The surface circulation of the tropical Pacific is driven mostly by the winds, in 

particular the trade winds, blowing from east to west, and the south easterlies (Figure 2.7a). Surface 

currents rotate around two large subtropical gyres centered at 30°N and 30°S, which rotate clockwise 

in the northern hemisphere and counterclockwise in the southern hemisphere. The large-scale 

circulation of the subtropical gyres results from the geostrophic surface flow, the wind-driven Ekman 

transport, and the Coriolis force. The sea surface temperature is not uniformly high in the tropical 

Pacific, a large warm pool is found in the central and western Pacific (Figure 2.7b). This is a result of 

the deeper position of the thermocline in the western Pacific relative to the central and eastern Pacific. 

Upwelling in the eastern Pacific draws cooler water to the surface, causing a shallow thermocline and 

creating the equatorial cold tongue at the sea surface. Salinity (Figure 2.7c) varies as a result of surface 

freshwater inputs and exports (Ganachaud et al. 2011). High precipitation occurs in regions of rising, 

humid air, which is associated with low atmospheric pressure at the sea surface. Thus, surface salinity 

is low in the equatorial Pacific, close to the ITCZ, and in the subpolar regions. Along the equator, surface 

salinity is lowest in the western Pacific, where normally much more rainfall occurs compared to the 

central and eastern equatorial Pacific. The latter is known as the Pacific dry belt. The most productive 

regions occur where upwelling is prevalent and where the nutrient-rich thermocline is near the sea 

surface (Ganachaud et al. 2011), such as in the equatorial and eastern tropical Pacific (Figure 2.7d). 

Due to the movement of water masses towards the west, the sea-level of the western Pacific is 

significantly elevated compared to the eastern Pacific.  

The sea-level in the Pacific has experienced some strong variability throughout the Holocene with a 

high stand during the mid-Holocene from approximately 5000 to 1500 years BP after which sea-level 

fell relatively abruptly (Grossman et al. 1998). Drivers of the Holocene sea-level variability were the 

addition of meltwater and the isostatic adjustment of the earth’s surface, both a result of the melting or 

growth of polar ice masses (Woodroffe et al. 2012b, Hallmann et al. 2018). Sea-level rise observed 

during the 20th and 21st centuries is primarily driven by the melting of land ice and ocean thermal 

expansion (IPCC 2019). 
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Figure 2.7 Environment of the Pacific Ocean. Surface currents of the Pacific (a) and spatial patterns of SST (b), 

salinity (c) and nutrients (d) (Levitus and Boyer 1994, Seos project 2017). 

 

2.3.2 ENSO climate variability 

In the Pacific, ENSO is the main driver of inter-annual climate variability (Fiedler 2002, Wang et al. 

2016). The conditions described above represent La Niña conditions occurring during most years. El 

Niño events occur with a frequency of 2 to 7 years with an average frequency of 4 years and are 

characterized by a weakening of the trade winds, allowing the flow of water masses in the Pacific to 

reverse with warm water from the western Pacific flowing eastwards. Consequently, the evaporation 

and rainfall rates in the usually dry regions of the Pacific increase significantly, while the western Pacific 
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is unusually dry. Furthermore, the Pacific sea surface anomaly is reversed during El Niño events, 

causing an increase in sea-level in the eastern and equatorial central Pacific and a decrease in the 

western Pacific (Lukas et al. 1984). Due to the weak trade winds, stratification is more pronounced and 

thus bio-productivity in the central and eastern Pacific is reduced (Caviedes and Caviedes 2005). The 

strongest observed El Niño events occurred in 1982-1983 (Lukas et al. 1984), 1997-1998 (McPhaden 

and Yu 1999) and 2016-2017. Inter-decadal variations of the occurrence of El Niño events are quantified 

via the Pacific Decadal Oscillation (Mantua and Hare 2002, Wang et al. 2016). Proxy data suggest that 

during the early Holocene ENSO events have been weaker and less frequent. From 7000 BP to 1200 

BP both, frequency and amplitude constantly increased and weakened again towards the present (Moy 

et al. 2002). These trends are mostly explained by orbitally controlled changes of boreal summer 

insolation changing the strength of the trade winds. Also, during the last couple of centuries, ENSO 

revealed some variability with an elevated magnitude and frequency of El Niño events during the 17th 

century and reduced ENSO activity during the 12th and 14th century (Cobb et al. 2003). 

 

2.3.3 Natural pH variability in the Pacific 

Spatial variations of Pacific Ocean pHsw (Figure 1.4) are mainly controlled by variations of DICsw and 

Alksw concentrations. Primarily DICsw and to a lower extent Alksw can vary due to variations of the 

biological productivity of surface waters and oceanographic conditions (Sarmiento and Gruber 2006). 

For instance, equatorial and upwelling regions are characterized by low pHsw due to the presence of 

DIC-rich deep ocean water. Similarly, pHsw in highly stratified subtropical gyres is elevated because of 

low DIC concentrations that are a consequence of the low nutrient concentrations and resultant reduced 

biological productivity. Furthermore, the carbonate chemistry of the ocean varies following salinity and 

temperature as they determine the equilibrium constants of the carbonate system (Sarmiento and 

Gruber 2006). Temporal variations in Pacific Ocean pHsw most likely follow ENSO variability (Kubota et 

al. 2014). However, inter-annual variations in pHsw at ocean station ALOHA at Hawaii did not reveal a 

clear link to ENSO (Dore et al. 2009). 
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2.4 Coral sclerochronology 

Due to the limited number and short length of instrumental records, the temporal dynamics in ocean pH 

are currently not well understood (see 2.2.2). Thus, numerical models and proxy-records are used to 

reconstruct paleo-ocean pH. The analysis of the annual banding found in coral records provides a way 

to infer past environmental conditions. In this section, the usage of coral records for paleo-

environmental reconstructions is discussed. This forms the basis for the subsequent section that 

discusses the reconstruction of paleo-pH from coral records. 

 

2.4.1 Principles of coral sclerochronology 

Stony, sub-tropical corals belong to the order Scleractinia, which is a group in the subclass Zoantharia 

and the phylum Cnidaria. They can be found in the tropical oceans between 35° latitude north and 32° 

south (Druffel 1997). The genetic individuals of a coral colony are the tiny polyps, which live in calcium 

carbonate structures called corallites (Dustan 1996). These polys secret calcium carbonate as the 

polymorph aragonite and by doing so form the coral skeleton (for details see 2.2.4). Depending on their 

environment, coral colonies can have different growth forms (Figure 2.8), including delicate branching, 

tabulate, columnar, foliaceous, encrusting, massive ball- or boulder-shaped coral bommies or 

microatolls (Corrège 2006, Lough 2010, Smithers 2011, Meltzner and Woodroffe 2015). Some 

scleractinian coral genera are hermatypic, which means that they are reef-building. Again, most 

hermatypic corals are zooxanthellate corals, meaning they live in symbiosis with dinoflagellate algae 

(Symbiodinium). 

 
Figure 2.8 Overview of coral morphologies. Illustration of different types of coral growth forms and dependency 

on environmental parameters (Chappell 1980). 
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Figure 2.9 Overview of the architecture of coral skeleton, polyp, and septal structure. Shown is an illustration of 

the coral skeleton architecture (a), as well as SEM images of multiple corallites (b) and a single corallite (c). 

Furthermore, an image of centres of calcification (COC) and fibers (d) taken through a petrographic microscope 

with a polarization filter is shown. Indices can be found in the text (Based on Veron 1986, Cohen 2003, Reggi et 

al. 2016 and Van Euw et al. 2017). 

 

The microarchitecture of a coral skeleton is discussed below and illustrated in Figure 2.9 (Veron 1986, 

Cohen 2003, Reggi et al. 2016): The coral polyp (p), the individual animal of a coral colony, sits within 

the corallite (cl), which is a CaCO3 tube enclosed by a wall, the theca (t). The septa (s) radiate out from 

the tube’s centre and are overgrown by the paliform lobes (pl). Septae increase the surface area at 

which the living tissue connects to the skeleton. As growth continues, the paliform lopes meet in the 

centre of the tube to form the columella (cm). The dissepiments (d) are horizontal sheets accreted by 

the coral to support the living polyp and the upward growth of the colony. The coral skeleton is 
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precipitated from the calcifying fluid (cf) located below the calicoblastic ectoderm (ce) that separates 

the coral coelenteron and skeleton (see 2.2.4). The precipitation of calcium carbonate crystals starts at 

the centres of calcification (COCs, Figure 2.9d), from which fiber-like crystals (f) radiate. It has been 

suggested that different elements of the skeletal structure are precipitated depending on the day- and 

night-time (Barnes 1970) and following the lunar cycle (DeCarlo and Cohen 2017). 

Coral skeletons have been shown to be excellent archives of paleo-climate as chemical and physical 

signatures of environmental properties are stored in the CaCO3 at the time of precipitation. One of the 

most commonly used genus to reconstruct paleo-climate conditions in the Indo-Pacific is Porites (Cohen 

2003). In massive growth morphologies of Porites, the coral skeleton contains alternating bands of 

dense and less dense CaCO3 with each pair representing one year of growth. Consequently, the 

development of a chronology of growth and sub-sampling can be done relatively precisely. Furthermore, 

coral skeletons can be absolutely dated using techniques including radiocarbon and uranium-series 

dating (Walker 2008). Porites coral colonies grow for up to hundreds of years and this enables paleo-

climate reconstructions on centennial time scales and the records can be analysed using multiple types 

of paleo-proxies. Two principle types of coral proxy records can be differentiated: First, growth records 

are based on physical variations of the coral skeleton and reflect variations in the coral growth and 

calcification due to changes in the ambient environment. Second, geochemical records are constructed 

from the skeleton’s chemical composition and provide insight into the paleo-environemt. 

 

2.4.2 Proxies of the coral growth record 

Coral growth records typically involve three properties, the linear skeletal extension rate (cm/year), the 

average annual density (g/cm3) and the product of these, the calcification rate (g/cm2/year) (Lough and 

Barnes 1992). In addition, variations in skeletal growth patterns such as the presence of hiatuses, stress 

bands or luminescence bands are indicative of paleo-environmental events (Table 2.1). The exact 

dependency of properties of the growth record on specific environmental parameters differs between 

sites and colonies (Lough 2010). 

For example, the stimulating effect of enhanced solar irradiance on coral calcification is well established 

and is known as light enhanced calcification (LEC). It is thought that enhanced light availability 

stimulates photosynthesis of the zooxanthellae photo-symbionts, which provides more energy for 
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calcification (Colombo-Pallotta et al. 2010). Alternatively, the correlation between photosynthetic activity 

and calcification rate has been explained by the Proton flux hypothesis (Jokiel et al. 2016). According 

to this hypothesis, the photo-symbionts consume more H+ during the day when photosynthesis is 

stimulated resulting in a steeper [H+] gradient between the seawater in direct proximity to the coral 

colony, and the calcifying fluid. The passive diffusion of H+, the by-product of calcification, from the 

calcifying fluid through the living tissue into the seawater is thus accelerated during the day and 

calcification facilitated. LEC is evident from reduced coral extension and calcification rates at higher 

water depth and latitudes (Dullo 2005). 

In culturing experiments that grew corals over large gradients in pHsw (7.4 - 8.2) coral calcification 

declined with increasing acidity (Fine and Tchernov 2007). However, in natural environments coral 

calcification rates did not appear to follow changes in ambient pHsw (Wall et al. 2019) and most studies 

found no (Pelejero et al. 2005, Kubota et al. 2017, Fowell et al. 2018, Chen et al. 2019) or only a weak 

(D'Olivo et al. 2019) correlation of reconstructed ambient pHsw and parameters of the coral growth 

record. 

 

Table 2.1 Summary of commonly used proxies of coral growth records with example references. 

Proxy Environmental parameter Reference 

Linear extension rate SST, light availability, exposure, water depth, 
environmental stress (e.g. bleaching event), 
water motion 

(Hudson et al. 1976, Lough 2004) 

Average annual density 

Calcification rate 

Thickness of tissue layer Coral health (Lough and Barnes 1992) 

Vertical growth Sea-level (McLean and Woodroffe 1990, 
Kench et al. 2019) 

Hiatus Environmental stress (e.g. bleaching event) (Carilli et al. 2009, DeCarlo and 
Cohen 2017) 

Stress band 

Luminescence lines Increased coastal runoff or river outflow, 
ocean productivity 

(Lough et al. 2002) 

 

2.4.3 Geochemical coral proxies 

The concentration and isotopic composition of elements in the coral CaCO3 lattice are often partly 

dependent on the environmental conditions at the site the coral was growing (Grottoli and Eakin 2007). 

Hence, coral skeleton elemental and isotopic composition can be used as a proxy for attributes of the 
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paleo-environment (Table 2.2). However, there is often an offset between the measured chemical 

properties of the coral aragonite and the expected value due to coral physiological processes, known 

collectively as “vital effects” (Urey et al. 1951). Often geochemical proxies are also influenced by 

variations in the nature and pace of coral growth. Hence, environmental parameters, growth, and 

geochemistry of the skeleton are frequently interlinked (Lough 2010). 

 

Table 2.2 List of commonly used geochemical proxies in coral records with example references. 

Proxy Environmental parameter Reference 

δ18O SST, salinity (Swart and Coleman 1980, 
Wellington et al. 1996, Evans et al. 
1999) 

δ13C Light intensity, food supply, water 
depth, solar irradiance, δ13C of 
DIC 

(Grottoli 2000) 

δ14C Ocean ventilation, water mass 
circulation 

(Druffel and Griffin 1993, Grumet et 
al. 2004) 

δ11B pH (Hönisch et al. 2004, Foster and 
Rae 2016) 

δ15N Nutrient cycle, coral physiological 
processes 

(Yamazaki et al. 2011, Wang et al. 
2015, Erler et al. 2020) 

Sr/Ca SST (Linsley et al. 2000b, McCulloch et 
al. 1994) 

Li/Mg SST (Montagna et al. 2014) 

B/Ca DIC, SST (Foster 2008, Holcomb et al. 2016, 
DeCarlo et al. 2018a) 

Mg/Ca SST (Mitsuguchi et al. 1996) 

U/Ca SST, pH (Min et al. 1995, Inoue et al. 2011) 

Ba/Ca Terrestrial input, upwelling (Lea et al. 1989, LaVigne et al. 
2016) 

Mn/Ca Wind strength, terrestrial input, 
upwelling 

(Shen et al. 1991) 

P/Ca Nutrient concentration (LaVigne et al. 2008, Chen and Yu 
2011, LaVigne et al. 2013). 

Cd/Ca Upwelling, horizontal mixing 
processes, industrial fallout 
(pollution) 

(Shen et al. 1987) 

Pb/Ca  Pollution (Medina-Elizalde et al. 2002) 

Zn/Ca pH (Houlbrèque et al. 2012) 

Y/Ca Terrestrial input (Moyer et al. 2012) 

Rare earth elements Tracer of water masses, land 
weathering, bio-productivity 

(Webb et al. 2009) 

90Sr Nuclear fallout (Druffel 1997, Swart 2015) 
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The Boron isotope-pH proxy that is of greatest relevance for this study is discussed in detail in the 

following section (section 2.5). Apart from δ11B, other proxies have been suggested to allow for paleo-

pH reconstructions, such as the skeletal U/Ca ratio (Inoue et al. 2011) or the Zn/Ca ratio (Houlbrèque 

et al. 2012). However, [U] in the calcifying fluid is substantially depleted compared to seawater indicating 

a strong vital control that complicates the application of this proxy (DeCarlo et al. 2015). Other important 

geochemical proxies for this study are the skeletal B/Ca ratio that is discussed along with the boron 

isotope proxy in section 2.5.3, as well as the oxygen and carbon isotope ratios that are discussed below.  

The δ18O of coral CaCO3 is commonly used as SST (Sea surface temperature) proxy. Skeletal δ18O is 

a function of the seawater temperature during calcification and δ18O of the seawater, which in turn varies 

with salinity (Swart and Coleman 1980). Thus, it is necessary to disentangle the signal, as both, 

temperature and salinity determine the oxygen isotope ratio. Consequently, the coral δ18O is mostly 

used in combination with the Sr/Ca ratio, which is also a proxy for SST (Bolton et al. 2014, Corrège 

2006, Lei et al. 2003).  

Interpretations of the coral δ13C are more difficult and must be done individually for each record and by 

taking into account the coral's local environmental conditions (Hayashi et al. 2013). There is, however, 

a recognized set of environmental parameters that are thought to influence and at times control coral 

skeletal δ13C. In most studies, the carbon isotope ratio is interpreted as a proxy for solar irradiance and 

food supply (Grottoli 2000). The former is a result of the coral symbionts, which preferentially sequester 

the light carbon isotope 12C during photosynthesis. Consequently, higher quantities of heavier 13C 

carbon isotopes remain for calcification when photosynthesis is stimulated. Coral δ13C records also vary 

with water depth, which is again related to low light availability and reduced photosynthesis at higher 

water depth (Linsley et al. 2019). Skeletal δ13C also directly reflects the δ13C of the DICsw (Swart et al. 

2010). Due to fossil fuel combustion, not only has the CO2 concentration increased but also the δ13C of 

atmospheric CO2 has declined (Figure 2.10). This so-called “13C Suess-Effect” is often visible as a 

marked decrease of δ13C in a coral skeleton through the second half of the 20th century (Dassié et al. 

2013). If observable, the 13C Suss effect in a coral δ13C record may indicate that the observed 

acidification trend in the seawater is caused by the absorption of anthropogenic CO2 from the 

atmosphere (Deng et al. 2017). In coral records paired δ13C and δ11B ratios have recently been used 

to determine whether changes of NEP or NEC have caused variations of reefal pHsw (Fowell et al. 
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2018). This was based on the assumption that pHsw and consequently coral δ11B is driven by changes 

of NEP as well as NEC, but variations of δ13C primarily result from changes of NEP. Some authors have 

also suggested that coral δ13C variations are controlled by the reproductive cycle of corals and δ13C 

anomalies characterise spawning events (Gagan et al. 1996, Evans et al. 1999). 

 

Figure 2.10 13C Suess effect since 1800. Changes of δ13C in Indo-Pacific and Atlantic corals, as well as Atlantic 

sclerosponges and atmospheric CO2 (Swart, 2010). 

 

2.4.4 Diagenesis 

After the precipitation of coral CaCO3, chemical alteration of the carbonate minerals occurs in a process 

known as diagenesis (Utami and Cahyarini 2017). Diagenesis is promoted by the high primary porosity 

of the coral skeleton and the instability of aragonite (Hopley 2011). In paleoclimatology studies, 

syndepositional diagenetic effects are relevant including mainly the precipitation of secondary aragonite 

or calcite and the replacement of primary aragonite with secondary aragonite or calcite (McGregor and 

Gagan 2003).  

During the phase of submarine diagenesis, that can potentially affect modern microatolls, the 

precipitation of non-biogenic carbonate in the coral skeleton, bio- and physical erosion and dissolution 

can occur (Elmore 2015). The isotopic signal of secondary carbonates reflects the composition of the 
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seawater from which they precipitated. For example, coral aragonite has δ18O values approximately 4 

to 7 ‰ more negative than inorganic reef cement precipitated at the same temperature (Hopley 2011, 

Swart 2015). Hence, significantly increased δ18O values can point to precipitation of secondary CaCO3 

(Müller et al. 2001, Quinn and Taylor 2006). Furthermore, as a result of the Suess-effect modern 

carbonates are enriched in 13C (Figure 2.10) and thus recrystallization may be visible in negative δ13C 

anomalies in subfossil coral records (Müller et al. 2001). Also, anomalies in trace element (TE) 

concentrations potentially indicate diagenesis (Lazar et al. 2004, Quinn and Taylor 2006, Hendy et al. 

2007). The δ11B of secondary aragonite reflects the pH and the isotopic composition of seawater and 

not of the coral calcifying fluid, and thus will tend to lower than biogenic CaCO3 (Stewart et al. 2015). 

During sea-level low stand, shallow-water carbonates, such as subfossil microatolls, can become 

exposed to meteoric water that can cause subaerial diagenesis (Swart 2015). Rainwater is generally 

very corrosive to all carbonate minerals, as it exhibits high pCO2 and low Ca2+ concentrations. Thus, 

aragonite is further dissolved and replaced by calcite overriding the mineralogical and geochemical 

signature of the submarine diagenesis. The secondary calcite reflects the δ18O of the rainwater and the 

δ13C of the CO2 of the soil zone. Thus, the δ18O and δ13C values of calcium carbonate move to more 

negative values as diagenetic alteration through meteoric waters continues (McGregor and Gagan 

2003). Secondary calcite that precipitated from meteoric water usually has depleted Sr/Ca and elevated 

Mg/Ca ratios (Sayani et al. 2011). Furthermore, high-Mg calcites can form on surfaces of carbonate 

rocks as a result of evaporation (Swart 2015). The low pH of meteoric water from which the secondary 

calcite precipitates results in reduced δ11B and B/Ca ratios compared to pristine biogenic aragonite 

(Stewart et al. 2015, Lazareth et al. 2016). 

Corals analysed in this study are only a few decades old. Thus, skeletal CaCO3 is likely pristine and is 

only rarely affected by sub-marine diagenesis. None of the microatoll samples analysed in this study 

have been subject to sub-aerial diagenesis. However, it is necessary to screen the samples for potential 

diagenetic alteration that can be detected through visual inspection of samples, anomalies in the 

geochemical record that point to the precipitation of secondary aragonite as described above, or by 

screening for secondary calcite using XRD-analysis (Müller et al. 2001, Mansur et al. 2005). 
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2.5 Coral boron isotope geochemistry 

The focus of this study is the application of the δ11B proxy to infer paleo-pH from microatoll records. 

The following section reviews existing literature regarding the chemical basis of the δ11B-pH proxy and 

its potential to reconstruct pHsw from coral δ11B. Furthermore, the estimation of the complete carbonate 

system from δ11B in conjunction with skeletal B/Ca is discussed. An up to date summary of the most 

important publications can be found in Table 2.3. 

. 
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Table 2.3 Studies on tropical coral δ11B. Early studies investigating general δ11B-pH dependency are indicated in grey . Studies on diagenesis of coral δ11B are indicated in lred. 

Studies on calibrating coral δ11B against its ambient environment are indicated in lgreen . Studies on reconstructing pHsw from coral δ11B are indicated in lorange . Studies on 

pHcf upregulation are indicated in lblue . 

Study Study site Studied time 
interval 

Sampling 
resolution 

Coral genera/species Conclusions  

(Vengosh et 
al. 1991) 

GBR No age control of 
coral record 

One sample per 
specimen 

Platygira, Fungia, Stylofora 
pistilata 

First measurement of coral δ11B.  

(Hemming 
and Hanson 
1992) 

Discovery Bay 
(Jamaica), Rodriguez 
Cay (Florida), Bikini 
Atoll (Marshall Islands) 

No age control of 
coral record 

One sample per 
specimen 

Siderastrea siderea, 
Acropora cervicornis, 
Monastrea, Agaricia 
agaricites Porites porites, 
Fungia concinna serrulata 

Proof that δ11B of marine carbonate is pH 
dependant. Only borate is incorporated into 
marine carbonates. 

 

(Gaillardet 
and Allègre 
1995) 

Moorea (Tahiti), Sumba 
(Indonesia), Red Sea, 
La Réunion and 
Maurice Island (Indian 
Ocean) 

No age control of 
coral record 

One sample per 
specimen 

Goniastrea, Porites, 
Acropora 

Validation of coral δ11B as possible recorder of 
past seawater pH. Diagenesis alters skeletal 
δ11B. 

  

(Hemming et 
al. 1998) 

Fanning Island (Central 
Equatorial Pacific) 

Two diurnal 
cycles (within 
1990s) 

1.5 months Porites lobata Seasonal coral δ11B variations result from 
changes in reef productivity, symbiont 
photosynthetic activity, insolation, and food 
supply. 

 

(Lécuyer et al. 
2002) 

Bahamas, Florida Keys, Modern and fossil 
corals 

One sample per 
specimen 

Not specified Validation of pHsw dependency of δ11B of marine 
carbonates. 

 

(Rollion-Bard 
et al. 2003) 

Boulari, New Caledonia 2 years of growth 
(22 mm), corals 
collected 1994 

~20 samples Porites lutea Coral δ18O is affected by variations of pHcf (vital 
effect). 

 

(Hönisch et al. 
2004) 

Coconut Island (Hawaii) August 1996 to 
March 1997 

Not specified Acropora nobilis, Porites 
cylindrical, Porites 
compressa, Monitopora 
verrucosa 

Photosynthetic activity, insolation, and food 
supply do not affect coral δ11B. Changes in reef 
productivity or open ocean pHsw drive coral δ11B. 

 

(Reynaud et 
al. 2004) 

Controlled experiment 2 months One sample per 
specimen 

Acropora Coral δ11B varies with pCO2 but not with 
temperature. 

 

(Pelejero al. 
2005) 

Flinders Reef (Northern 
GBR) 

1700 to 2000; 
April 1987 to April 
1988 

5 years; 
~bimonthly 

Massive Porites Flushing of reef following IPO drives pH 
variations of reef water. During the last 50 years, 
anthropogenic CO2 in the atmosphere has 
changed reef pCO2 and pH. 
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(Liu et al., 
2009) 

South China Sea 6000 BP to 
present 

333 years (18 
samples) 

Porites Change of monsoon system affected reef pH in 
mid-Holocene. Anthropogenic CO2 in the 
atmosphere lowers reef water pH. 

 

(Wei et al. 
2009) 

Central GBR 1800 to 2004 5 years for 1800 
to 1940, yearly 
for 1940 to 2004 

Porites IPO and ENSO drive reef pH variability. 
Bleaching events cause a decline in coral δ11B. 
Anthropogenic CO2 in the atmosphere lowers 
reef pHsw. 

 

(Douville et al. 
2010) 

Tahiti and Marquesas 20,720 BP to 
present 

Up to 25 samples 
unequally 
spaced, most 
during the 
glacial/interglacial 
transition 

Porites During glacial/interglacial transition equatorial 
Pacific was CO2 source due to El Niño like 
conditions. 

 

(Krief et al. 
2010) 

Controlled experiments 
at the Institute of Marine 
Science in Eilat (Israel) 

6 to 14 months One sample per 
specimen 

Porites, Stylosphora 
pistillata 

Corals upregulate pHcf and continue calcification 
even under very low pHsw conditions. 

 

(Rollion-Bard 
et al. 2011b) 

Boulari Reef (New 
Caledonia), Controlled 
experiments 

No age control on 
natural sample, 1 
year (experiment) 

One sample per 
1 mm along 
growth axis 
(experiment) 

Porites lutea (naural 
samples), Cladocora 
caespitosa (experiment) 

Validation of pHcf upregulation. pHcf variations 
affect coral δ11B. 

 

(Trotter et al. 
2011) 

Different locations in the 
Mediterranean Sea, 
Italy 

One sample 
representing April 
to October 2005 

Only uppermost 
skeleton below 
tissue was 
sampled 

Cladocora caespitosa δ11B of corals from different locations 
corresponds to different pHsw. Additionally, 
corals upregulate pHcf. pHcf was calibrated 
against pHsw, rather than coral δ11B against 
pHsw. 

  

(Dissard et al. 
2012) 

Controlled experiments 
performed at Scientific 
Centre of Monaco 

Experiment run 
34 weeks 

34 week 
averages 

Acropora Coral δ11B and B/Ca are affected by temperature 
and light conditions. But the magnitude of these 
effects is negligible for pH reconstructions. 

 

(McCulloch et 
al. 2012) 

- (Numerical modeling) No own 
measurements. 
Usage of data 
from previous 
studies 

- - Changes of the pHcf are approximately one-half 
of those of the ambient seawater. 

 

(Shinjo et al. 
2013) 

Guam (Western Pacific) 1940 to 1999 Annually Massive Porites Anthropogenic CO2 in the atmosphere lowers 
reef water pH. 

 

(Xiao et al. 
2013) 

South China Sea Fine branches of 
modern corals 

One sample per 
specimen 

Various δ11B-pH relationship is species dependant.  
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(Liu et al. 
2014) 

South China Sea 1024 to 1079, 
1838 to 2001; 
January to 
December 2000 

4 years; biweekly Porites The monsoon system drives seasonal and long-
term variations of reef water pH. Anthropogenic 
CO2 in the atmosphere lowers reef water pH. 

 

(Kubota et al. 
2014) 

Tahiti (mid-equatorial 
South Pacific) 

glacial/interglacial 
transition 

15 samples 
unequally spaced 

Porites During glacial/interglacial transition equatorial 
Pacific was CO2 source. 

 

(Allison et al. 
2014) 

Oahu (Hawaii) and 
Jarvis Island (South 
Pacific) 

2010s Multiple samples 
within the 
youngest, one or 
two annual 
growth bands 

Porites Corals upregulate pH- and Ω of calcifying fluid 
and thus might be prepared for future ocean 
acidification. 

 

(Schoepf et al. 
2014) 

Controlled experiments 
performed at Ohio State 
University 

Bleaching 
experiment 
performed July 
2009 and 2010 

Only uppermost 
layer of skeleton 
analysed 

Porites divaricata, Porites 
astreoides, Orbicella 
faveolata 

Coral bleaching does not affect skeletal δ11B.   

(Wei et al. 
2014) 

Sanya Bay (Southern 
China Sea) 

1 to 2 years 
before collection 

One sample per 
specimen 

Various (e.g. Acropora, 
Pavona, Pocillopora, 
Faviidae, Porites) 

Quantification of pHcf upregulation.  

(D'Olivo et al. 
2015) 

GBR (Central 
Queensland) 

1940 to 2009 Annually Massive Porites Stimulated productivity and increased nutrient 
input during flood events may result in elevated 
reef pHsw. Anthropogenic CO2 in the atmosphere 
lowers reef water pH. 

 

(Wei et al. 
2015) 

South China Sea 1850 to 2010 Annually Porites Changes of the monsoon system drive variations 
of reef pHsw. Anthropogenic CO2 in the 
atmosphere lowers reef water pH. 

 

(Kubota et al. 
2015) 

Chichijima (West-
Pacific, Japan) 

1910 to 1998 ~ 3 years (15 
samples) 

Massive Porites Attempt to calibrate coral δ11B record against 
known changes of pHsw during the 20th century. 

  

(Dishon et al. 
2015) 

Controlled experiment November 2008 
to June 2009 

~ 10 samples per 
specimen 

Porites Coral bleaching results in a negative anomaly of 
skeletal δ11B. Thus, coral δ11B records can be 
used to reconstruct bleaching events in the past. 

  

(Georgiou et 
al. 2015) 

Free Ocean Carbon 
Enrichment (FOCE) 
experiment performed 
at Heron Island reef flat 
(GBR). 

June to 
December 2010 

Monthly Porites cylindrica Coral pHcf is decoupled from ambient pHsw.  

(Tanaka et al. 
2015) 

Controlled experiment 
performed at University 
of the Ryukyus (Japan) 

36 days Only uppermost 
layer of skeleton 
analysed 

Acropora digitifera Changes of coral pHcf coincide with changes of 
pHsw 
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(Lazareth et 
al. 2016) 

Epi Island (Vanuatu) 2001 to 2010 Monthly Porites Diagenesis of the coral skeleton (Secondary 
calcite) causes negative δ11B anomaly. 

 

(Wall et al. 
2016) 

Papua New Guinea No age control One sample per 
specimen 

Massive Porites Corals can maintain elevated pHcf despite strong 
changes of ambient pHsw. 

 

(Goodkin et 
al. 2015) 

Bermuda 1774–1996, One sample 
represents 2 
years, ~ 50 
samples 

Diploria labyrinthiformis Biogeochemical processes drive ocean pH 
rather than atmospheric [CO2]. 

 

(D'Olivo et al. 
2017) 

Havannah Island (GBR) 1991 to 2002 Monthly to bi-
monthly along 
multiple tracks 

Porites δ11B and B/Ca can be used to reconstruct all 
parameters of the coral calcifying fluid carbon 
chemistry. Corals can maintain a relatively high 
pHcf during thermal stress (bleaching) events. 

 

(McCulloch et 
al. 2017) 

Davies Reef (GBR), 
Ningaloo Reef (Western 
Australia) 

2007 to 2013 Sub-seasonally Porites Coral pHcf is independent from reef pHsw. 
Instead, pHcf follows seasonal variations of the 
calcification rate. 

 

(Comeau et 
al. 2017b) 

Controlled experiment 
performed at Indian 
Ocean Marine 
Research Centre 
(Western Australia) 

8 weeks The uppermost 
layer of the 
skeleton was 
analysed 

Acropora yongei, 
Pocillopora damicornis 

pHcf is elevated, but slightly de- and increases 
following ambient pHsw. The magnitude to which 
corals can maintain a stable pHcf against 
changes of pHsw is controlled by the species 
dependant calcification rate. Fast calcifiers are 
more sensitive to ambient pHsw than slow 
calcifiers. 

 

(Kubota et al. 
2017) 

Chichijima Island,  
Kikaijima 
Island (West Pacific) 

1900 to 2013 3 years Porites pHcf is sensitive to ambient pHsw despite pHcf 
upregulation. pHcf of many corals has declined 
since 1960 due to ocean acidification. 

  

(Ross et al. 
2017) 

Rottnest Island 
(Western Australia) 

February 2013 to 
March 2015 

1 to 3 months Acropora yongei, 
Pocillopora damicornis 

Seasonal variations of skeletal δ11B are due to 
changes in the calcification rate. External control 
on pHcf is negligible. 

 

(Fowell et al. 
2018) 

Belize Mesoamerican 
Barrier Reef System 

1910 - 2010 ~ 3 years Siderastrea siderea Comparison between δ11B and δ13C coral record 
from fore and back reef. Variations of 
reconstructed pHsw could be attributed to either 
changes of NEC or NEP. 

  

(Wu et al. 
2018) 

New Caledonia 1698 – 2014 Annual Diploastrea heliopora Ocean acidification started around the mid-19th 
century (~1886). ENSO related variations in 
surface wind strength and zonal advection 
processes are drivers of decadal to inter-decadal 
pHsw variability. 
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(Ross et al. 
2018) 

southern Western 
Australia 

2 years ~monthly Turbinaria reniformis High physiological control of calcifying fluid 
carbonate chemistry 

  

(D'Olivo et al. 
2019) 

Lizard Island (GBR) 1939 to 2013 Seasonal to 
annual 

Porites The decline in pHcf is due to ∼82% OA and 
∼17% to warming. 

 

(Chen et al. 
2019) 

Kimberley region 
(Australia) 

1919 to 2016 Seasonal to 
annual 

Porites pHcf influenced by pHsw and temperature. Long-
term trend is mainly controlled by pHsw. 

 

(Ross et al. 
2019) 

Western Australia 2 years ~monthly Pocillopora, Acropora, 
Styllophora, Turbinaria 

Strong physiological control of corals on 
calcifying fluid carbonate chemistry. 
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2.5.1 Principles of boron isotope geochemistry 

Boron enters the ocean as a product of terrestrial weathering (Spivack et al. 1987). In the marine 

system, it acts as a conservative element and occurs mainly in the form of aqueous boric acid and 

borate (Dickson 1990). Boric acid is a trigonal (3-fold) complex with the formula 𝐵𝐵(𝐶𝐶𝐻𝐻)3  and borate is 

a tetrahedral (4-fold) complex with the formula 𝐵𝐵(𝐶𝐶𝐻𝐻)4−. Boron has two stable isotopes: 10B and 11B. 

Approximately 20% of all boron atoms are 10B and 80% are 11B. The mass difference between both 

isotopes is relatively high at roughly 10%. The isotope ratio of the stable boron isotopes is described by 

the following equation: 

δ11B = ��
𝐵𝐵/ 𝐵𝐵 10  𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

11

𝐵𝐵/ 𝐵𝐵 10  𝑠𝑠𝑠𝑠𝐶𝐶𝑛𝑛𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠 
11 � − 1� 𝑥𝑥 1000 Eq. 18 

The value of 11B/10Bstandard, also referred to as NIST SRM 951 boric acid isotope standard, is 4.04367 

(Catanzaro et al. 1970). Boron has a large ocean residence time of 14 to 20 million years (Lemarchand 

et al. 2000), as a result, the δ11B of seawater is invariant on a human time scale and has a uniform 

value throughout the ocean today of 39.61±0.41 (2SD) ‰ (Foster et al. 2013). While the δ11B of boron 

in seawater is invariant, the δ11B of both molecules varies. There is a natural fractionation of both 

isotopes between boric acid and borate: 11B is incorporated preferentially in the strongly bounded, 

trigonal boric acid molecules. Because 11B is preferentially incorporated into boric acid, the remaining 

lighter 10B isotopes are incorporated preferentially in the tetrahedral borate molecules. For this reason, 

borate has a lower δ11B than boric acid. The isotopic exchange between both species can be described 

as: 

𝐵𝐵 10 (𝐶𝐶𝐻𝐻)3 + 𝐵𝐵 11 (𝐶𝐶𝐻𝐻)4−  
α𝐵𝐵⇔ 𝐵𝐵 11 (𝐶𝐶𝐻𝐻)3 + 𝐵𝐵 10 (𝐶𝐶𝐻𝐻)4− Eq. 19 

The isotopic fractionation factor αB which is sometimes also written as 11-10KB and αB4-3 is defined as: 

α𝐵𝐵  =  
11
10𝑅𝑅𝐵𝐵(𝐶𝐶𝑂𝑂)3

  

11
10𝑅𝑅𝐵𝐵(𝐶𝐶𝑂𝑂)4

−
 

 Eq. 20 

In this equation 11
10
𝑅𝑅 is the 11B/10B ratio of each species. The value of αB at 25°C and a salinity of 35 

PSU is 1.0272 (Klochko et al. 2006). Likely, αB is also partly dependant on temperature, however, the 

precise magnitude of this temperature dependency is still under debate, most likely it is insignificant 
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compared to other uncertainties (Foster and Rae 2016). The fractionation factor can also be expressed 

as: 

Ꜫ𝐵𝐵  =  (α𝐵𝐵 − 1) x 1000 Eq. 21 

In this case, the fractionation factor between 10B and 11B is Ꜫ𝐵𝐵= 27.2 ± 0.6 ‰. The δ11B of each aqueous 

boron molecule is thus not constant but varies with the concentration of each molecule in solution 

(Figure 2.11, Eq. 22, Eq. 23). 

δ11B 𝐵𝐵(𝐶𝐶𝑂𝑂)  4
−

 
=
δ11B 𝑠𝑠𝑠𝑠[𝐵𝐵] 𝑠𝑠𝑠𝑠 −  Ꜫ𝐵𝐵[𝐵𝐵(𝐶𝐶𝐻𝐻) 3]

𝐵𝐵(𝐶𝐶𝐻𝐻)4− + α𝐵𝐵[𝐵𝐵(𝐶𝐶𝐻𝐻)3]
  Eq. 22 

δ11B 𝐵𝐵(𝐶𝐶𝑂𝑂) 3 = δ11B 𝐵𝐵(𝐶𝐶𝑂𝑂)  4
−

 
× α𝐵𝐵 + Ꜫ𝐵𝐵 Eq. 23 

At the same time the concentration of borate and boric acid exhibits a pH dependency: 

𝐵𝐵(𝐶𝐶𝐻𝐻)3 + 𝐻𝐻2 𝐶𝐶
𝐾𝐾𝐵𝐵
∗  
��𝐵𝐵(𝐶𝐶𝐻𝐻)4− + 𝐻𝐻 

+ Eq. 24 

The stoichiometric equilibrium constant 𝐾𝐾𝐵𝐵∗ of this reaction is defined as: 

𝐾𝐾𝐵𝐵∗ = [𝐵𝐵(𝐶𝐶𝑂𝑂)4
−] 𝑥𝑥 [𝑂𝑂+]

[𝐵𝐵(𝐶𝐶𝑂𝑂)3
 ]

 Eq. 25 

The precise value of 𝐾𝐾𝐵𝐵∗ is temperature, salinity and pressure dependant (Dickson 1990). At a 

temperature of 25°C, a salinity of 35 PSU and at atmospheric pressure 𝐾𝐾𝐵𝐵∗ is 10-8.597 and the p𝐾𝐾𝐵𝐵∗ is 

8.597. The concentration of each boron molecule can be estimated by: 

[𝐵𝐵(𝐶𝐶𝐻𝐻)3 ] =  [𝐵𝐵]𝑆𝑆𝑆𝑆
 

1+𝐾𝐾𝐵𝐵
∗ /[𝑂𝑂 +]

 Eq. 26 

[𝐵𝐵(𝐶𝐶𝐻𝐻)4−] =  
[𝐵𝐵]𝑆𝑆𝑆𝑆 

1 + [𝐻𝐻 
+]/𝐾𝐾𝐵𝐵∗

 Eq. 27 

The δ11B of each boron-containing molecule is coupled to its concentration in solution and the 

concentration again is related to the pH of the solution. Consequently, the boron isotope ratio of borate 

and boric acid is pH dependant (Figure 2.11).  
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Figure 2.11 Distribution and isotopic composition of borate and boric acid in seawater.  Shown are the distribution 

of borate and boric acid in seawater (a) and the isotopic composition of borate and boric acid as a function of their 

relative concentration and pH (b) (Foster and Rae 2016). Graphs are plotted for p𝐾𝐾𝐵𝐵∗ = 8.6 under standard surface 

seawater conditions (temperature = 25◦C, salinity = 34.7 PSU). 

 

The relationship between the δ11B of aqueous borate and solution pH can be described by the following:  

δ 𝑩𝑩 11
𝐵𝐵(𝐶𝐶𝑂𝑂)4

−  = δ 𝑩𝑩 11
𝑆𝑆𝑆𝑆
 + �δ 𝑩𝑩 11

𝑆𝑆𝑆𝑆
 − ꜪB

 � 𝑥𝑥 10𝑝𝑝𝑝𝑝𝐵𝐵
∗ −𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

1+ αB
  𝑥𝑥 10𝑝𝑝𝑝𝑝𝐵𝐵

∗ −𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  Eq. 28 

When aragonite precipitates from a solution, it is predominately boron from the borate molecules that 

are incorporated into the crystal lattice as a trace constituent (Noireaux et al. 2015). The reason for this 

is that borate has a negative charge and thus is directly absorbed on the weakly positively charged 

carbonate surface (Branson 2018). The rapid isotopic equilibration between boron molecules is 

significantly faster than the aragonite precipitation rate such that any isotopic fractionation during the 

aragonite precipitation is thought to be prevented (Zeebe and Wolf-Gladrow 2001). Hence, the δ11B of 

aragonite reflects the δ11B of the borate in the solution from which it precipitated (Noireaux et al. 2015). 

The reason borate ions are incorporated into the CaCO3 lattice is that the length of the B-O bond of 

boron-containing molecules is similar to the length of the C-O bond of carbonate ions and bicarbonate. 

Hence, 𝐶𝐶𝐶𝐶32− can potentially be substituted by 𝐵𝐵(𝐶𝐶𝐻𝐻)4− or 𝐵𝐵(𝐶𝐶𝐻𝐻)3  or more precisely their dehydrated 

forms 𝐵𝐵𝐶𝐶44−and 𝐵𝐵𝐶𝐶33− (Branson 2018). As explained above, it is only tetrahedral borate, which is 

incorporated into the tetrahedral aragonite lattice, as in the case of coral skeletons. The precise 
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equation describing the borate incorporation is still debated, and it is also unclear, if 𝐻𝐻𝐶𝐶𝐶𝐶3− or 𝐶𝐶𝐶𝐶32− ions 

are utilized during aragonite precipitation (DeCarlo et al. 2018a). The most straightforward substitution 

of borate follows Eq. 29 and is based on the replacement of 𝐻𝐻𝐶𝐶𝐶𝐶3−. In the case 𝐶𝐶𝐶𝐶32− is utilized borate 

incorporation is described by Eq. 30: 

𝐶𝐶𝑏𝑏𝐶𝐶𝐶𝐶3 +  𝐵𝐵(𝐶𝐶𝐻𝐻)4−  
 
⇔  𝐶𝐶𝑏𝑏(𝐻𝐻𝐵𝐵𝐶𝐶3 ) + 𝐻𝐻𝐶𝐶𝐶𝐶3− +  𝐻𝐻2 𝐶𝐶 Eq. 29 

0.5 𝐶𝐶𝑏𝑏𝐶𝐶𝐶𝐶3 +  𝐵𝐵(𝐶𝐶𝐻𝐻)4−  
 
⇔  𝐶𝐶𝑏𝑏0.5𝐵𝐵(𝐶𝐶𝐻𝐻)4 + 0.5 𝐶𝐶𝐶𝐶32− Eq. 30 

Regardless of exactly how boron is incorporated, the pH of the calcifying fluid, located between living 

tissue and skeleton and from which the coral precipitates the aragonite, can be calculated by the 

following equation: 

𝑝𝑝𝐻𝐻𝑐𝑐𝑐𝑐  =  p𝐾𝐾𝐵𝐵∗  −  log�−  
δ 𝑩𝑩 11

𝑆𝑆𝑆𝑆
 −  δ 𝑩𝑩 11

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3
  

δ 𝑩𝑩 11
𝑆𝑆𝑆𝑆
 −  αB  𝑥𝑥 δ 𝑩𝑩 11

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3
  −  ꜪB 

� Eq. 31 

It must be noted that Eq. 31 only applies if solely boron from borate is incorporated into the coral 

skeleton and that view has been challenged by some studies (Klochko et al. 2009, Rollion-Bard et al. 

2011a). However, the vast majority of authors follow a model of aragonite precipitation in which solely 

borate is incorporated into the coral skeleton from solution, thus supporting Eq. 31 (Branson 2018). 

 

2.5.2 Coral calcifying fluid pH 

Early studies on coral δ11B assumed that the pHcf would be similar or very close to pHsw (Table 2.3). 

This assumption was based on the utilization of an incorrect isotope fractionation factor αB (Kakihana 

et al. 1977) that caused reconstructed pHcf values to fortuitously be close to pHsw. In the mid-2000s, the 

precise value of αB was re-determined for the first time (Klochko et al. 2006) and it is now evident from 

various culturing experiments (Figure 2.12) and field studies that sub-tropical corals upregulate pHcf 

against the ambient pHsw by up to 0.30 to 0.60 pH units (McCulloch et al. 2012, Holcomb et al. 2014). 

These indirect measurements of coral pHcf using the boron isotope proxy were later validated by direct 

measurements of pHcf using micro-electrodes and pH-sensitive dyes (Venn et al. 2011, Cai et al. 2016, 

Sevilgen et al. 2019). An offset between pHcf and pHsw has also been found in deep-sea corals (Saenger 

et al. 2017) and coralline red algae (Cornwall et al. 2017). 
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Figure 2.12 Relationship between seawater and calcifying fluid pH as found in culturing studies. Corals pHcf 

upregulation is species-dependant and linearly follows pHsw (Graph from McCulloch et al., 2018). 

 

The majority of studies aiming to quantify pHcf upregulation used culturing experiments during which 

corals were grown under different but controlled pHsw values before their δ11B was determined. These 

experiments showed that sub-tropical coral pHcf upregulation linearly follows pHsw (Figure 2.12). For 

Porites corals two culturing experiments were performed in 2010 by Krief et al. (Eq. 32) and in 2004 by 

Hönisch et al. (Eq. 33) resulting in the following regressions: 

However, these culturing experiments grew corals under a wide range of pHsw values of 0.45 (Hönisch 

et al. 2004) and 0.9 (Krief et al. 2010) pH units. This range is significantly higher than the seasonal or 

inter-annual variability corals experience in their natural environment and more than 10 times as much 

as the drop of pHsw since the industrial era. While the upregulation of pHcf could be quantified relatively 

easily in these culturing experiments with static environmental conditions, the situation in the natural 

environment of corals is different. On a coral reef pHsw, temperature, light availability and nutrient 

𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠  =  
𝑝𝑝𝐻𝐻𝑐𝑐𝑐𝑐 𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠 − 5.954 ± 0.24

0.32 ± 0.03
 Eq. 32 

𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠  =  
𝑝𝑝𝐻𝐻𝑐𝑐𝑐𝑐 𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠 − 4.72 ± 0.08

0.466 ± 0.01
 Eq. 33 
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concentrations fluctuate diurnally, seasonally and inter-annually. Under these natural conditions, coral 

pHcf upregulation does no longer linearly follow changes in ambient pHsw (McCulloch et al. 2018). The 

exact mechanisms of pHcf upregulation and the relationship of pHcf upregulation to ambient pHsw and 

other environmental parameters are still under debate (see 2.2.4). McCulloch (2017) postulated that 

corals actively modify DICcf and pHcf to keep Ωcf and thus calcification rate G constant which would 

otherwise vary due to seasonal changes of temperature (see Eq. 13, Eq. 14 and Eq. 15). 

 

2.5.3 Coral calcifying fluid carbonate system 

If two of the six carbonate parameters (pH, pCO2, DIC, Alk, 𝐶𝐶𝐶𝐶32−, 𝐻𝐻𝐶𝐶𝐶𝐶3− ) of a given solution are known, 

as well as the equilibrium constants K1, and K2, the complete carbonate system can be quantified 

(Zeebe and Wolf-Gladrow 2001, Dickson et al. 2007, Foster and Rae 2016). Thus, to fully reconstruct 

the carbonate system from the calcifying fluid, another measurement additional to the boron isotope pH 

proxy is needed. It has recently been suggested that this can be potentially achieved using the B/Ca 

ratio of marine carbonates, enabling the reconstruction of the calcifying fluid [𝐶𝐶𝐶𝐶32−]  (DeCarlo et al. 

2018a). Boron is incorporated into an aragonite lattice either according to Eq. 29 or Eq. 30. The 

distribution coefficient KD determines how much boron is incorporated. Following Eq. 29 KD is defined 

as (Uchikawa et al. 2017): 

𝐾𝐾𝐷𝐷 =  
[ 𝐵𝐵𝐶𝐶𝑏𝑏]𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠

[𝐵𝐵(𝐶𝐶𝐻𝐻)4−
𝐻𝐻𝐶𝐶𝐶𝐶3−

]𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠
 Eq. 34 

According to Eq. 30 the distribution coefficient KD could potentially be defined through two equations 

(Holcomb et al. 2016, DeCarlo et al. 2018a): 

𝐾𝐾𝐷𝐷 =  
[ 𝐵𝐵𝐶𝐶𝑏𝑏]𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠

[𝐵𝐵(𝐶𝐶𝐻𝐻)4−
𝐶𝐶𝐶𝐶32−

]𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠
 Eq. 35 
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𝐾𝐾𝐷𝐷 =  
[ 𝐵𝐵𝐶𝐶𝑏𝑏]𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠

[ 𝐵𝐵(𝐶𝐶𝐻𝐻)4−
[𝐶𝐶𝐶𝐶32−]0.5]𝑠𝑠𝑠𝑠𝐶𝐶𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠

 Eq. 36 

If KD is accurately determined, it is thus theoretically possible to calculate [𝐶𝐶𝐶𝐶32−]  of the calcifying fluid 

from measuring aragonite B/Ca (Yu et al. 2007, McCulloch et al. 2017). Knowledge of calcifying fluid 

[𝐶𝐶𝐶𝐶32−] and pH reconstructed from aragonite B/Ca and δ11B then allows the calculation of the complete 

carbonate system (DeCarlo et al. 2018a). However, the process of boron incorporation in aragonite and 

its [𝐶𝐶𝐶𝐶32−]  dependency is not fully understood and thus there are many ambiguities remaining. Indeed, 

it is not finally resolved if borate substitutes for bicarbonate (Allison et al. 2014) or carbonate ions 

(DeCarlo et al. 2018a). As shown above, the value of KD would change depending on the aragonite 

precipitation reaction chosen. Another problem is that the boron concentration in calcium carbonate 

probably not only varies with [𝐶𝐶𝐶𝐶32−] , but also with the precipitation rate, light availability, salinity, 

phosphate concentration and especially temperature (Dissard et al. 2012, Henehan et al. 2015, 

Mavromatis et al. 2015, Uchikawa et al. 2017). 

 

2.6 Research gaps 

While there is a genuine body of work on OA, its impact on tropical corals and the reconstruction of 

paleo-pH from coral δ11B, many questions remain. Observational records of OA exist only since 1989 

(Bates 2007, Dore et al. 2009) and only for a few locations (Lauvset et al. 2015). Furthermore, proxy-

based records of OA, for instance, based on coral δ11B have only limited spatial coverage with a strong 

focus on the western Pacific (Figure 1.1). Thus, little is known about spatial variations in OA trends and 

how natural variations in ocean pH are linked to climate dynamics on inter-decadal to centennial time 

scales, such as ENSO. This research will focus on constructing δ11B-pH coral records for locations in 

the equatorial and South Pacific from where no similar records of OA yet exist. Furthermore, these 

locations are characterised by varying oceanography and climate, and the effect of El Niño events on 

local environmental conditions at these locations varies. A comparison of δ11B-pH records will thus 

enable to assess the connection between Pacific climate variability and dynamics in ocean pH. 

While coral calcification rates have declined primarily as a result of global warming (De'ath et al. 2009), 

the impact of OA on coral health is still under debate (Hughes et al. 2017b). One reason is that the 
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understanding of the physiological processes involved in coral calcification is still limited (Von Euw et 

al. 2017) and the sensitivity of coral pHcf to OA is thus still unclear. Over large gradients in pHsw as in 

culturing experiments coral internal pHcf appears to follow ambient pHsw (Hönisch et al. 2004, Krief et 

al. 2010), while in natural environments corals exert strong control on pHcf against varying 

environmental conditions (Georgiou et al. 2015). In this study, corals from Kiritimati Island (Kiribati), 

Arno Atoll (Republic of Marshall Islands) and Rarotonga (Cook Islands) are analysed, which are 

locations in ocean regions with largely differing pHsw. This will be the first study that directly compares 

δ11B derived pHcf records from locations spanning a pHsw gradient (∆pHsw = 0.15) exceeding that of 

anthropogenic OA (∆pHsw = 0.10), allowing to assess the sensitivity of coral pHcf upregulation to differing 

levels of pHsw under natural environmental conditions. Furthermore, a comparison of the geochemical 

record of one year of coral growth on Cecile Peninsula reef flat, Kiritimati Island, with synchronously 

recorded ambient environmental conditions will allow the various environmental conditions controlling 

pHcf upregulation of a Porites lutea microatolls to be determined. 

Boron isotope records from corals from the same reef system have revealed differing trends in pHcf 

(D'Olivo et al. 2015, Fowell et al. 2018). These discrepancies were attributed to differences in local pHsw 

induced by local variations in bio-productivity and seawater residence time. However, limited field 

observations underpin these interpretations. In this study, coral δ11B-pH records from various locations 

within the Kiritimati Island reef system are compared. These locations are characterised by differing 

geomorphology, ecology, and water depth. Environmental measurements at the field sites supporting 

the geochemical analysis of the records will allow the quantification of the intra-reef variability in coral 

pHcf and determine the control of these variations. 

To date, studies on coral δ11B-pH records have focused on domal corals that dwell on the fore-reef or 

lagoonal environments. In contrast, microatolls dwelling on reef flats have been largely neglected. On 

the reef flat environmental conditions are more dynamic and tend to more extreme levels (Page et al. 

2018). This study will, for the first time, investigate microatoll pHcf upregulation, which will enable to 

examine coral response to OA in a coastal environment where naturally large variabilities of pHsw occur. 
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Chapter 3 Kiritimati Island reef system seawater pH 

variability 

3.1 Introduction 

In this chapter, the temporal and spatial variability of pHsw on reef flats on Kiritimati Island in the central 

Pacific, as well as the relationship between pHsw conditions on the reef flat and fore-reef are studied. 

An understanding of the local dynamics in pHsw is fundamental for the interpretation of coral δ11B-pH 

records from these locations in the following chapters. Previous studies on coral δ11B have shown that 

records from the same reef system can record differing pHsw trends (D'Olivo et al. 2015, Fowell et al. 

2018). Such findings highlight the need to sufficiently understand the local hydrodynamics and seawater 

chemistry dynamics surrounding a coral before using its skeletal δ11B for paleo-climate reconstructions. 

In this thesis, microatolls growing on reef flats are used to estimate paleo-pHsw. As reef flat 

environments may be partially enclosed from the open ocean, it is important to examine the linkage of 

reef flat pHsw to conditions on the fore-reef. 

Although the origin of most seawater flushing coral reefs is the open ocean, reefal seawater conditions 

can deviate significantly from oceanic conditions (Shaw et al. 2012, Page et al. 2018). Such changes 

occur because on coral reefs a number of physical and biological processes modify the seawater 

carbonate chemistry (see section 2.2.5) resulting in temporally and spatially variable pHsw levels (Shaw 

et al. 2012). The most important processes amongst these are NEP and NEC, the balance of which 

controls the carbonate chemistry of reefal waters (see section 2.2.5). As photosynthesis by algae 

dominates on the reef flat during the day and respiration during the night, pHsw oscillates diurnally with 

elevated values during the day and reduced values during the night. Because the benthic ecosystem 

composition is known to largely determine the ratio between NEP and NEC, spatial variations of benthic 

species composition can result in spatial variations of reefal pHsw (Kleypas et al. 2011). Additionally, 

reef geomorphology can affect spatial variations of pHsw. The concentration of the products of NEP and 

NEC varies depending on the volume of water at a given location and thus pHsw follows variations of 

the water depth which are topographically controlled (Page et al. 2018, Cyronak et al. 2019). 

Furthermore, the local hydrodynamic conditions influence spatial variations in pHsw, as they determine 

the residence time of reefal waters (Zhang et al. 2012, Falter et al. 2013). For instance, fewer products 
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of NEP and NEC can accumulate at a given location on the reef, if flushing is enhanced and the 

residence time of reefal waters is reduced. On reef flats, the effect of these processes is more keenly 

felt compared to the fore-reef due to the low water levels resulting in an even more dynamic pHsw (Page 

et al. 2018, Cyronak et al. 2019). 

 

3.2 Methods 

3.2.1 Study sites 

This chapter studies temporal and spatial pHsw variations as observed on reef flats at Cecile Peninsula 

(CP) and Northeast Point (NP) on Kiritimati Island in the central Pacific (Figure 3.1). Furthermore, the 

linkage between pHsw on CP reef flat and the adjacent fore-reef is studied. CP reef flat is located in the 

South of the island, a considerable distance from human influence, and located within an embayment 

in the atoll rim structure (Figure 3.1a). NP reef flat is located 25 km away on the northern side of the 

atoll, in an area close to human settlement and, due to its location on the windward side of the atoll, 

exposed to higher wave energy (Shope et al. 2017). Thus, ecological and geomorphological conditions 

on both reef flats likely differ enabling to study of the effect of reef ecology and geomorphology on intra-

reef system pHsw variability. 
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Figure 3.1 Map of Kiritimati Island showing the location of CP and NP 

reef. Furthermore, the location and size of the villages Tabwakea (North), 

Banana (Northeast), Poland (South) and London (Northwest), as well as 

the Chlorophyll-a concentration of the surrounding ocean is shown (a). 

Planform images of NP (b) and CP (c) reef flat with the location of 

transects (dotted black lines), living microatolls and SeaFET/CTD sensor 

packages. The map of surface chlorophyll-a is modified from Walsh 

(2011, 16th September 2002 to 16th August 2007) 
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3.2.2 Seawater sampling (temporal)  

A number of methods were used to determine key environmental parameters on the reef. 

Measurements of pHsw were conducted either with a Seabird Scientific SeaFET Ocean pH sensor or 

with a portable pH-meter Orion A325. Measurements of seawater temperature and salinity were either 

recorded with an RBR CTD (Conductivity, Temperature, Density) logger or an Orion A325 temperature 

and salinity probe. Measurements of water depth were derived from the pressure sensor on the RBR 

CTD loggers. Recordings of the external SeaFET pH-sensor electrode were used and corrected for 

temperature and salinity using measurements from the CTD logger following Martz et al. (2010) and 

Miller et al. (2018). SeaFET pH-sensor and portable pH-meter were cross-calibrated and the portable 

pH-meter was calibrated using TRIS and AMP buffer solutions at least once a day. Seawater samples 

for analysis of Alksw were collected following Dickson et al. (2007) in borosilicate glass bottles. After 

collection, seawater samples were treated with mercury chloride and filtered using filters of 0.45 μm 

mesh size. Alkalinity analysis of seawater samples was performed at the University of Otago in Dunedin, 

New Zealand.  

On the CP reef flat, a sensor package consisting of a SeaFET pH-sensor and CTD logger was deployed 

at approximately 0.5 m water depth and approximately 150 m from the reef flat edge to record pHsw, 

temperature, salinity and water depth (pressure) at 30 min intervals from 4th May and 6th September 

2017 (Figure 3.1c). Flooding of the SeaFET pH-sensor caused a gap in the pHsw data between the 6th 

September 2017 and 9th March 2018. However, the damaged SeaFET pH-sensor was replaced by an 

identical model between 9th March and 25th May 2018. Furthermore, the sensor package was 

subsequently deployed on CP fore-reef between the 28th of May and the 5th of June 2018 at 7 m water 

depth (Figure 3.1c). At the same position on the fore-reef, surface water pHsw, temperature, and salinity 

were measured using a portable pH-meter and Alksw samples were taken during day and night. 

 

3.2.3 Seawater sampling (spatial) 

In order to quantify spatial variations in pHsw, temperature and salinity, measurements of these 

parameters were performed along 10 transects, oriented perpendicular to the shoreline and spanning 

the reef flat from the shoreline (Figure 3.1b and c). The 5 transects at CP were 165 m to 394 m in length 

and spaced approximately 100 m to 200 m apart. At NP, transects were 147 m to 219 m in length and 
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spaced 50 m to 200 m from each other. Measurements of pHsw were performed along each transect in 

September 2017 as well as May and June 2018 in the day and night when the diurnal pH cycle reaches 

the maximum and minimum values. In September 2017 a portable pH-meter Orion A325 was used for 

taking 3 to 5 repeated measurements at 40 m spacing along each transect (Appendix 2). In May and 

June 2018 a sensor package consisting of a SeaFET pH-sensor, an RBR CTD logger and a GPS 

(Global Positioning System) tracker was used to sample pHsw, temperature, and salinity along each 

transect every 0.3 m. Measurements along transects were performed around low tide when spatial 

variations of parameters measured were expected to be strongest. 

 

3.2.4 Benthic ecology 

To evaluate the potential influence of the reef flat benthos ecology on pHsw, the benthos community 

composition of CP and NP reef flat was quantified. The composition of the benthos was determined 

following the Line Intercept Transect (LIT) method (Leujak and Ormond 2007) in May and June 2018. 

At 40 m intervals along each transect, 10 m survey lines were placed in an arbitrary orientation relative 

to the transect. Usually, 2 to 5 survey lines were placed along transects, but along transects CP-T3 and 

NP-T2 (Figure 3.1b and c) at which corals analysed in the following chapters were located, up to 15 

lines were placed. On each 10 m survey lines, the type of benthic cover was noted every 10 cm (100 

observations), differentiated into 23 types of benthic cover types (Table 3.1). The benthic cover types 

were summarised in 4 groups depending on their contribution to photosynthesis, respiration, 

calcification, and dissolution. The category “Sediment” includes all types of benthos cover not 

contributing to reef photosynthesis, respiration or calcification, but potentially contributing to calcium 

carbonate dissolution, “Non-calcifying algae” includes algae that contribute to photosynthesis and 

respiration and “Calcifying algae” as well as “Corals (Living)” contribute to photosynthesis, respiration, 

and calcification. 

 

3.2.5 Elevation profiles 

Topography profiles were surveyed using a real-time kinematic (RTK) system with a measurement 

taken every 10 m along each transect and with respect to local datum. On Kiritimati Island, 

measurements from both reefs were calibrated against a primary benchmark located 3.17 m above 
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datum and situated in the village of London on Kiritimati Island. The processing of this data was 

performed by Prof. Roland Gehrels at the University of York. 

 

Table 3.1 Categories of benthos cover used for Line Intercept Transect (LIT) method. The category “Other” was 

excluded from the analysis. 

Sediment Non-calcifying 
algae 

Calcifying algae Corals (living) Other 

Rubble Green algae on 

framework 
Coralline algae Branching live coral Living 

gastropods 

Silt/sand Green algae on 

dead coral 
Halimeda Massive live coral Living sponges 

Branching dead 

coral 
Turf algae  Living microatoll Living 

echinodermata 

Massive dead coral Macroalgae  Porites Living bivalves 

Dead microatoll   Acropora  

Dead gastropods     

Dead bivalves     

Hard substrate     

 

3.2.6 Data processing and analysis, estimation of uncertainties 

All calculations and processing of data were done in the program R (R Core Team 2019). Calculation 

of Seawater carbonate system parameters was achieved using the R-package “seacarb” (Gattuso et 

al. 2019) and the application of PCA analysis using the R-package “ggbiplot”. All pH-measurements of 

this study are indicated in total scale. 

In this chapter and throughout the thesis, uncertainties of measurements are indicated as standard 

deviation at 95 % confidence interval (2SD). For intercepts and slopes of trends, uncertainty is indicated 

as standard error (SE). In this chapter and, if not mentioned otherwise, in following chapters, 

propagating uncertainties are calculated from the square root of the sum of the squares of the 
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uncertainties (addition and subtraction) or from the square root of the sum of the squares of the relative 

uncertainties (multiplication and division) as described in for instance Taylor (1997). 

 

3.3 Results 

3.3.1 Temporal variability of reef flat seawater conditions 

3.3.1.1 Seawater pH 

Measurements of pHsw show that reef flat pHsw is relatively stable throughout the year with slightly lower 

values in spring 2018 than during spring and summer 2017 (Figure 3.2). During the first period of pHsw 

measurements from the 14th May – 6th September 2017 average pHsw was 7.99±0.14 (2SD) and during 

the second period from the 9th March – 25th May 2018 average pHsw was 7.96±0.20 (2SD). Overall, the 

maximum daily average value was 8.02±0.14 (2SD, 9th July 2017) and the minimum daily average 

7.91±0.24 (2SD, 6th May 2018). However, during the relatively large daily pH-cycle that exists on the 

reef flat (Figure 3.10) pHsw diverges far from the daily average ranging up to 8.37±0.02 (2SD) during 

the day with a minimum value of 7.65±0.02 (2SD) during the night (both measured on 4th April 2018). 

The mean diel pH range, ∆pH that is the difference between average day and average night pHsw, was 

0.29±0.24 (2SD) with a maximum ∆pH of 0.71±0.02 (2SD, 4th April 2018) and a minimum of 0.12±0.02 

(2SD, 2nd September 2017). Measurements of Alksw on the reef flat at the position the sensor package 

was deployed reveal slightly elevated concentrations during the night (2258±16 (2SD) μmol/kg) and 

reduced alkalinity during the day (2162±242 (2SD) μmol/kg). Other carbonate parameters on the reef 

flat such as DICsw, Ωsw, and pCO2 calculated from pHsw and Alksw revealed a similar diurnal pattern of 

divergence from the daily average (Figure 3.4a, Figure 3.5a). 
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Figure 3.2 Results of one year of environmental monitoring on CP reef flat, Kiritimati Island.  Results of pHsw 

measurements by the SeaFET pH-sensor are shown (a). Furthermore, Measurements of the CTD logger are 

presented, such as temperature (b), salinity (c) and water depth relative to the sensor location (d). 

 

3.3.1.2 CTD measurements 

Reef flat CTD seawater temperature measurements (Figure 3.2b) revealed an annual average of 

27.1±2.6 (2SD) °C and a clear seasonal pattern with a maximum daily average value of 29.2±3.2 (2SD) 

°C recorded during summer (14th June 2017) and a minimum of 25.3±1.0 (2SD) °C during winter (28th 

December 2017). 
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The average annual salinity was 34.0±2.2 (2SD) PSU. During strong rainfall events in winter and spring, 

average daily salinity dropped down to 27.3±1.2 (2SD) PSU (30th December 2017) indicating the 

formation of a temporary freshwater layer (Figure 3.2c). 

The tides at Cecile Peninsula follow a semi-diurnal cycle with a maximal tidal range recorded by the 

RBR logger of 1.1 m that is consistent with external sources (tide-forecast 2020). Average daily water 

levels also showed some variations throughout the year with the lowest values during June 2017 and 

February 2018 and highest from March to May 2018 (Figure 3.2d). 

  

3.3.2 Temporal variability of fore-reef seawater conditions 

3.3.2.1 Seawater pH 

At the CP fore-reef, the SeaFET pH-sensor/CTD logger package was deployed at approximately 7 m 

water depth relative to mean sea-level (MSL). Average pHsw recorded over the 9-day period was 

7.96±0.04 (2SD), thus similar to average reef flat pH recorded over the one year period, and very close 

to average reef flat pH of 7.94±0.18 (2SD) recorded during the 9 days of sampling before moving the 

SeaFET pH-sensor to the fore-reef (Figure 3.3a). However, the diel pH range was significantly lower 

on the fore-reef with a mean ∆pH between day and night of ∆pHsw = 0.07±0.02 (2SD). The highest pH 

recorded was 8.02±0.02 (2SD) and the lowest 7.89±0.02 (2SD). Measurements of pH from the sea 

surface above the sensor package resulted in similar values as recorded by the SeaFET pH-sensor 

(Figure 3.3a), indicating that at a given time pH was similar through the entire water column. No 

substantial difference in Alksw between day and night measurements were detected on the fore-reef 

with an average of 2258±22 (2SD) μmol/kg. 

 

3.3.2.2 CTD measurements 

The mean temperature on the fore-reef was 27.7±0.2 (2SD) °C, that is similar to the temperature of 

27.8±1.2 (2SD) °C recorded on the reef flat from the 3rd to the 25th of May (Figure 3.3b). Again, the diel 

range observed on the fore-reef with maximal 0.64°C was substantially lower compared to the reef flat 

where a diel temperature range of 2.82°C was observed between the 3rd and 11th May 2018.  
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The mean salinity recorded on the fore-reef was with 34.9±0.08 (2SD) PSU only slightly higher than 

that measured on the reef flat before shifting the CTD logger (34.8±0.20 (2SD), Figure 3.3c). 

 
Figure 3.3 Comparison of measurements between CP reef flat and fore-reef. Shown are SeaFET pH-sensor 

measurements of pH (a) and CTD logger measurements of temperature (b), salinity (d) and water depth (d) on 

the reef flat and fore-reef of CP reef between the 3rd May and 5th June. Dashed lines indicate the average values 

of the time interval shown. Portable pH-meter measurements are also shown (a). 
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Figure 3.4 Environmental parameters along Cecile Peninsula transect CP-T3. Carbonate chemistry parameters 

as recorded in May 2018 (a) as well as temperature (b) and salinity (c). Furthermore, variations in benthos 

community composition are shown (d) and elevation in meters relative to MSL (e). The position of microatolls 

Ki-CP, Ki-CP-S1, -S2, and –S3, as well as the SeaFET pH-sensor along the transect, are also shown. 
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Figure 3.5 Environmental parameters along Northeast Point transect NP-T2.  Carbonate chemistry parameters 

as recorded in September 2017 (a) as well as temperature (b). Furthermore, variations in benthos community 

composition are shown (c) and elevation in meters relative to MSL (d). The position of microatoll Ki-NP along 

the transect is also shown. 
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3.3.3 Spatial variability of reef flat environmental conditions 

3.3.3.1 Geomorphology and ecology 

The Northeast Point (NP) reef flat varies in width between 160 m and 220 m and CP reef flat between 

160 m and 380 m (Figure 3.1). The average length of all transects on NP reef flat is 184 m and on CP 

reef flat 264 m (excluding the very long transects CP-T5, the average length is 232 m). Thus, the NP 

reef flat is on average narrower compared to the CP reef flat. Also, the NP reef flat is deeper with an 

average depth of 0.77±0.18 (2SD) m below MSL compared to Cecile Peninsula with 0.52±0.10 (2SD) 

m below MSL. 

Coral cover on CP reef flat is 4 %, slightly higher than on North-East Point which has a coral cover of 2 

% (Figure 3.6b, c). The fraction of calcifying algae is similar on both reef flats with 28 % cover on CP 

and 25 % cover on NP reef flat. A higher fraction of non-calcifying algae was observed on NP reef flat 

at 46 % cover compared to 23 % cover at CP reef flat. Accordingly, more unconsolidated sediment has 

been observed on CP reef flat at 45 % cover compared to North-East Point at 27 % cover. Also, benthos 

community composition on CP reef flat was generally more variable than on NP reef flat (Figure 3.6a). 

These results correspond well to previous surveys of reef benthos cover on Kiritimati Island (Sandin et 

al. 2008). Full details on variations in benthos community composition along transects can be found in 

(Appendix 2). 
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Figure 3.6 Comparison between benthos cover on CP and NP reef flat. This is visualized as a PCA diagram (a) 

and as pie charts (b and c). 

 

3.3.3.2 Seawater pH 

Variations of pHsw were observed along all cross-reef transects (Figure 3.7). Mean ∆pH between 

maximum and minimum values along transects at NP were 0.08±0.06 (2SD) pH units during the day 

and 0.06±0.06 (2SD) pH units during the night. On CP reef flat, the mean ∆pH was 0.06±0.06 (2SD) 

pH units during the day and 0.12±0.12 (2SD) pH units during the night. Maximum ∆pH observed along 

transects on CP reef flat was 0.10±0.02 (2SD) during the day and 0.23±0.02 (2SD) during the night, 

and on NP reef flat 0.04±0.02 (2SD) during the day and 0.09±0.02 (2SD) during the night. Minimum 

∆pH along transects observed on CP reef flat was 0.03±0.02 (2SD) during the day and 0.06±0.02 (2SD) 

during the night, and on NP reef flat 0.04±0.02 (2SD) during the day and 0.02±0.02 (2SD) during the 

night. Variations of pHsw along transects on both reef flats during day and night generally showed a 

similar pattern. Day and night-time values of pHsw at the edge of the reef flat were relatively similar to 

each other and relatively close to the average pH measured with the SeaFET pH-sensor on the reef 

flat and fore-reef of 7.96±0.04 (2SD), 7.99±0.14 (2SD) respectively. When moving further shore-wards 
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pHsw increased during the day and decreased during the night (Figure 3.7). Other carbonate parameters 

such as Alksw, DICsw or Ωsw revealed similar patterns (Figure 3.4a, Figure 3.5a). 

On the CP reef flat, abrupt changes of pHsw that correspond to changes in reef flat geomorphology and 

thus water depth were observed (Figure 3.7a, b, d, e). For instance, nightly pHsw increased by 0.06 pH 

units across a space of 7 m along transect CP-T1 at the transition to lower reef surface elevation (Figure 

3.7a). In contrast, along the neighbouring transect (CP-T2) pHsw abruptly decreased by 0.08 pH units 

within a small distance when deeper waters were encountered (Figure 3.7b). Along the very wide CP-

T5 transect, nightly pHsw even increased by 0.23 units reaching values similar as observed during the 

day when moving closer to the shore (Figure 3.7e). On NP reef flat a similar, but less significant pattern 

was only observed along NP-T1 (Figure 3.7f).  

Along transects CP-T2 (Figure 3.4) and NP-T2 (Figure 3.5) the SeaFET pH sensor and CTD logger, as 

well the micratolls Ki-NP, Ki-CP, Ki-CP-S1, -S2 and -S3 that are analysed in chapter 4 and 5 are located. 

Along these transects, no abrupt changes in pHsw are observed, although also here the diel pHsw range 

increases with distance to the reef flat edge. 
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Figure 3.7 Overview of pHsw transects of NP and CP reef flats. Plots of reef flat surface in m rel. to MSL and pH 

recorded during day and night in May and June 2018 along each transect on Cecile Peninsula reel flat (a-e) and 

Northeast Point reef flat (f-j). Dashed lines indicate average between day and night measurements. Areas likely 

representing ponded high pH water or a low pH water lense are also indicated. Transects are also illustrated on 

planform images (see Figure 3.1b and c). 
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3.4 Discussion 

3.4.1 Temporal variations of reef flat pHsw 

Multiple processes potentially affect seasonal variations in pHsw (see 1.3). Seasonal variations of 

seawater temperature and salinity potentially affect pHsw through their control on the equilibrium 

constants K0, K1, and K2 (see 2.2.1, Sarmiento and Gruber 2006). Variations in irradiance drive the 

reefal bio-productivity and thus can affect pHsw (DeCarlo et al. 2017). The influx of external waters or 

compounds might change the chemical composition of the reef water (D'Olivo et al. 2015). Finally, 

variations in sea-level can affect the flushing of the reef and consequently reefal pHsw (Pelejero et al. 

2005).  

A relatively weak correlation between daily averages of pHsw on the reef flat and seawater temperatures 

were found (r2 = 0.16, p < 0.01, n = 179, Figure 3.8a). It was not possible to analyze a full seasonal 

cycle due to flooding of the SeaFET pH-sensor and this limitation may be obscuring any correlations to 

some extent. On the other hand, seasonal temperature variations at Kiritimati Island were low (∆T = 3.9 

°C, Figure 3.2b) and thus the effect of temperature may be superseded by other factors. 

 

Figure 3.8 Relationship of pHsw with results of CTD measurements. Results show a weak correlation between 

daily averages of pHsw and temperature (a), a moderate correlation between pHsw and salinity (b) and a weak 

correlation between pHsw and water depth (c) as measured between May 2017 and May 2018. 

 

Seawater salinity appeared to have the strongest effect on seasonal pHsw variability (Figure 3.8b). 

Heavy rainfall events in winter 2017/2018 and spring 2018 caused the formation of a freshwater layer 
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on the reef flat (Figure 3.2c) explaining lower pHsw values recorded during spring 2018 compared to 

spring and summer 2017 (∆pH = 0.038). Across the monitoring period that pHsw was recorded, daily 

averages of pHsw and salinity showed a good degree of correlation (r2 = 0.56, p < 0.01, n = 179). 

During days with elevated solar irradiance photosynthesis is stimulated and the maximum of the diurnal 

pHsw cycle tends to higher values than at days with cloud cover (see 2.2.5). Elevated solar irradiance 

also leads to elevated seawater temperatures. A significant positive correlation (r2 = 0.40, p < 0.01, n = 

179, Figure 3.9a) between average pHsw and temperature, measured between 12 pm and 4 pm when 

the diurnal pHsw cycle peaks, agrees with this dependency. 

 

Figure 3.9 Effect of temperature (solar irradiance) and tides on the diurnal pHsw cycle. Relationship between 

means in seawater temperature and pHsw recorded between 12 pm and 4 pm (a). Relationship between means 

in water depth and pHsw recorded between 12 pm and 4 pm 14th during the time interval May – 6th September 

2017 (b) and time interval 9th March – 25th May 2018 (c). The relationship between water depth and pHsw 

recorded at 2 am during the time interval May – 6th September 2017 (d) and time interval 9th March – 25th May 

2018 (e). 
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However, the main driver of the diurnal pHsw cycle’s magnitude on the reef flat appears to be the tidal 

stage as also identified by Shaw (2012) and Chan and Eggins (2017). Flushing of the reef flat 

determines how much seawater with low (night) or high (day) pH levels remain on the reef flat, or is 

removed in exchange for seawater off reef with more moderate pHsw levels. If the maximum and 

minimum of the diurnal pHsw cycle occur at low tide the products of NEP and NEC accumulate in a 

smaller volume of water leading to lower pHsw during the night and higher pHsw during the day (Figure 

3.10). This is evident by a negative correlation between averaged pHsw and water depth at day time (12 

pm to 4 pm) with r2 = 0.47, p < 0.01, n = 119 (Figure 3.9b) in the time interval 14th May – 6th September 

2017 and r2 = 0.53, p < 0.01, n = 63 (Figure 3.9c) in the time interval 9th March – 25th May 2018, and a 

positive correlation at night time (2 am) with r2 = 0.39, p < 0.01, n = 119 (Figure 3.9d) in the time interval 

14th May – 6th September 2017, and r2 = 0.51, p < 0.01, n = 63 (Figure 3.9e) in the time interval 9th 

March – 25th May 2018, respectively. In summary, pHsw recorded during the day negatively correlates 

with water depth, and pHsw recorded during the night positively correlates with water depth.  

 

 

Figure 3.10 Diurnal pH cycle on CP reef flat. Colours indicate water level and the black line showing the mean 

pH cycle at the fore-reef with grey shading showing min. and max. pH recorded at the fore-reef at a given time. 
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Finally, the effect of low water levels on pHsw is largest during spring tides and smallest during neap 

tides. Hence, daily maxima and minima values of pHsw oscillate (Figure 3.11a-d) with a periodicity of 15 

days that is equivalent to the average periodicity of the occurrence of spring tides or half a synodic 

month (Figure 3.12a, b, c, and d). Elevated day time (12 pm to 4 pm) seawater temperatures (Figure 

3.11e) occur with a similar periodicity as smaller volumes of water as during low spring tide also warm 

up quicker (Figure 3.12e). However, the effect of spring and neap tides is less significant in time series 

of seawater temperatures than of pHsw. On a seasonal scale, no strong correlation between water level 

and pHsw was detected (r2 = 0.11, p < 0.01, n = 179, Figure 3.8c). 

From this analysis, it can be concluded that on a seasonal scale, daily averaged pHsw on the reef flat 

appears to remain relatively stable with the remaining long-term variability being caused by large rainfall 

events accompanied by low surface water salinity. On the diurnal scale, the occurrence of maximum 

and minimum pHsw, and maximum seawater temperatures followed the spring-neap tidal cycle and 

associated variations of water depth on the reef flat (Figure 3.10, Figure 3.12). To a smaller extent, 

variations of solar irradiance also appear to affect the magnitude of the diurnal pH and temperature 

cycle. 

 

Figure 3.11 Time series of maxima and minima pHsw and temperature. Shown are time series of the difference 

in pHsw and temperature measured during the day (12 – 4 pm) and night (2 am) compared to the total mean 

pHsw and temperature measured on the reef flat. 
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Figure 3.12 Periodicities of pHsw and temperature time series. Results of ACF (Auto Correlation Function) 

analysis of day-time maxima (a,b) and night-time minima (c,d) of reef flat pH and day time maxima of reef flat 

temperature (e) as recorded between May 2017 and May 2018 (see Figure 3.11). 

 

3.4.2 Temporal variations of fore-reef pHsw 

Comparison between time series of the reef flat and fore-reef water properties showed that on average 

pHsw and temperature at both locations are very close (Figure 3.3). However, the diel range of both 

parameters differed with higher ∆pH and ∆temperature at shallower water depth on the reef flat. This 

relationship between diel pH and temperature range with water depth has also been observed in other 

studies (Cyronak et al. 2019, Page et al. 2018). It is very likely that further offshore at deeper water the 

diel pH range diminishes further. Although very small (∆salinity = 0.1 PSU) the difference between 

average salinity recorded on the fore-reef and reef flat indicates that seawater conditions on the fore-

reef are less affected by freshwater influx than seawater conditions on the reef flat at lower water depths 

(Figure 3.3c). 

In summary, the diel ranges of pH and temperature are significantly smaller at the fore-reef at higher 

water depth compared to the reef flat (Figure 3.13). However, averages at both locations agree relatively 

well and are likely determined by conditions of the open ocean off reef. 
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Figure 3.13 Comparison of Cyronak et al. 2019 with this study. Diel pH (a) and temperature range (b) plotted 

against water depth at the sampling site. Shown are data for the fore-reef and reef flat site of this study and from 

Cyronak et al. (2019). Grey lines represent log-function fitted through data. 

 

3.4.3 Spatial variations of reef flat pHsw 

Care must be taken when spatial measurements of reef flat pHsw are compared as they were not 

synchronously recorded. For instance, transects CP-T1 was measured approximately 1.5 hours earlier 

than CP-T5 and thus observed differences in environmental conditions between these likely reflect not 

only spatial but also temporal variations. However, the recording of one transect took on average 15 

minutes and thus variations along each transect reflect primarily spatial variations in pHsw. 

Firstly, along the majority of transects from both locations (NP and CP reef flat) the diel pH range 

increased from the reef flat edge towards the shore (Figure 3.14). This is explained by reduced flushing 

(seawater exchanged with the ocean) with distance from the reef edge. Hence, here the products of 

NEP and NEC accumulate causing more extreme pH values. A given location with more extreme pHsw 

values during the day also exhibits lower pH values during the night. Thus, the effect of the reduced 

residence time of reef flat seawater with distance to reef flat edge most likely does not largely affect 

daily averages of pHsw.  
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Figure 3.14 Relationship between diel pHsw range and distance from the reef flat edge. 

Furthermore, especially along the shallower transects on CP reef flat, abrupt changes of pHsw were 

observed (Figure 3.7). These changes are not simply a function of the distance from the reef flat edge 

and do not necessarily occur with similar magnitude (but opposing direction), during day and night. 

Thus, these variations of pHsw potentially result in differing daily average pHsw at a given location. 

Observed variations in pHsw did not appear to coincide with changes in the benthic community 

composition (Table 3.2).  

 

Table 3.2 Comparison between reef flat benthos community composition and pHsw. For all cross-correlations of 

CP reef flat parameters, n = 29, and for NP reef flat, n = 28. Shown are results of cross-correlation between groups 

of benthic cover and diel pHsw range (∆pHsw), as well as day and night time pHsw. 

  Sediment (%) Corals (%) Calcifying algae 
(%) 

Non-calcifying 
algae (%) 

CP 

∆pHsw r2 = 0.00, p = 0.8 r2 = 0.04, p = 0.33 r2 = 0.00, p = 0.9 r2 = 0.01, p = 0.64 

pHsw (day) r2 = 0.02, p = 0.54 r2 = 0.05, p = 0.25 r2 = 0.01, p = 0.65 r2 = 0.00, p = 0.09 

pHsw (night) r2 = 0.02, p = 0.5 r2 = 0.04, p = 0.15 r2 = 0.00, p = 0.72 r2 = 0.01, p = 0.63 

NP 

∆pHsw r2 = 0.19, p = 0.03 r2 = 0.03, p = 0.45 r2 = 0.06, p = 0.27 r2 = 0.31, p < 0.01 

pHsw (day) r2 = 0.30, p < 0.01 r2 = 0.01, p = 0.68 r2 = 0.39, p < 0.01 r2 = 0.14, p = 0.07 

pHsw (night) r2 = 0.01, p = 0.58 r2 = 0.01, p = 0.7 r2 = 0.11, p = 0.12 r2 = 0.00, p = 0.8 
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Instead, changes in reef geomorphology rather than variations in benthic community composition best 

explain observed spatial variations of pHsw. Temperature measured along transects showed a positive 

correlation with pHsw (r2 = 0.75, p < 0.01, n= 7401, Figure 3.15). This is attributed to areas with lower 

water levels having more extreme pHsw as well as temperature as smaller volumes of water concentrate 

the products of photosynthesis and calcification but also warm-up and cool down more rapidly. 

However, the abrupt changes of pHsw along a transect cannot be explained by changes of water depth 

alone as an increase of water depth can result in an abrupt positive as well as a negative shift of pHsw, 

recorded during the same time of a day (compare Figure 3.7a and b). Consequently, cross-correlation 

analysis between water depth and pH (day and night) or diel pH range for each transect did not reveal 

significant correlations. Instead, we propose that the observed spatial pHsw variability likely reflects the 

local flow patterns of water on the reef with possible ponding in some locations. For instance, seawater 

with an elevated pHsw during the night between 0 and 100 m from shore along CP-T1 (Figure 3.7a) or 

between 0 and 150 m from shore along CP-T5 (Figure 3.7d) represent seawater that had not been 

exchanged with ocean water since the water level had dropped in the afternoon when pHsw values had 

been higher due to the stimulated reefal photosynthesis during the day. Furthermore, a lens of low pH 

water (by ~0.08 pH units) can be observed in the areas close to the shore of CPT-2, CPT-3 and CPT-

4 (Figure 3.7b, c, d). In CP-T2 and CP-T4 this lens causes an abrupt drop of pHsw at 110 m and 150 m 

from shore, respectively. Close to the shore pHsw values along CP-T3 are similarly low but do not 

increase abruptly, but instead gradually towards moderate values further towards the reef flat edge. 

This low pH water lens can be explained by water draining out of the quasi-lagoonal body of water to 

the North of CPT-4 (c) as the water level drops during the outgoing tide. 

 
Figure 3.15 Relationship between pHsw and temperature along transects on CP and NP reef flat. 
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In summary, environmental surveys of both reef flats revealed that variations of pHsw within the CP and 

NP reef flats are not due to variations in benthic community composition, but instead are predominantly 

determined by the reef flat topography that controls the local hydrodynamics. It is unclear how these 

variations affect daily averages of pHsw because, at a certain location, an above-average elevated pHsw 

during the day also exhibits a below-average reduced pHsw during the night. However, areas affected 

by ponding or local flow patterns potentially experience a permanently elevated or reduced pHsw. 

 

3.4.4 Intra-reef system pHsw variability 

Northeast Point (NP) reef flat is deeper and shorter than its counterpart at Cecile Peninsula and thus 

mixing and flushing of this reef is likely enhanced (Figure 3.1, Figure 3.7). This is evident from pHsw 

transects at Northeast Point showing no abrupt changes due to variations of reef flat geomorphology 

as observed on CP reef flat. Furthermore, the location of NP reef flat on the windward side of the atoll 

likely results in a higher wave energy exposure compared to CP reef flat that is, in contrast, located 

within an embayment in the atoll rim structure. These geographic settings likely further contribute to 

better flushing of NP compared to CP reef flat. Both reefs also differ regarding the composition of the 

benthic community with NP reef flat containing more non-calcifying algae, especially green algae, and 

CP reef flat exhibiting a general more variable benthic community as well as a higher fraction of 

unconsolidated sediment, especially sand and silt (Figure 3.6). Based on differences in chlorophyll-a 

concentrations of the adjacent oceans, seawater nutrient concentrations at NP and CP reef potentially 

differ (Figure 3.1a). Differences in nutrient concentrations have been used as an explanation for 

differences in reef ecosystem composition with higher nutrient concentration being associated with 

algae dominated benthos communities (Sandin et al. 2008). However, the observed difference in CP 

and NP benthos community composition is not consistent with this hypothesis as nutrient concentrations 

are higher close to the CP reef flat where less non-calcifying algae have been observed. Instead, the 

proximity of NP reef flat to human settlements, thus being more affected by fishing and sewage, might 

have contributed to the observed difference. Another explanation might be the difference in reef 

geomorphology with NP reef flat being lower in elevation relative to MSL promoting the growth of green 

algae and CP reef flat being characterized by more overwash sediments resulting in an increased 

fraction of unconsolidated sediment on the benthos suppressing algae growth. Nevertheless, the 
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observed difference between CP and NP reef flat ecology and geomorphology does not result in a 

generally different pHsw between both reef flats. Average pHsw on CP reef flat as recorded between May 

2017 and May 2018 was 7.98±0.18 (2SD), and the average of all pHsw measurements conducted along 

transects on CP reef flat was 7.95±0.16 (2SD) pH units. The average of all pHsw measurements along 

transects on NP reef flat was 7.99±0.18 (2SD) pH units. The small difference between these means is 

more likely a result of comparing different types of measurements rather than reflecting differences in 

CP and NP reef flat ecology or geomorphology. 

 

3.5 Conclusions 

Across the one year monitoring period, pHsw on CP reef flat remained relatively stable with an average 

pHsw of 7.98±0.18 (2SD). Results show that reduction of reef flat seawater salinity occurred in response 

to periodic rainfall events and resulted in slightly reduced reef flat pHsw (∆pH = 0.04) in spring 2018. 

Thus, freshwater influx induced declines in pHsw must be taken into account when interpreting microatoll 

derived paleo-pH records. Seasonal variations in seawater temperature were shown not to exert 

primary control on pHsw. Daily maxima and minima of pHsw and maxima of daily seawater temperature 

oscillated with a periodicity of 15 days following the recurrence of spring tides every half synodic month. 

Average pHsw recorded on the fore-reef of CP reef between the 8th May and 5th June 2018 was 

7.96±0.04 (2SD) similar to average pHsw recorded on the reef flat during a 9 days period before shifting 

the SeaFET pH-sensor to the fore-reef of 7.94±0.18 (2SD) suggesting that average reef flat pHsw is 

determined by ocean pHsw conditions. The diel pH range on the fore-reef (∆pH = 0.07±0.02 (2SD)) was 

significantly lower than on the reef flat (∆pH = 0.29±0.24 (2SD)) at on average 6.6 m water depth 

confirming the known dependency between water depth and diel pH range. 

Spatial variations in pHsw on reef flats were found with a mean difference between maximum and 

minimum measured along day or night transects of 0.07±0.06 (2SD) pH units. These variations possibly 

result from reduced flushing of the reef flat closer to the shore, and the reef flat topography that likely 

induces spatially varying hydrodynamic conditions, such as by ponding and reefal flow patterns. The 

first of these only affect the diel pH range, while the latter can potentially also affect daily averages in 

pHsw at a given location. Although both reefs differ regarding their geomorphological structure, with NP 

reef flat being the deeper (∆depth = 0.25 m) and narrower, and benthic community composition on the 
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NP reef flat having more non-calcifying algae (∆=23%) and CP reef flat more unconsolidated sediment 

(∆=18%), both reefs had a similar average pHsw. The difference between mean pHsw measured along 

transects on CP reef flat and mean pHsw measured along transects on NP reef flat was 0.04 pH units. 

Furthermore, the difference between mean pHsw recorded during the one year monitoring period on CP 

reef flat and mean pHsw measured along transects on NP reef flat was 0.01 pH units.
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Chapter 4 Controls on Porites lutea microatoll calcifying 

fluid pH 

4.1 Introduction 

In this chapter, the controls on Porites lutea microatoll skeletal δ11B are examined, drawing on the 

results from chapter 3 which quantified variations in pHsw, temperature, salinity and water depth on 

Kiritimati Island reef flats. The δ11B–pH calibration constructed in this chapter will be applied to multi-

decadal records of coral δ11B in the following chapters 5 and 6. 

Numerous studies have used δ11B in coral records to reconstruct historical variations of pHsw (Fig. 1.1, 

Table 2.3). However, coral δ11B does not reflect the pH of seawater, but instead the pH of a calcifying 

fluid (Trotter et al. 2011), which is located in a physiologically controlled compartment between the 

skeleton and living tissue, and from which corals precipitate their carbonate skeleton (Tambutté et al. 

2011). Calcifying fluid pH is elevated relative to ambient pHsw, most likely to facilitate aragonite 

precipitation (Krief et al. 2010, McCulloch et al. 2012) and the upregulation is largely achieved through 

enzymatic removal of H+ from the calcification site through the calicoblastic cell membrane in exchange 

to Ca2+ (Cohen 2003). Despite this understanding, the relation between pHcf upregulation and ambient 

pHsw remains uncertain. Some studies have indicated pHcf upregulation is sensitive to changes of pHsw 

(Comeau et al. 2017b, Kubota et al. 2017), while others suggest pHcf is decoupled from pHsw (Georgiou 

et al. 2015). 

The main objective of this chapter is to explore the potential of δ11B records derived from reef flat Porites 

lutea microatolls to reconstruct pHsw and provide a calibration for this type of proxy-record against 

environmental measurements. Here, variations of δ11B are examined, extracted along the growth axis 

of one year of growth of a Porites lutea colony using a micro-mill with a ~500 μm sampling resolution, 

as well as a laser ablation system with a ~40 μm sampling resolution. 

The data is coupled with measurements of oxygen and carbon isotopes (δ18O/δ13C), trace elements 

(TEs) and skeletal density. Calcifying fluid pH and other carbonate system parameters are calculated 

from coral δ11B and B/Ca, and their sensitivity to changes in ambient pHsw, temperature, salinity, and 

coral calcification are quantified. Furthermore, pHcf calculated from δ11B is compared to numerical 

modeling predictions, and the inter-colony variability of these parameters is examined.  
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In addition, the influence of macrostructural heterogeneities in the coral skeleton on δ11B is studied 

using a novel laser ablation approach. The high spatial sampling resolution using laser ablation reveals 

the nature of δ11B variations of different components of the skeletal macrostructure (e.g. between the 

coral columella and theca wall). Together, this combined approach gives a uniquely detailed view on 

the influence of macro-structure and environmental conditions on coral skeletal δ11B. 

 

4.2 Methods 

4.2.1 Field sampling 

Three small (<110 cm diameter) Porites lutea microatolls (Ki-CP-S1/2/3), growing within 3 m of each 

other (Figure 4.1a, b, and c) and 27 m from a SeaFET pH-sensor and CTD logger on central CP reef 

flat on Kiritimati Island (Figure 3.1a and c), were stained with alizarin red S following Lamberts (1978), 

for 24 hours on the 14th May 2017 and were collected after approximately one year of growth on the 

25th May 2018 (Figure 4.1d). The treatment leaves a red marker in the coral skeleton enabling detection 

and subsequent sampling of one year of CaCO3 deposition (Figure 4.2a). Samples were collected and 

treated as described in section 1.6.2. 

 

Figure 4.1 Small Porites lutea microatolls growing on CP reef flat. Pictures of microatoll Ki-CP-S1 (a), -S2 (b) 

and -S3 (c) from central CP reef flat are shown. These corals were stained with alizarin red S for 24 hours in 

May 2017 and collected one year later in May 2018. Shown is coral Ki-CP-S2 packed in a transparent bag 

containing seawater and alizarin red S (d). 
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Figure 4.2 Section of Porites lutea microatoll Ki-CP-S2. The distinct red alizarin red S stain band can be seen 

in the outermost part of the skeleton (a). In the micro-milling area, samples were removed using a micro-mill 

and dissolved before analysis (b). In Laser ablations area 1 (LAA-1) and 2 (LAA-2), CaCO3 was analysed in 

situ with laser ablation (b). X-ray image of annual growth band (c). A density value was calculated for each red 

square. 

 

4.2.2 Sample Preparation, X-ray densitometry, SEM 

Coral slabs were cut into 7 mm thick slices using a diamond wet saw at NIWA (National Institute of 

Water and Atmospheric Research, New Zealand) in Auckland. X-ray imagery of these slices was 

performed at Mercy Radiology Auckland, New Zealand (Figure 4.2c) and variations of apparent density 

were calculated for the area sampled by micro-milling (micro-milling area) and Laser ablation area 1 

(LAA-1) analysed with LA-MC-ICP-MS from these X-ray images (Carricart-Ganivet and Barnes 2007). 

For this purpose, 7 mm thick cubes of coral aragonite with known density were used as standards 
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enabling calibration of the x-ray image’s greyscale against discrete density values (Sowa et al. 2013). 

Skeletal density was then calculated from pixel greyscale values along the growth axis of the annual 

band in R using the package “png”. 

SEM images of sampling areas and the corallites of the analysed microatolls were obtained using an 

FEI Quanta 200 field emission Environmental SEM at the University of Auckland, New Zealand. Sample 

inspection under the SEM was undertaken to assess the skeletal macrostructure and to determine the 

coral species from the corallite structures following Veron et al. (2016). Results indicate that all samples 

are specimens of Porites lutea (Appendix 3). 

Furthermore, a thin section of coral Ki-CP-S2 containing the areas analysed LAA-1 and LAA-2 (Figure 

4.2b) was produced at the University of Southampton. The thin section was examined under a standard 

petrographic light microscope at the University of Auckland to further analyse the coral skeleton macro- 

and microstructure, and to screen the sample for potential secondary calcium carbonate deposits. 

 

4.2.3 Geochemical analysis (bulk) 

The focus of this component of the study is the analysis of microatoll Ki-CP-S2, which includes 

measurements of δ11B, δ18O/δ13C, TE ratios, and skeletal density. However, in order to assess inter-

colony variability, δ18O/δ13C was measured in all three corals Ki-CP-S1/2/3 and LA-ICP-MS δ11B 

measurements were performed for microatoll Ki-CP S1 and -S2. 

A micro-mill with a 1 mm diameter drill bit was used to extract sub-samples each of 0.5 – 3.5 mg of 

CaCO3 at 500 μm intervals along the growth axis of the coral’s annual band (Figure 4.2b). Therefore 

38 sequential samples were extracted from the annual growth band of Ki-CP-S1, 34 from Ki-CP-S2 and 

37 samples from Ki-CP-S3. Thus, one sample represents on average 10 days of calcification. An aliquot 

equivalent to approximately 5 % of the samples was extracted and used for the determination of δ18O 

and δ13C using a Europa Geo 20-20 stable isotope mass spectrometry Laboratory at the University of 

Southampton following e.g. Tobin et al. (2011) or Crocker at al. (2016). Oxygen and carbon isotope 

ratio are expressed in delta notation, relative to the Vienna Peedee Belemnite standard (VPBD). The 

reproducibility of these measurements was < 0.053 ‰ for δ18O and < 0.027 ‰ for δ13C. 
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Sub-samples were cleaned through repeated rinsing with ultrapure water (Milli-Q) and treatment with 

an oxidative mixture of 30% H2O2 and 0.1M NH4OH, as well as a 0.0005M HNO3 leach. Thereafter, 

samples were dissolved in ∼0.15 M HNO3 and split into a subsample for trace element (TE) analysis 

(~10%) and boron isotope analysis (~90%). Dissolved samples were analysed for TE ratios on a 

Thermo Scientific Element 2-XR MC-ICP-MS following Fowell et al (2016). The analysis was performed 

in batches of samples with equal [Ca] of 1mM or 3mM, and bracketed against a gravimetric standard 

solution with known TE composition against which sample measurements were calibrated. 

Furthermore, measurements were blank corrected using 0.5 M HNO3 that was measured between 

every sample. The following TE ratios were determined: B/Ca, U/Ca, Sr/Ca, Li/Ca, Mg/Ca, Al/Ca, 

Ba/Ca, Fe/Ca, Mn/Ca, Cd/Ca and Nd/Ca. The analytical precision of TE analysis is 5% determined by 

the reproducibility of several in house standards (Henehan et al. 2015, Fowell et al. 2016). In 

preparation for δ11B analysis, boron was isolated from the carbonate matrix by manual ion-exchange 

chromatography using 20 μl Teflon columns filled with Amberlite IRA743 resin. Boron isotope ratios 

were then measured on a Thermo Scientific Neptune MC-ICP-MS with mass bias correction by sample-

standard bracketing with NIST SRM951. Both analyses and chemical separation were performed at the 

University of Southampton following Foster et al. (2013). Boron isotope samples with boron 

concentrations < 20 ppb were corrected for potential boron contamination using the concentration of 

the TPB (Total Procedure Blank) measured along with samples and the long-term median of TPB δ11B 

of -7.27 ‰ (Foster et al. 2013). Uncertainty in bulk δ11B was determined following Rae et al. (2011), 

based on the long-term reproducibility of the JCp-1 reference material, and was on average ±0.25 ‰ 

(at 95 % confidence). 

 

4.2.4 Geochemical analysis (LA-MC-ICP-MS) 

In addition to conventional δ11B by bulk analysis, this study adopts the novel use of laser ablation multi-

collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) to measure skeletal δ11B 

variability along the growth axis in high resolution (Fietzke et al. 2010, Thil et al. 2016, Sadekov et al. 

2019, Standish et al. 2019). For all laser ablation analyses, a spot diameter of 140 μm was used, 

sampling at a tracking speed of 5 μm/s and an integration time of 8.388 seconds. Thus, the δ11B of one 

sample represents on average an area of 182 μm that translates into approximately 3.7 days of 
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calcification. The distance between the centres of consecutive samples is ~40 μm translating into a 

sampling resolution of on average 0.8 days of calcification. However, it must be noted that subsequent 

smoothing of the data and averaging due to spot size reduces the effective resolution. The depth of the 

laser spot was approximately 5 μm. Coral slices of Ki-CP-S1 and Ki-CP-S2 were transferred into the 

TwoVol2 ablation cell of a New Wave Research 193nm ArF laser ablation system. For coral Ki-CP-S1 

two (L1-L2), and for Ki-CP-S2 six laser ablation transects (L1-L6) were placed approximately 280–500 

μm from to the micro-milling transect (LAA-1, Figure. 4.2b). The LA transects themselves were spaced 

280 – 420 μm parallel to each other. In the case of coral Ki-CP-S2 four additional laser ablation 

transects, each of 1 cm length, were placed perpendicular to the coral growth axis (HL1-HL4) around 2 

cm from LAA-1, aiming to further reveal any δ11B variations related to differences in the skeletal 

macrostructure (LAA-2, fig. 4.2b). For δ11B determinations, the laser ablation system was coupled to a 

Thermo Scientific Neptune Plus MC-ICP-MS mass spectrometer equipped with nine Faraday Cup 

detectors and a central ion counter. These measurements were performed at the University of 

Southampton following the 11B/40ArCa4+ peak hopping approach to correct for matrix interferences from 

scattered Ca ions detailed in Standish et al. (2019). Laser ablation was performed with a repetition rate 

of 12 Hz and a power density of ~6 J/cm2. Prior to data collection, the outermost CaCO3 of a sample 

was ablated to remove any surface contamination at a reduced repetition rate (5 Hz) and power (5 %), 

as well as increased tracking speed (100 μm/s). A gas blank was analysed for 40 seconds before and 

after each ablation with 24 seconds to allow the sample material to wash out. For LA-MC-ICP-MS 

measurements of δ11B, external reproducibility (2σ) is 0.7 ‰ based on repeat analysis of an in-house 

calcite (deep-sea coral) standard. The effect of an H2O2 treatment to oxidize any coral-organic material 

was explored by soaking the coral slice of Ki-CP-S2 in 400 ml of 20% H2O2 solution for 24 hours after 

3 (L1-L3) of the 6 laser ablation transects had been measured (LAA-1). All transects in LAA-2 of Ki-CP-

S2 were measured after H2O2 treatment, while both transects of Ki-CP-S1 were measured without H2O2 

treatment. After analysis, a thin section of the area of coral Ki-CP-S2 analysed was prepared to 

determine macro- and micro-structural components of the coral skeleton sampled by the LA system. 

 



Chapter 4: Controls on Porites lutea microatoll calcifying fluid pH 
 
 

83 
 

4.2.5 Numerical modeling 

In order to gain a deeper understanding of the environmental controls on pHcf, the numerical model of 

calcifying fluid pH upregulation by Guo (2019) is used here. This model simulates the effect of enzymatic 

proton pumping (P), carbon influx (C), and the exchange of calcifying fluid with external seawater (E) 

on pHcf upregulation and predicts pHcf based on ambient seawater carbonate chemistry, temperature 

and coral P/E ratio. The model was optimized by determining the colony specific P/E ratio using the 

δ11B measured here, as well as daily averaged pHsw and temperature data as recorded by the SeaFET 

pH-sensor and CTD logger from May 2017 to May 2018, and Alksw measurements from September 

2017 and May 2018 collected at the location on the reef flat where the microatolls grew. In the time 

interval when no SeaFET pH-sensor data was available, average values of seawater carbonate 

chemistry were used for model optimization. The optimized model was then re-applied on high 

resolution (30 minutes) SeaFET-pH sensor pHsw and CTD-logger temperature data. 

 

4.2.6 Data processing and analysis 

Calculation of pHcf from δ11B followed Foster and Rae (2016, Eq. 31) and Martínez-Botí et al. (2015b) 

using the isotopic fractionation constant from Klochko et al. (2006). Calculation of carbonate parameters 

from B/Ca (see 2.5.3 for details) followed DeCarlo et al. (2018a) using the partition coefficient from 

McCulloch et al. (2017). Calculation of seawater carbonate parameters was performed using the R-

package “seacarb” (Gattuso et al. 2019). 

Statistical analysis including autocorrelation, de-trending (differencing) and t-testing was performed 

using the program R (R Core Team 2019). LA-MC-ICP-MS derived δ11B transects were smoothed by 

calculating the 8 points running mean. 

 

4.3 Results 

4.3.1 Microatoll Ki-CP-S2 

4.3.1.1 Age-depth model 

All results presented here are from the analysis of coral Ki-CP-S2. Results from coral Ki-CP-S1 and -

S3 are presented in 4.3.2. Analysis of δ18O revealed a clear seasonal cycle with elevated δ18O in winter 
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and reduced in summer (Figure 4.3a, note that y-axis displaying δ18O is reversed) with a maximal 

seasonal range of 0.39 ‰ and an annual mean of –4.95±0.20 (2SD) ‰. Application of the coral δ18O – 

SST transfer function of Wellington (1996, Eq. 37) resulted in calculated temperatures very close to 

temperatures recorded by the CTD logger with similar annual means between CTD logger and δ18O-

derived SSTs (∆SST = 0.3°C, Figure 4.3b).  

𝑝𝑝𝑏𝑏𝐴𝐴𝑏𝑏𝑚𝑚 𝑆𝑆𝑆𝑆𝑇𝑇 = 3.97 − 4.48 ± 0.35 × (δ18𝐶𝐶𝑠𝑠𝑠𝑠 − 0.29) Eq. 37 

Ocean surface seawater δ18O (δ18Osw) at Kiritimati Island is approximately 0.29 ‰ (Schmidt et al. 1999). 

It is known from previous studies that due to low precipitation rates on Kiritimati Island coral δ18O closely 

follows SSTs with little effect of seawater salinity (McGregor et al. 2011a). Thus, the alignment of coral 

δ18O with seawater temperatures recorded by the CTD logger enabled the construction of an age-depth 

model of the annual growth band (Figure 4.3c, d). Therefore, 5 index points additionally to the outer 

edge and the staining band was defined where skeletal δ18O distinctly resembles the CTD logger 

temperature. In the intervals between each index point, linear extension rates were assumed to be 

constant. After alignment, skeletal δ18O and CTD logger temperature revealed a high level of correlation 

(r2 = 0.78, p < 0.01, n = 34). 
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Figure 4.3 Age-depth model of the outermost annual band of microatoll Ki-CP-S2. Alignment of δ18O (a) and 

CTD logger temperature (b) series allowed the construction of an age-depth model (c) and calculation of average 

linear extension rates (d). In the plot of δ18O standard deviation is indicated as a greyed area. In the plot of CTD 

seawater temperatures, grey lines indicate seawater temperature sampled in 30 min resolution and black lines 

represent daily averages. 

 

4.3.1.2 Boron isotope analysis 

Values of δ11B measured with the conventional solution of samples revealed an average of 22.09±1.46 

(2SD) ‰ with a variance of 0.53 ‰ (Figure 4.4c). The mean of the 6 laser ablation transects of LAA-1 
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revealed a similar average δ11B of 22.20±1.64 (2SD) ‰, but with strong variations around this value 

reaching from 16.02 ‰ to 27.60 ‰ and a variance of 2.20 ‰ (Figure 4.4c). The good agreement 

between δ11B measured with the solution of samples and LA-ICP-MS highlights the capability of the 

novel LA-MC-ICP-MS approach to determine accurate values in δ11B.  

The discrepancy between solution and LA-MC-ICP-MS derived δ11B on the large-scale can be 

explained by macrostructural δ11B heterogeneities exerting some influence on measured δ11B in the 

laser analyses but these are averaged by the bulk sampling approach. Furthermore, elevated δ11B from 

LA-MC-ICP-MS in the outermost 5 mm of the annual band (Figure 4.4c) might result from tissue layer 

organic matter residues that reduced δ13C (Figure 4.6a) and U/Ca ratios (Figure 4.6c), as well as 

increased Cd/Ca ratios (Figure 4.6J). 

In LAA-1 independent 2 group t-tests between LA-transects revealed that for the most transects 

differences in means were significant (p < 0.01), except between transects L2 and L3, L2 and L5, L3 

and L5, and L4 and L5. Similarly, in LAA-2, between almost all transects the difference in mean was 

signigicant (p < 0.01), except between HL1 and HL2. Highest correlations between LA transects in LAA-

1 (Figure 4.5) were observed between L4 and L5 (r2 = 0.17, p < 0.01, n = 243) and L2 and L6 (r2 = 0.16, 

p < 0.01, n = 243). In LAA-2 highest correlation was observed between HL1 and HL2 (r2 = 0.63, p < 

0.01, n = 243) and HL3 and HL4 (r2 = 0.27, p < 0.01, n = 243).  

Of note, treatment of samples with H2O2 did not seem to affect the LA δ11B results (Figure 4.5). Laser 

ablation measurements, before the sample was treated with H2O2 (transect L1, L2, and L3), resulted in 

a mean δ11B of 22.01±2.16 (2SD) ‰. Similarly, measurements after H2O2 treatment revealed a mean 

δ11B of 22.39±2.52 (2SD) ‰. Also, transects of δ11B measured before or after H2O2 treatment did not 

necessarily show a better agreement with one another (Figure 4.5). 
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Figure 4.4 Sclerochronology of microatoll Ki-CP-S2 compared to the ambient environment. Shown is apparent 

skeletal density derived from X-ray densitometry (a) and daily averaged seawater temperature from CTD logger 

(b). Furthermore, shown are calcifying fluid pH reconstructed from bulk δ11B, LA δ11B (mean of 6 LA transects, 

8 points running mean) and modeled following Guo (2019), as well as pHsw as recorded by SeaFET pH-sensor 

(c). Also shown is the daily averaged salinity from CTD logger (d). In time series of SeaFET pHsw, CTD 

temperature, and salinity data, daily averages are indicated in dark blue/black, and measurements with a 30 min 

resolution in light blue/grey. The grey line in LA-MC-ICP-MS derived δ11B represents uncertainty. The outer 

growth surface is at rightmost 0 mm depth from the microatoll surface, May 2018 respectively. 
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Figure 4.5 LA-δ11B-transects with and without H2O2 treatment. Comparison of laser ablation transects L1, L2 

and L3 (8 points running mean) sampled before H2O2 treatment (a), and transects L4, L5, and L6 after H2O2 

treatment (b). Standard deviation is indicated as greyed area. The outer growth surface is at rightmost 0 mm 

depth from the microatoll surface. 
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Figure 4.6 Results of carbon isotope and TE analysis of Ki-CP-S2. The outer growth surface is at the rightmost 

0 mm distance from the microatoll edge. 

 

4.3.1.3 X-ray densitometry and thin section analysis 

Apparent density variations measured for micro-milling area and LAA-1 (Figure 4.2c, Figure 4.4a) 

showed a high level of agreement (r2 = 0.72, p < 0.01, n = 36). The highest density values were 

measured at the edge of the annual band (1.15 g cm-3) and another local maximum at 15.75 to 14.25 

mm depth (1.00 g cm-3) from the growth surface. Lowest values were found at the base of the annual 

band at around 1.2 cm depth (0.75 g cm-3). Coral density shows some correlation with δ18O (r2 = 0.21, 

p < 0.01, n = 34) with elevated density at lower δ18O (higher temperature). 

Light-microscopic analysis of the section revealed that the sample analysed was pristine and no 

evidence for secondary aragonite and calcite deposits was found. 
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4.3.2 Inter-colony variability 

Linear extension during the year between staining and collection of the three corals varied between 1.8 

cm (Ki-CP-S2) and 2.0 cm (Ki-CP-S1 and Ki-CP-S3) and varied throughout the year as shown in section 

4.3.1.1. Average δ11B of both LA transects measured in coral Ki-CP-S1 was 21.15±7.72 (2SD) ‰ that 

is 1.05 ‰ lower than average δ11B of Ki-CP-S2 of 22.20±1.64 (2SD) ‰ (Figure 4.7a). This translates 

into a difference of 0.07 pH units between annual average calcifying fluid pH of Ki-CP-S1 and Ki-CP-

S2. Measurements of δ18O in all three coral colonies resulted in very similar values (Figure 4.7b) with 

annual averages of -4.92‰±0.20 (2SD) ‰ (Ki-CP-S1), -4.95±0.20 (2SD) ‰ (Ki-CP-S2) and -5.04 ±0.24 

(2SD) ‰ (Ki-CP-S3). Also, all corals show similar trends in δ18O following the seawater temperature 

with r2 = 0.67, p < 0.01, n = 34 between Ki-CP-S1 and Ki-CP-S2, r2 = 0.34, p < 0.01, n = 34 between 

Ki-CP-S1 and Ki-CP-S2, and r2 = 0.38, p < 0.01, n = 34 between Ki-CP-S2 and Ki-CP-S3. All three 

corals also exhibited elevated values of δ13C in the outermost 5-7 mm of the growth band (Figure 4.7c). 

Annual average δ13C of Ki-CP-S1 with -2.39±0.40 (2SD) ‰ and Ki-CP-S2 with -2.44±0.54 (2SD) ‰ 

revealed a high level of agreement, while Ki-CP-S3 showed a differing annual average δ13C of -3.0±0.36 

(2SD) ‰. 
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Figure 4.7 Comparison of geochemical records of microatolls Ki-CP-S1, -S2 and -S3. Boron isotope ratio (8 

points running mean) of coral Ki-CP-S1 and -S2 measured with LA-MC-ICP-MS. Orange and light blue lines 

indicate single laser ablation lines and the thick lines the corresponding averages (a). Oxygen isotope ratios (b) 

and carbon isotope ratios (c) of all three corals measured along the growth axis of each annual growth band. 

The outer growth surface is at rightmost 0 mm depth. 

 

4.4 Discussion 

4.4.1 Quantification of pHcf upregulation 

Over the year of coral growth analysed, the mean pHcf of coral Ki-CP-S2 was 8.35±0.12 (2SD) 

calculated from bulk coral and LA-MC-ICP-MS δ11B analysis. Across the time intervals when both pHsw 

and pHcf data are available the coral upregulated pHcf on average by 0.33 pH units (bulk δ11B analysis), 

or 0.37 pH units (LA-MC-ICP-MS δ11B, Figure 4.4c). This offset is lower than observed in culturing 

studies of Porites corals (Hönisch et al. 2004, Krief et al. 2010) or FOCE (Free ocean CO2 enrichment) 
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experiments (Georgiou et al. 2015), but higher than some (Wall et al. 2016), but not all field studies 

(McCulluch et al., 2017, Figure 4.8). Such differences between studies are likely to result from either 

different environmental conditions or the different Porites species analysed. Furthermore, differences 

in the analytical procedure between studies could have contributed to the discrepancy.  

 

Figure 4.8 Plot of pHsw vs. pHcf from this and previous studies. Lines indicate linear regressions of pHsw-pHcf 

transfer functions based on these studies. The dashed line is the transfer function of Hönisch et al. (2004) shifted 

to match LA derived pHcf data of this study. 

 

The complete calcifying fluid carbonate system can be estimated from coupling the δ11B-pH and B/Ca-

[𝐶𝐶𝐶𝐶32−]  proxy (see 2.5.3, Figure 4.9). These calculations suggest that over the one year studied DICcf 

was elevated by factor 2.4 compared to ambient seawater conditions with an annual average of DICcf 

= 45456±984 (2SD) μmol/kg and DICsw = 1896±464 (2SD) μmol/kg. Similarly, Alkcf was upregulated by 

factor 2.5 with Alkcf = 5613±1124 (2SD) μmol/kg and Alksw = 2210±174 (2SD) μmol/kg. Aragonite Ωcf 

was upregulated by factor 4.2 compared to ambient seawater conditions on the reef flat with Ωcf = 

14.7±3.2 (2SD) and Ωsw = 3.5±3.0 (2SD). These results agree with previous studies about Porites 

calcifying fluid carbonate chemistry (Comeau et al. 2017b). Of note, seawater carbonate chemistry 
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parameters are averages from daily and nightly measurements from September 2017 and May 2018 

on CP reef flat at the location the coral grew. 

 

Figure 4.9 Calcifying fluid carbonate chemistry reconstructed from microatoll Ki-CP-S2. Shown are time series 

of DICcf (a), Alkcf (b) and aragonite Ωcf (c) calculated from bulk analysis of B/Ca and δ11B. 

 

In order to use these data to perform a pHcf to pHsw calibration, existing pHcf-pHsw transfer functions of 

ambient pHsw from skeletal δ11B derived pHcf were adjusted to match the data of this study (Figure 4.8). 

As only six data points of solution derived δ11B of this study fall in the period when pHsw was recorded, 

the average of the LA derived δ11B was used for this purpose. Although exhibiting greater variability, 

this data exhibits better temporal coverage and number of single measurements (n = 1074). 

Furthermore, the pHcf-pHsw transfer function of Hönisch et al. (2004) was chosen as environmental 

conditions during that culturing experiment were closest to the conditions observed on the CP reef flat 

(temperature ~ 27.0°C). Values of pHcf from Hönisch et al. (2004) were re-calculated from measured 

skeletal δ11B using the isotopic fractionation factor from Klochko et al. (2006). The resulting calibrated 

pHcf-pHsw transfer function for Porites lutea microatolls is (Figure 4.8): 
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4.4.2 Factors controlling pHcf upregulation 

On a seasonal scale, neither the solution δ11B nor laser ablation δ11B derived coral pHcf showed any 

significant positive correlation with variations of pHsw as recorded by the SeaFET pH-sensor (Figure 

4.10a, Figure 4.4c). Indeed, in the time interval 9th March – 25th May 2018, where pHsw values were 

slightly reduced (∆pHsw = -0.04) due to the formation of a freshwater layer on the reef flat, laser ablation 

derived δ11B revealed a slightly elevated pHcf (∆pHcf = +0.09). Rather, seawater temperature appeared 

to be the main driver of observed pHcf variations with r2 = 0.58, p < 0.01, n= 10 between pHcf calculated 

from solution derived δ11B and seawater temperature (Figure 4.10b) as reported in other recent studies 

(McCulloch et al. 2017, Ross et al. 2017, Guo 2019). 

 

Figure 4.10 Controls on calcifying fluid carbonate chemistry parameters. Correlation between pHsw and pHcf (a), 

as well as seawater temperature and calcifying fluid carbonate chemistry parameters, such as pHcf (b), DICcf (c) 

and Alkcf (d). Furthermore, the agreement between model pHcf and bulk δ11B derived pHcf is shown (e). 

 

𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠  =  
𝑝𝑝𝐻𝐻𝑐𝑐𝑐𝑐 − 4.612 ± 0.077

0.47 ± 0.01
 Eq. 38 
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The numerical model for pHcf upregulation from Guo (2019) was optimized by determining the Porites 

lutea colony specific P/E ratio using the microatoll δ11B derived pHcf and CTD logger temperature data 

from Kiritimati Island reef flat in this study. The annual average of the predicted Porites lutea microatoll 

pHcf (Figure 4.4c) was 8.31±0.08 (2SD) and showed a seasonal cycle with a maximum daily value of 

8.44 (28th December 2017) and a minimum daily value of 8.24 (14th June 2017, Figure 4.4c). Predicted 

pHcf agrees well with pHcf derived from the solution based δ11B of this study (r2= 0.55, p = 0.01, n = 10, 

Figure 4.10e). The observation that the model can reproduce the measurements supports the validity 

of the numerical model and the processes encapsulated within it. In particular, these model results 

further prove the importance of seawater temperature in controlling pHcf upregulation. Because 

measured seasonal variations of pHsw and other seawater carbonate parameters on CP reef flat are 

small, predicted pHcf is predominantly driven by the temperature dependency of aragonite Ωcf. 

Modeled calcifying fluid pH showed only limited diurnal variability with slightly reduced values during 

the day compared to the night although pHsw and temperature on the reef flat exhibit considerable 

diurnal cycles (Figure 4.11, Chapter 3). The mean ∆pH between day and night was 0.07 with a 

maximum ∆pH of 0.21 (1st April 2018) and a minimum of 0.03 (21st July 2017). The overall lowest day 

average pHcf value found was 8.09 (14th June 2017) and the highest night pHcf value was 8.43 (24th 

March 2018). This predicted nearly stable pHcf is likely because the effect of diurnal variations in pHsw 

and temperature on pHcf upregulation cancel each other out. 
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Figure 4.11 Numerical modeling results of 

pHcf and ambient environmental conditions.  

Average diurnal temperature cycle (a) and 

diurnal cycle of pHcf from numerical modeling 

(orange) and pHsw recorded by SeaFET pH-

sensor (blue, b). Transparent areas indicate 

the minimum and maximum values recorded 

at a specific time. 

 

No significant periodicity of 15 days following the spring-neap tidal cycle as observed for pHsw and 

temperature (see section 3.4.1) has been found in time series of LA-MC-ICP-MS δ11B derived pHcf 

(Figure 4.12). This supports the model predictions of an almost stable pHcf against ambient pHsw and 

seawater temperatures that exhibit a strong diurnal variability.  

 

Figure 4.12 Periodicities of de-trended time series of LA-MC-ICP-MS derived pHcf. Shown are de-trended 

time series of LA-ICP-MS derived pHcf as inferred from δ11B of LAA-1 (a) and results of ACF (Auto 

Correlation Function, b) analysis of this time series. Blue dashed lines indicate confidence intervals. 
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The pHcf-seawater temperature dependency identified in this study agrees with the observations of 

McCulloch et al. (2017) who found a strong negative correlation between pHsw and seawater 

temperature (r2 = 0.78, p < 0.01, n = 193) in Porites colonies from Davies Reef (Great Barrier Reef) and 

Ningaloo Reef (Western Australia, Figure 4.13). Generally, values of pHcf and seawater temperature in 

this study plot on the regression line of McCulloch et al. (2017), but as seasonal variations of seawater 

temperature at the CP field site are smaller and laser ablation δ11B derived pHcf exhibits some noise, 

no similarly high correlation is achieved. Finally, the other calcifying fluid carbonate system parameters 

also exhibit a seawater temperature dependency, such as and DICcf (r2 = 0.72, p < 0.01,n = 10, Figure 

4.10c) and Alkcf (r2 = 0.63, p < 0.01, n = 10, Figure 4.10d) calculated from solution derived δ11B and 

B/Ca. The latter in particular demonstrates that seawater temperature has a strong effect on the 

calcifying fluid carbonate chemistry and the degree to which pHcf is upregulated compared to ambient 

pHsw. However, this strong temperature dependency of coral pHcf upregulation is not incorporated in 

reconstructions of paleo-pHsw from coral δ11B using a pHcf-pHsw transfer function (e.g. Eq. 38). The 

numerical model by Guo (2019) provides a method to estimate this temperature effect and so an inverse 

version of this model, estimating paleo-pHsw from δ11B derived pHcf and historical or proxy derived 

seawater temperature data has the potential to overcome this limitation. In this chapter the model of 

pHcf upregulation was tuned against measured Porites lutea microatoll pHcf and observed reef flat 

environmental conditions to quantify the temperature sensitivity of Porites lutea microatoll pHcf 

upregulation. In the following chapter, the dependency of pHcf to ambient seawater temperatures 

derived from the results of this chapter will be used to estimate paleo-pHsw from δ11B records covering 

the 20th and 21st centuries using skeletal δ18O and model derived estimates of paleo SSTs, 

complementing reconstructions of paleo-pHsw based on the linear transfer function of Eq. 38. 
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Figure 4.13 Relationship between seawater temperature and coral pHcf. Correlation between pHcf and pHsw as 

reported by McCulloch et al., (2017) from Davies and Ningaloo reef (r2 = 0.78, p < 0.01, n = 193). Data from this 

study (Kiritimati Island) exhibits more noise but generally confirms this relationship with r2 = 0.58, p < 0.01, n = 

10 for pHcf derived from micro-milling and dissolution of samples. 

 

4.4.3 Implications for the controls on coral calcification 

Some authors have suggested that coral calcification is an entirely biological process controlled by 

organic molecules only (Von Euw et al. 2017). This would imply coral calcification is largely independent 

of ambient seawater chemistry and also relatively insensitive to OA. Others find coral calcification is a 

physio-chemical process in which the coral modifies calcifying fluid chemistry to facilitate calcium 

carbonate precipitation (DeCarlo et al. 2018b). For instance, McCulloch (2017) suggested that corals 

modify aragonite Ωcf to facilitate calcium carbonate precipitation that would otherwise vary due to the 

chemical temperature dependency of Ωcf. 

In this study, linear extension rates and skeletal density did not reveal any correlation (r2 = 0.04, p = 

0.40, n = 5). Linear extension rates and Ωcf showed only an insignificant correlation (r2 = 0.51, p = 0.18, 

n = 5, Figure 4.14a) and skeletal density and Ωcf showed a negative, significant correlation (r2 = 0.44, p 

= 0.04, n = 5, Figure 4.14b). Last contradicts a previous study that reported a positive correlation 
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between average skeletal density and Ωcf in Pacific Porites cores (Mollica et al. 2018). Calcification 

rates were estimated for the microatoll’s annual band from linear extension rates and skeletal density 

(Figure 4.14c) that revealed an insignificant, positive correlation with Ωcf (r2 = 0.36, p = 0.28, n = 5, 

Figure 4.14d). Although this correlation is insignificant, it generally agrees with the correlation between 

Ωcf and coral calcification rates reported in McCulloch (2017) and thus supports that coral calcification 

is linked to the state of the calcifying fluid carbonate chemistry, mainly Ωcf. Also, variations in apparent 

skeletal density exhibit some temperature dependency, with lower density values in autumn and winter 

when seawater temperatures are low, and higher density in spring and summer under higher seawater 

temperatures (Figure 4.4a, b) indicating that ambient seawater temperatures influence skeletal density, 

thus coral calcification. In summary, the results of this study support the view that coral calcification is 

a physio-chemical process in which the coral physiologically modifies the calcifying fluid carbonate 

chemistry mainly dependant on ambient seawater temperatures to facilitate CaCO3 precipitation. 

 

Figure 4.14 Relationship between coral calcification parameters with Ωcf. Shown is linear extension rate (a) and 

density (b) along the micro-milling area plotted against bulk δ11B and B/Ca derived Ωcf. Also shown is calcification 

rate G as the product of linear extension rate and skeletal density (c) plotted against Ωcf (d). 
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4.4.4 Skeletal macrostructure δ11B variability 

Results of LA-MC-ICP-MS δ11B analysis along the four transects perpendicular to the coral’s growth 

axis in LAA-2, reflecting transects in which CaCO3 was precipitated synchronously, highlights variations 

in δ11B due to sampling different components of the coral skeleton macrostructure and not due to 

variations of ambient seawater conditions as is the case in transects of LAA1 (Figure 4.2, Figure 4.15,  

Figure 4.16). Results show the variance observed in δ11B transects of LAA-2 was lower (HL1: σ2 = 1.92 

‰, HL2: σ2 = 2.67 ‰, HL3: σ2 = 1.18 ‰, HL4: σ2 = 1.47 ‰) than in transects from LAA-1 (L1: σ2 = 2.13 

‰, L2: σ2 = 3.02 ‰, L3: σ2 = 3.76 ‰, L4: σ2 = 4.5 ‰, L5: σ2 = 3.87 ‰, L6:σ2 = 2.42 ‰). Therefore, it 

can be approximated that 55% of the variability in each of the δ11B transects from LAA-1 results from 

sampling different components of coral skeleton macrostructure. Similar δ11B heterogeneities have 

been found in other coral δ11B LA-MC-ICP-MS studies (Chalk et al. 2020) or using secondary-ion mass 

spectrometry (Rollion-Bard et al. 2003, Rollion-Bard et al. 2011a, Allison et al. 2014), and are likely 

linked to spatial variations of coral pHcf as known from studies using pH-sensitive dies or 

microelectrodes (Cai et al. 2016, Sevilgen et al. 2019). 

The relative homogenous skeletal structure and small corallite diameter (~ 1.5 mm) of Porites lutea 

make it difficult to clearly distinguish different components of the macrostructure. However, SEM 

imaging of LAA-2 revealed that thickened structures representing theca walls tend to exhibit lower δ11B 

values and thinner structures representing columellas tend to elevated δ11B (Figure 4.16, compare 

Figure 2.9a). Similarly, SEM images of LAA-1 showed lower δ11B values are predominant in denser 

than in more porous areas (Figure 4.15), also indicating that theca walls tend to reduced and columellas 

to elevated δ11B ratios. This contrasts previous findings where lower δ11B values were found in the 

columella and higher values in the theca walls of Siderastrea siderea (Chalk et al. 2020). Consequently, 

δ11B variations of skeletal macrostructure seem to be species or genera dependant. A potential 

explanation for differing δ11B values in different components of the skeletal macrostructure is that the 

coral adjusts the calcifying fluid carbonate chemistry depending on the macrostructural component that 

is calcified (Holcomb et al. 2009). The properties of specific structural components, such as theca walls 

or columellas, vary with regard to density or microstructure, and consequently require variable 

calcification rates, thus Ωcf or pHcf. In previous studies, differences in δ11B between macrostructural 

components were linked to the microstructure of these components, such as the ratio between CoCs 
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(Centres of Calcification) to aragonite fibres (Rollion-Bard et al. 2011a). To investigate this, a thin 

section of the area of coral Ki-CP-S2 analysed was inspected under the polarization microscope (Figure 

4.17). However, areas with a very low or high δ11B did not reveal any readily apparent difference in the 

density of COCs (compare Figure 2.9c and d).  

 

 

 

Figure 4.15 Mapped results of LA-ICP-MS 

analysis of LAA-1.  SEM imagery of LAA-1 

containing transects L1, L2, L3, L4, L5 and L6 

with areas of denser microstructural 

components indicated with red dashed lines 

(a). Skeletal δ11B data is smoothed with 8 

points running mean and interpolated with 

IDW (b). The uppermost part of the laser 

ablation transects sampled a theca wall (t) as 

visible in SEM image (c). Adjacent columella 

(cm) is also indicated (c). Thickened structures 

in (a) and (b) indicate that in this area the 

sample was sliced across theca walls, while in 

thinned areas the sample was sliced through 

columellas. 
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Coral skeleton macrostructural δ11B heterogeneities complicate the usage of LA-MC-ICP-MS derived 

δ11B records for reconstructions of paleo-environmental conditions. However, this limitation can be 

reduced by averaging out multiple δ11B transects. The specific amount of LA-MC-ICP-MS transects 

required to substantially reduced the variability induced by macrostructural δ11B heterogeneities will 

depend on the size of the corallites and the properties of the laser ablation sampling such as the spot 

size. 

 

 

Figure 4.16 Mapped results of LA-ICP-MS analysis of LAA-2. Results (8 points running mean) of LA-MC-ICP-

MS δ11B transects (HL1, HL2, HL3, and HL4) of laser ablation area 2 plotted (a) and mapped (b) on SEM 

image with IDW interpolation (c). The numbers in (c) refers to Figure 4.17. Thickened structures interpreted as 

theca walls (t) and intermediate areas interpreted as columella (cm) are indicated. 
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Figure 4.17 Examples of 

primary coral skeleton 

aragonite crystals along 

laser ablation transects. 

These Photographs are 

taken from a thin section 

using a petrographic light 

microscope. Numbers refer 

to areas of LAA-2 indicated 

in Figure 4.16. 

 

 

4.4.5 Inter-colony variability 

The δ13C variability between the coral colonies Ki-CP-S1, -S2 and -S3 that grew in close proximity is 

unusual and suggests that this parameter can vary independently from the coral's ambient environment 

(Figure 4.7c). For instance, mean δ13C between coral Ki-CP-S2 and -S3 was 0.61 ‰ and this difference 
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was significant (t(72.71) = 14.03, p < 0.01). Similarly, mean δ13C between microatoll Ki-CP-S2 and -S3 

is 0.56 ‰ that again is a significant difference (t(56.3) = 10.11, p < 0.01). Thus, interpretation of this 

proxy as a recorder of environmental change must be undertaken carefully. Other studies have 

explained variations in skeletal δ13C by varying linear extension rates, as well as photosynthetic and 

metabolic rates associated with variations in water depth (Linsley et al. 2019).  Furthermore, in Fowell 

et al. (2018) a ∆δ13C = 0.4 ‰ between two coral colonies was interpreted as indicating differences in 

the reef ecosystem species composition and productivity between the fore-reef and back reef. These 

interpretations cannot explain the difference in δ13C between coral colonies growing at the same site 

as presented in this study. However, Cohen and Hart (1997) reported differences in δ13C of 0.5 ‰ 

between parallel growth axes of the same Porites colony and linked these to variations in colony 

topography. Furthermore, it must be noted that no SEM images were taken from Ki-CP-S3 corallites 

and it is, therefore, possible, although unlikely, that this coral is not a Porites lutea explaining the strong 

difference in δ13C. 

Coral Ki-CP-S1 and -S2 also revealed a significant differing annual average δ11B of 1.05 ‰, 0.07 pHcf 

units respectively (t(918.01) = 18.98, p < 0.01), Figure 4.7a). However, this offset is relatively small 

when compared to the maximum discrepancy between single laser ablation transects of a single coral, 

as between L4 and L5 of Ki-CP-S2 of 3.6 ‰. The difference between the mean value of most LA 

transects from the same coral was also significant (p < 0.01) as inferred from t-tests (see section 4.3.2). 

Furthermore, the discrepancy of average δ11B between Ki-CP-S1 and -S2 of 1.05 ‰ is below the 

variance of 2.16 ‰ calculated for all 6 LA transects of Ki-CP-S2. It can thus be concluded that the offset 

of average δ11B between Ki-CP-S1 and Ki-CP-S2 can likely be explained by sampling different 

components of the skeletal macrostructure and both coral colonies likely upregulated pHcf similarly. 

However, the observation that the δ13C of Ki-CP-S1 and -S2 was similar but different in Ki-CP-S3 

suggests that the calcifying fluid chemistry of Ki-CP-S3 was generally different from Ki-CP-S1 and -S2. 

This coral might have also up-regulated pHcf differently. Nevertheless, the measurements performed 

suggest that some consistency in pHcf upregulation among coral colonies exists.  
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4.5 Conclusions 

Porites lutea microatolls from Kiritimati Island show that calcifying fluid pH was upregulated on average 

by 0.33 to 0.37 pH units compared to ambient pHsw, and the degree of pHcf upregulation showed some 

consistency between coral colonies. Seasonal variations of pHcf did not correlate with pHsw. Rather, 

seawater temperature appeared to be the primary control on pHcf variations as other studies have found 

(Ross et al. 2017, McCulloch et al. 2018, Guo 2019). However, as observed changes of pHsw during 

the time interval studied were only very small (∆pHsw = 0.03), it is likely that more pronounced changes 

of pHsw can potentially affect pHcf and consequently coral δ11B. The adjusted pHcf-pHsw transfer function 

from Hönisch et al. (2004) can be used for estimations of paleo-pHsw from Porites lutea microatoll pHcf 

although it does not incorporate the temperature effect on pHcf upregulation. Estimations of paleo-pHsw 

from coral δ11B records need to account for this sensitivity of pHcf upregulation to ambient seawater 

temperatures. Indeed, such a pHcf temperature dependency is built into the numerical model of Guo 

(2019). Predicting pHsw from δ11B derived pHcf and seawater temperature using the Guo 2019 model in 

inverse mode potentially allows for the reconstruction of paleo-pHsw despite the temperature sensitivity 

of pHcf. Also in the following chapter of this study estimates of paleo-pHsw are calculated accounting for 

the sensitivity of pHcf upregulation to ambient seawater temperatures as found in this chapter. 

Finally, this study adopts the novel technique of measuring coral δ11B using LA-MC-ICP-MS to 

determine δ11B at a very high spatial (~ 40 μm) resolution. Heterogeneities of δ11B in the coral skeleton 

macrostructure caused approximately half of the variability observed, with the tendency of lower δ11B 

in denser macrostructural components such as theca walls. Consequently, future studies should us the 

average of δ11B multiple LA transects to isolate any environmental signal. Despite these complications, 

the accuracy of LA-MC-ICP-MS derived δ11B was successfully validated through a comparison with 

conventional δ11B measurements by bulk analysis.
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Chapter 5 Intra-reef variability in Porites lutea calcifying 

fluid pH upregulation 

5.1 Introduction 

In this chapter, three geochemical coral records from the Kiritimati Island reef system covering 26 – 50 

years are compared. This will allow an assessment of the variability of coral pHcf between records 

growing in the same ocean region and relate observed differences to variations in environmental 

conditions on the reef system. Calibrations of the δ11B-pH proxy derived in chapter 4 will be applied to 

each record and results are interpreted in the context of the environmental measurements performed 

in chapter 3. 

Coral reef health has declined in recent decades as a result of global warming, environmental 

degradation and ocean acidification (De'ath et al. 2009, Hughes et al. 2017a). While increasing sea 

surface temperatures affect coral calcification, as demonstrated by mass bleaching events (Hughes et 

al. 2017b), the effect of OA on coral calcification is not as well understood (Constantz 1986, Cuif and 

Dauphin 2005, Von Euw et al. 2017). The lack of understanding is exemplified in recent studies (Trotter 

et al. 2011, McCulloch et al. 2012) that have shown that corals can exert some physiological control on 

the calcifying fluid carbonate chemistry, although the extent of this control is uncertain (see Chapter 4). 

However, the ability to upregulate pHcf potentially enabled corals to mitigate the impacts of OA to some 

extent. Furthermore, pHsw within a reef system exhibits significant variability (see Chapter 3) due to 

spatial variations in reef geomorphology (Page et al. 2018, Cyronak et al. 2019) and ecosystem species 

composition (Shaw et al. 2012, Cyronak et al. 2014). Consequently, some reef environments might be 

more or less susceptible to OA than others (Johnson et al. 2019). Furthermore, assessing the effect of 

OA on coral reefs is compromised by the limited understanding of past pHsw variability on an ocean-

basin scale (Lauvset et al. 2015) and by the length of existing observational records that cover only a 

few decades (Bates 2007, González-Dávila et al. 2007, Dore et al. 2009, Olafsson et al. 2010). These 

factors highlight the need for proxy-based records of past pHsw, particularly for the central Pacific where 

currently no historical or proxy pHsw data exists (see Figure 1.1). Kiritimati Island in the central Pacific 

is a region with pronounced equatorial upwelling (Sandin et al. 2008), characterised by ocean waters 

that are enriched in nutrients and carbon, and consequently, pHsw is low. The low background pHsw 

levels suggest that corals on Kiritimati Island are particularly prone to OA. The reefs on Kiritimati Island 
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have recently experienced severe mass bleaching events (Magel et al. 2019) and degradation of the 

reef ecosystems (Sandin et al. 2008, Carilli and Walsh 2012). Hence, this region is of great interest with 

respect to coral health and historical trends in pHsw. 

This chapter examines the degree to which the state of the coral calcifying fluid chemistry of Kiritimati 

Island corals has changed since the mid-20th century due to increasing seawater temperatures and OA. 

Geochemical records of δ11B, δ18O, δ13C and trace element (TE) ratios are constructed from two 

microatolls that grew on Cecile Peninsula (CP) and Northeast Point (NP) reef flats on Kiritimati Island, 

and a record from a domal coral from CP fore-reef. Estimates of paleo-pHsw are derived from skeletal 

δ11B and calculated incorporating the temperature sensitivity of pHcf upregulation. Furthermore, a 

comparison of records from different locations of the Kiritimati Island reef system will allow quantification 

of intra-reef variability in past pHsw trends and assessment of the fidelity of δ11B–pH proxy-records from 

microatolls. 

 

5.2 Methods 

5.2.1 Study site and sample collection 

Microatoll sample collection was undertaken on NP and CP reef flat on Kiritimati Island (Kiribati). In this 

ocean region, inter-annual climate variability is primarily controlled by ENSO with positive SST, sea-

level, and rainfall anomalies accompanying El Niño events (Figure 5.1). More information on the study 

site can be found in section 1.6.1. 
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Figure 5.1 Inter-annual climate variability on Kiritimati Island. Shown are monthly HadISST (Rayner et al. 2003) 

derived SSTs (a), monthly UHSLC (Caldwell et al. 2010) derived sea-level data and annual rainfall (c) data from 

GPCC (Schneider et al. 2016) for Kiritimati Island. Grey shading indicates years of major El Niño events. Lines 

in SST and sea-level data represent annual averages. 

 

Two microatolls were selected for sampling on the southwest and northeast sides of Kiritimati Island. 

Microatoll Ki-NP (Figure 5.2a) from NP reef flat (Figure 3.1b) with a radius of 1.2 m was slabbed on the 

13th November 2016 and microatoll Ki-CP (Figure 5.2b) with a radius of 1.4 m was collected from CP 

reef flat (Figure 3.1c) on the 14th May 2017. Both microatolls were sea-level constrained, with a living 

outer edge and with the upper surface of the microatolls exposed at spring low tide. The water depth at 

the locations was approximately 25 – 30 cm at spring low tide. Details on sample collection can be 

found in section 1.6.2. In addition to the reef flat corals, a core from a domal coral on the fore-reef at 

CP (Figure 3.1a) was also obtained at 10 m water depth. This fore-reef core (Ki-CP-FR) was 58 cm 

long and was collected in 2012 by Hussein Sayani and Kim Cobb from the Georgia Institute of 
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Technology (USA). Of note, SEM analysis of the corallites of corals analysed in this study revealed that 

they belong to the species Porites lutea (Appendix 3). 

Elevation profiles of microatoll Ki-NP and Ki-CP were recorded by Rohland Gehrels from the University 

of York (UK) using a real-time kinematic (RTK) system in May and June 2018. An elevation 

measurement was taken approximately every 3 cm along the radius from the centre to the edge of the 

microatolls (Figure 5.2). Elevation measurements were recorded against local datum that was 

calibrated against a primary benchmark located 3.17 m above datum and situated in the village of 

London on Kiritimati Island. Processing of this data was performed by Roland Gehrels at the 

Department of Environment & Geography of the University of York. 

  

Figure 5.2 Microatolls from Kiritimati Island sampled and analysed in this study. Ki-NP from NP reef flat (a) and 

Ki-CP from CP reef flat (b). Lines indicate exemplary radii along which slabs were removed or surface profiles 

were recorded. Note the living outer edge of the corals. 

 

5.2.2 Sample Preparation 

Coral slabs (Figure 5.3a, Figure 5.4a, Figure 5.5a) were subject to X-ray imaging at the Mercy Radiology 

Auckland. The X-rays images were used to guide the cutting of the slabs into 7 mm thick slices using a 

diamond wet saw at NIWA, Auckland. Each 7 mm slice was again X-rayed to resolve the growth band 

sequences of each coral (Figure 5.3c, Figure 5.4c). Coral samples were inspected for signs of alteration 

under ambient (Figure 5.3a, Figure 5.4a) and UV-light (Figure 5.3b, Figure 5.4b). Areas with increased 

porosity, density anomalies and signs of bioerosion or fragmentation of skeletal structure were 

interpreted as altered and thus not sampled. Additionally, to test for alteration XRD analysis was 

performed on samples that were removed with a small circular saw (Figure 5.3c, Figure 5.4c). Prior to 
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sub-sampling, coral slices were bathed in 10 % H2O2 for 48 hours, sonicated, rinsed and dried in an 

oven overnight at 40 °C (Song et al. 2014). 

 

 

 

 

Figure 5.3 Microatoll Ki-NP from NP reef flat. Photography of cut slab (a) and corresponding slices under UV 

light (b), as well as x-ray imagery (c). Growth bands are highlighted along the growth axis and growth bands for 

which δ11B and TE were measured are indicated. Furthermore, the position of XRD samples extracted is shown. 

The central part of Ki-NP (rightmost in imagery a and b) was excluded from sampling as showing signs of 

alteration. 
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Figure 5.4 Microatoll Ki-CP from CP reef flat. Photograph of cut slab (a) and corresponding slices under UV 

light (b), as well as x-ray imagery (c). Growth bands are highlighted along the growth axis and growth bands for 

which δ11B and TE ratios were measured are indicated. Furthermore, the position of XRD samples is shown. 
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Figure 5.5 Coral record of fore-reef domal coral Ki-CP-FR. Shown is x-ray imagery (a) and an example of the 

template used for micro-milling indicating annual bands (b). Dots indicate which growth band was sampled for 

TE and δ11B analysis. 

 

5.2.3 Age-Depth models 

X-ray images were used to identify the annual banding of the corals. However, in some cases, the 

interpretation of growth banding as annual layers was complicated by the presence of marked sub-

annual layers (Figure 5.3c, Figure 5.4c). Chronologies of all three corals were derived from counting 

annual growth bands in X-ray images of the coral slices. The age of the outermost band was known as 

the corals were alive when samples were collected, and thus the outermost band was used as a 

reference point for the age-depth model construction (Figure 5.6). It was assumed that in most cases 

each annual band consists of one high and one low-density band and that the average annual extension 

rate varies between 1.8 cm and 2 cm in most cases, as derived from measurements of coral growth 

during a staining experiment (see section 4.2.1). Results indicated that record Ki-NP from NP reef flat 

on Kiritimati Island, which is 96.8 cm long, spans a time interval from 1965 to November 2016. Record 

Ki-CP from CP reef flat is 83.15 cm long and covers the period from 1970 to May 2017, and record Ki-

CP-FR which is derived from a domal coral at CP fore-reef is 50.95 cm long and covers a time interval 

between 1985 and 2012. Templates indicating the annual and sub-annual growth bands for every coral 



Chapter 5 Intra-reef variability in Porites lutea calcifying fluid pH upregulation 
 

113 
 

slice were then printed on acetate sheets as the banding was not always visible with the naked eye 

(Figure 5.5b). Sheets were overlain on coral slices to guide subsequent sampling. 

 

 
Figure 5.6 Age-Depth models and linear extension rates of Kiritimati Island records. Shown are age-depth 

models for coral Ki-NP (a), Ki-CP (b) and Ki-CP-FR (c).  

 

5.2.4 Sub-sampling 

A micro-mill with a 1 mm diameter drill bit was used to extract 5 – 50 mg CaCO3 powder along the 

growth axis from each growth band of the coral slices, of which 1 – 5 mg were used for δ11B and TE 

analysis in this study. As the determination of the base and top of every annual band was, in some 
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cases, not possible, every apparent growth band was sampled. In total, 116 samples were extracted 

from record Ki-NP, 84 samples from record Ki-CP, and 28 samples from record Ki-CP-FR. The 

extracted CaCO3 powder was homogenized to ensure that subsamples represent the isotopic and TE 

composition of the bulk sample. Sampling transects along the growth axis were segmented to ensure 

constant sampling perpendicular to the growth axis and avoid sampling across areas that showed signs 

of alteration or did not reveal a clear growth banding pattern. All samples were analysed for δ18O and 

δ13C. For δ11B and TE analysis, 32 samples were selected from record Ki-NP, 28 samples from record 

Ki-CP, and 14 samples from record Ki-CP-FR, resulting in an average sampling resolution of 1.7 years 

for records Ki-NP and Ki-CP, and a sampling resolution of 2 years for record Ki-CP-FR. 

 

5.2.5 Geochemical analysis 

Boron isotope and TE analysis was performed as outlined in section 4.2.3 with the exception that boron 

column chromatography for coral Ki-NP and KI-CP was not undertaken manually as for all other 

samples, but instead with an automated prepFAST MC™ system (Vega et al. 2020). Similar to manual 

columns, this automated system elutes samples with 0.5M HNO3 and purifies boron from the sample 

matrix using amberlite IRA743 resin. The processing of δ11B data was performed as explained in section 

4.2.5. Furthermore, skeletal δ18O and δ13C of corals analysed in chapter 5 and 6 of this study were 

measured at the Isotope Ratio Mass Spectrometry Unit of the University of Otago by Carlos Carvajal. 

Analysis of XRD samples was performed at the x-ray facilities of the University of Auckland using a 

Siemens/Bruker SMART APEX II Diffractometer following Mansur (2005). The ratios between Cu peaks 

40/46 and 29.5/26.2 in the XRD spectra are indicative of the ratio of calcite/aragonite in a sample 

(Dickinson and McGrath 2001, Railsback 2019). Thus these ratios were quantified to detect potential 

secondary calcite in coral skeleton samples. The presence of secondary aragonite was investigated by 

screening the geochemical record for anomalies that typically result from secondary aragonite 

precipitation (see chapter 2.4.4) 

 

5.2.6 Calculation of paleo-pHsw 

Estimates of paleo-pHsw at the sites the three corals grew could be determined from δ11B derived paleo-

pHcf, by application of the adjusted pHcf-pHsw transfer function from Hönisch et al. (2004, Eq. 38). In 
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Chapter 4 it was shown that pHcf is not only a function of ambient pHsw but instead is also largely 

controlled by ambient seawater temperatures. This temperature dependency of pHcf is not accounted 

for in equation Eq. 38. The inversed model of Guo (2019) calculates paleo-pHsw from δ11B derived 

paleo-pHcf and estimates of paleo-SSTs. However, this inverse model is currently not yet available (Guo 

2020). 

The temperature dependency of pHcf upregulation for Porites lutea microatolls on Kiritimati Island can 

be quantified from calibrations performed in section 4.4.2. This temperature sensitivity of pHcf 

upregulation can be included in calculations of pHsw from multi-decadal coral δ11B records using 

historical temperature data for Kiritimati Island (HadISST model), as well as sites specific paleo-

temperatures calculated from coral δ18O. 

 

 

Figure 5.7 Linear regression between Guo (2019) 

model pHcf and CTD logger temperatures. In the 

regression T represents Temperature. 

 

The model for pHcf upregulation introduced by Guo (2019) was tuned using skeletal δ11B from the annual 

growth band that was precipitated synchronously with the CTD measurements and pHsw measurements 

from a SeaFET pH sensor deployed on the reef flay from May 2017 to May 2018 (Chapter 4). As pHsw 

during the year studied was nearly constant (pHsw = 7.98±0.18 (2SD), almost all variability observed in 

δ11B derived pHcf can be explained by temperature variations. Thus, the temperature sensitivity of pHcf 

upregulation of Kiritimati Island Potites lutea microatolls can be estimated from a linear regression 

between model pHcf and CTD logger temperatures (Figure 5.7): 
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𝑝𝑝𝐻𝐻𝑐𝑐𝑐𝑐 (SST) =  9.773 ± 0.005 − 0.0527 ± 0.0002 × 𝑆𝑆𝑆𝑆𝑇𝑇 Eq. 39 

To generate estimates for historical SSTs HadISST model temperatures for Kiritimati Island were used 

(Rayner et al. 2003) and paleo-temperatures reconstructed from coral δ18O (Figure 4.3b). SSTs derived 

from skeletal δ18O were calculated using the δ18O-SST transfer function from Wellington (1996, Eq. 37) 

with a δ18Osw value for Kiritimati island of 0.29 ‰ (Schmidt et al. 1999). In section 4.3.1.1 it was shown 

that this transfer function was able to derive estimates of paleo-SST from Kiritimati Island coral δ18O 

similar to temperatures recorded by the CTD logger. 

When combined with the adjusted pHcf-pHsw transfer function from Hönisch et al. (2004, Eq. 38), paleo-

pHsw can be estimated from historical SSTs using Eq. 40: 

𝑝𝑝𝐻𝐻sw (SST) =  
−0.0527 ± 0.0002 ×  𝑆𝑆𝑆𝑆𝑇𝑇 + 5.16078 ± 0.077

0.47 ± 0.01
 Eq. 40 

This equation yields an estimate of hypothetical paleo-pHsw assuming that coral pHcf would only follow 

ambient seawater temperatures. However, this is not the case and pHcf also is a function of ambient 

pHsw. 

Actual coral pHcf is calculated from skeletal δ11B following Eq. 31, and paleo-pHsw can be estimated 

from δ11B derived pHcf using the adjusted pHcf-pHsw transfer function from Hönisch et al. (2004, Eq. 38). 

As stated above, this approach neglects the effect on seawater temperature on pHcf upregulation. 

The difference in pHsw values calculated from actual δ11B derived pHcf using the adjusted pHcf-pHsw 

transfer function from Hönisch et al. (2004) only, that is denoted as pHsw (δ11B), and the hypothetical 

paleo-pHsw assuming pHcf is only a function of ambient seawater temperatures that is denoted as pHsw 

(SST) (Eq. 38) is calculated as in Eq. 41: 

∆𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠 (δ11B−SST) =  𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠 (𝛿𝛿11𝐵𝐵) −  𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠 (SST) Eq. 41 

The result of this equation gives an estimate how much ambient pHsw must have changed to explain 

the offset between hypothetical pHsw (SST)  that only accounts for the temperature sensitivity of pHcf 

upregulation and the actual pHsw (δ11B) calculated from skeletal δ11B derived pHcf that, however, does 

not account for the temperature sensitivity of pHcf upregulation. 
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For the adjustment of the pHcf-pHsw transfer function from Hönisch et al. (2004), the annual mean of 

pHsw measured on CP reef flat on Kiritimati Island between May 2017 and May 2018 was used (pHsw = 

7.98±0.18 (2SD)). Furthermore, the regression between coral pHcf and ambient seawater temperatures 

(Figure 5.7, Eq. 39) was done while background pHsw was on average at 7.98±0.18 (2SD). Thus, the 

annual mean pHsw on CP reef flat can be used as a baseline to calculate paleo-pHsw from 

∆𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠 (δ11B−SST) with Eq. 42: 

𝑁𝑁𝑏𝑏𝐴𝐴𝑏𝑏𝑚𝑚 𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠 =  7.98 ± 0.18 +  ∆𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠 (δ11B−SST) Eq. 42 

Finally, paleo-pHsw on Kiritimati Island can be estimated from Porites lutea microatoll pHcf and SSTs 

from the following formula that combines the previous equations:  

𝑁𝑁𝑏𝑏𝐴𝐴𝑏𝑏𝑚𝑚 𝑝𝑝𝐻𝐻𝑠𝑠𝑠𝑠 = 7.98 ± 0.18 +
𝑝𝑝𝐻𝐻𝑐𝑐𝑐𝑐 + 0.0527 ± 0.0002 × 𝑆𝑆𝑆𝑆𝑇𝑇 − 9.773 ± 0.005

0.47 ± 0.01
 Eq. 43 

When the annual average pHcf of coral Ki-CP-S2 (see section 4.4.1) of 8.35±0.12 (2SD) and mean 

annual temperatures from reef flat monitoring (see section 3.3.2.2) of 27.1±2.6 (2SD) are used, the 

equation predicts pHsw = 7.99±0.43 (2SD) that is very close the measured pHsw of the monitoring period 

of 7.98±0.18 (2SD). 

 

5.2.7 Aerial and satellite imagery 

Historical aerial photographs and satellite images from Kiritimati Island were derived from Google Earth 

and the Secretariat of the South Pacific (SPC) archives. Images were georeferenced in ArcGIS. 

 

5.2.8 Data processing 

An estimate of how OA has evolved on Kiritimati Island since 1965 assuming that pHsw linearly follows 

atmospheric CO2 was in this study calculated from data from Keeling and Keeling (2017). Modern pCO2 

values on CP reef flat on Kiritimati Island were calculated from daily and nightly measurements of pHsw 

and Alksw using the R-package “seacarb” (Gattuso et al. 2019). The Historical trend of pCO2 on CP reef 

flat was then estimated by subtracting ∆CO2 since 1965 from Keeling and Keeling (2017) from the 

modern value of pCO2 on CP reef flat. Finally, a historical trend of pHsw for Kiritimati Island was then 

derived from historical pCO2 estimates assuming constant Alksw at observed modern levels, again using 
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the R-package “seacarb” (Gattuso et al. 2019). Statistical analysis, such as calculation of correlation 

coefficients, t-testing or auto-correlation analysis was performed using the program R (R Core Team 

2019). Hypothetical calcification rate G was calculated from Ωcf and HadISST temperatures by applying 

Eq. 13, Eq. 14 and Eq. 15 (Burton and Walter 1987, Chen et al. 2019). 

 

5.3 Results 

5.3.1 Boron isotope analysis 

5.3.1.1 Microatoll Ki-NP 

Across the full length of the record Ki-NP, the average δ11B is 22.89±1.78 (2SD) ‰. Adopting Eq. 31 

these δ11B values indicate the record has an average pHcf = 8.39±0.12 (2SD, Figure 5.8a). Overall, δ11B 

shows a declining trend of -0.0429±0.0072 (SE) ‰ year-1 (-0.0030±0.0005 (SE) pH units year-1) 

although this decline is not smooth. Of note, in the most recent annual bands of the coral record, a 

slightly increasing pH trend can be seen. De-trended (differenced) time series of coral δ11B did not 

reveal significant periodicities (Figure 5.9). 

 

5.3.1.2 Microatoll Ki-CP 

The record from Porites lutea microatoll Ki-CP from CP reef flat revealed a mean δ11B of 23.68±1.02 

(2SD) ‰ translating to a pHcf of 8.44±0.06 (2SD, Figure 5.8a). The δ11B trend is markedly different from 

that of Ki-NP with a weak increasing long-term trend of on average +0.0077±0.0065 (SE) ‰ year-1 

(+0.0003±0.0004 (SE) pH units year-1). However, this trend is highly variable: Between 1970 and 1975 

δ11B declines by -0.1297±0.1276 (SE) ‰ year-1 (-0.0069±0.0065 (SE) pH units year-1), between 1975 

and 2001 δ11B increases by +0.0541±0.0122 (SE) ‰ year-1 (+0.0032±0.0009 (SE) pH units year-1), and 

between 2001 and 2013 δ11B again declines by -0.0130±0.0362 (SE) ‰ year-1 (-0.0014±0.0021 (SE) 

pH units year-1). Again, at the outer edge of the slab, a slightly increasing trend can be found. 
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Figure 5.8 Calcifying fluid carbonate chemistry proxy parameters of Kiritimati Island corals. Shown are results 

of δ11B (a) and B/Ca (b) analysis and corresponding pHcf (a), DICcf (b), Alkcf (c) and Ωcf (d) with lines representing 

smoothing through data (LOESS, bandwidth = 0.5) with 95% confidence band around smooth. Coral Ki-NP is 

indicated in blue, Ki-CP in red and Ki-CP-FR in green. Years of major El Niño events are indicated with grey 

background shading. 
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Figure 5.9 Periodicities in δ11B and B/Ca records of Kiritimati Island corals. Shown are de-trended (differenced) 

δ11B and B/Ca time series from records KI-NP (a, g), KI-CP (b, h) and KI-CP-FR (c, i), as well as corresponding 

results of ACF analysis for KI-NP (d, j), KI-CP (e, k) and KI-CP-FR (f, l). Blue dashed lines indicate confidence 

bands. 

 

5.3.1.3 Coral KI-CP-FR 

Core Ki-CP-FR from the CP fore-reef exhibited an average δ11B of 22.59±0.76 (2SD) ‰ with a variance 

of 0.15 ‰ translating to an average pHcf of 8.37±0.06 (2SD, Figure 5.8a). The record reveals a weak 

declining long-term trend of -0.0048±0.0034 (SE) ‰ year-1 (-0.0003±0.0009 (SE) pH units year-1). 
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There is a strong of agreement between the means of the overlapping intervals of coral Ki-CP-FR (δ11B 

= 22.59±0.76 (2SD) ‰, pHcf = 8.37±0.06 (2SD)) and Ki-NP (δ11B = 22.5±1.2 (2SD) ‰, pHcf = 8.37±0.08 

(2SD)). 

 

5.3.2 Carbonate chemistry proxies 

5.3.2.1 DICcf, Alkcf, and Ωcf 

B/Ca ratios and estimated DICcf and Alkcf calculated following DeCarlo (2018) for all three coral records 

were relatively similar (Figure 5.8b, c). The two longer records show a decline in B/Ca ratios before 

1990 and all three records show an increase afterward. Mean B/Ca of Ki-NP is 433±46 (2SD) equating 

to a mean DICcf of 4854±560 (2SD) μmol/kg and Alkcf of 6119±566 (2SD) μmol/kg. Mean B/Ca of Ki-

CP is 427±42 (2SD) translating to a mean DICcf of 4863±502 (2SD) μmol/kg and Alkcf of 6250±584 

(2SD) μmol/kg. Record Ki-CP-FR has a mean B/Ca of 431±56 (2SD) that equates to a mean DICcf of 

4906±628 (2SD) μmol/kg and Alkcf of 6130±678 (2SD) μmol/kg. No significant periodicities were found 

in the de-trended (differenced) time series of B/Ca (Figure 5.9). 

Mean Ωcf of coral record KI-NP is 17.5±3.0 (2SD), the mean of record KI-CP is 19.2±2.4 (2SD) and the 

mean of record KI-CP-FR is 17.0±2.8 (2SD, Figure 5.8d). In overlapping intervals mean Ωcf of coral 

record KI-NP and KI-CP-FR show a high level of agreement (∆Ωcf = 0.1). While in overlapping intervals 

of KI-CP has an elevated Ωcf compared to KI-NP (∆Ωcf = 1.86) and KI-CP-FR (∆Ωcf = 2.74). However, 

from 1990 to the present all records show a similar declining trend in Ωcf of approximately -0.2 units 

year-1. 

 

5.3.2.2 Carbon Isotopes 

The δ13C records of both microatolls are relatively similar with KI-NP revealing a mean δ13C of -

1.79±1.56 (2SD) ‰ and Ki-CP a mean δ13C of -1.80±0.72 (2SD) ‰ (Figure 5.10a). Contrary, the fore-

reef core Ki-CP-FR showed a mean δ13C of -3.30±0.70 (2SD) ‰. All corals show a declining trend of -

0.04±0.003 (SE) ‰ year-1 in Ki-NP, -0.01±0.002 (SE) ‰ year-1 in Ki-CP, and -0.02±0.007 (SE) ‰ year-

1 in Ki-CP-FR. No significant periodicities in the de-trended (differenced) δ13C time series were found 

(Figure 5.11). 
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Figure 5.10 Results of δ13C and δ18O analysis. Shown are δ13C (a) and δ18O (b) for coral Ki-NP (blue), Ki-CP 

(red) and Ki-CP-FR (green). Furthermore, paleo-temperatures estimated from coral δ18O using the δ18O–SST 

transfer function from Wellington (1996, b) are shown. Lines represent smoothing through data (LOESS, 

bandwidth = 0.5) with confidence band around smooth, and years of major El Niño events are indicated with 

grey background shading. 

 

5.3.3 Temperature proxies 

Mean δ18O of record Ki-NP is -4.92±1.60 (2SD) ‰ that is similar to mean δ18O of record Ki-CP with -

4.96±0.66 (2SD) ‰ (Figure 5.10b). In contrast, the δ18O record of fore-reef core Ki-CP-FR has a mean 

of -4.44±0.44 (2SD) ‰. 

Paleo-SSTs were calculated from coral δ18O following Wellington (1996) with Eq. 37 (Figure 5.10b). As 

outlined in section 4.3.1.1 application of this transfer function for coral Ki-CP-S2 δ18O resulted in 
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estimated SSTs very close to those recorded by the CTD logger. The mean reconstructed paleo-SST 

values from the coral are 27.3±7.2 (2SD) °C for Ki-NP, 27.5±3.0 (2SD) °C for Ki-CP, and 25.1±2.0 (2SD) 

°C for Ki-CP-FR from the fore-reef. In time intervals of overlap SSTs derived from HadISST agree well 

to the estimated paleo-SSTs from Ki-NP (∆SST = 0.2 °C) and Ki-CP = (∆SST = 0.1 °C), but slightly 

deviate from Ki-CP-FR (∆SST = 2.51 °C). No significant periodicities were found in (de-trended) δ18O 

time series (Figure 5.11).  

 

 

Figure 5.11 Periodicities in δ18O and δ13C records of Kiritimati Island corals. Shown are de-trended (differenced) 

δ18O and δ13C time series from records Ki-NP (a, g), Ki-CP (b, h) and Ki-CP-FR (c, i), as well as corresponding 

results of ACF analysis for Ki-NP (d, j), Ki-CP (e, k) and Ki-CP-FR (f, l). Blue dashed lines indicate confidence 

bands. 
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Ratios of Li/Mg generally confirm the relationships between the δ18O records (Figure 5.12c). The mean 

Li/Mg ratio in Ki-NP is 1.54±0.24 (2SD) which is similar to mean Li/Mg in Ki-CP of 1.47±0.64 (2SD). 

Mean Li/Mg in record Ki-CP-FR is slightly elevated with 1.69±0.24 (2SD). This elevated value points to 

lower paleo-temperatures at the site of Ki-CP-FR (Fowell et al. 2016) as already inferred from the δ18O 

records. 

Ratios of Sr/Ca (Figure 5.12b) and U/Ca (Figure 5.12d) that are known to be incorporated into the coral 

skeleton with a temperature dependency (Chen et al. 2015) did not follow the pattern observed in the 

records of δ18O and Li/Mg.  

 

5.3.4 Ba/Ca 

Among other TEs Ba/Ca ratios (Figure 5.12e) showed constantly elevated ratios in coral Ki-NP from 

NP reef (5.77±0.76 (2SD)) compared to the corals from CP reef Ki-CP (3.85±0.52 (2SD)) and Ki-CP-

FR (3.86±0.80 (2SD)). Ba/Ca is most commonly interpreted as a proxy for upwelling and riverine input 

(Timothée Ourbak et al. 2006). 
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Figure 5.12 Results of TE analysis of Kiritimati Island corals. Ki-NP is indicated in blue, Ki-CP in red and Ki-CP-

FR in green. Thick lines represent smoothed data (LOESS, bandwidth = 0.5) and transparent lines represent 

actual data. 
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5.3.5 XRD-analysis 

Results of the XRD analysis of Ki-NP and Ki-CP revealed that all samples nearly entirely consist of 

aragonite (Figure 5.13). Only in sample KI-CP-21, there was a slightly elevated ratio between peak 29.5 

and peak 26.2 which points to the potential presence of some calcite (Table 5.1). However, at the 

location of the XRD sample Ki-CP-21, isotope or TE data did not show any anomalies indicative of 

diagenesis including the precipitation of secondary calcite or aragonite (see section 2.4.4). 

 

 

Figure 5.13 Results of XRD analysis of microatolls Ki-NP and Ki-CP. Plots show the intensities of x-rays 

scattered (counts) against different angles (Position). The pattern observed is typically found in aragonite 

samples. 
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Table 5.1 Ratios between peak 40/46 and 29.5/26.2 in XRD analysis. Elevated values are indicated with grey 

shading. See Figure 5.3 and Figure 5.4 for the locations of the XRD samples in the coral skeleton. 

Sample ID Peak 40/46 Peak 29.5/26.2 

Ki-NP-3 0.058 0.0326 

Ki-NP-32 0.056 0.0401 

Ki-NP-102 0.057 0.0614 

Ki-CP-8/9 0.055 0.0717 

Ki-CP-21 0.060 0.1002 

Ki-CP-41 0.055 0.0365 

 

5.3.6 Estimates of paleo-pHsw 

Estimates of paleo-pHsw are based on the three corals records can be calculated from δ11B derived 

paleo-pHcf by applying the adjusted pHcf-pHsw transfer function from Hönisch et al. (2004, Eq. 38). The 

temperature sensitivity of pHcf upregulation can be included in the reconstruction of pHsw as outlined in 

section 5.3.6. Paleo-SSTs can be either derived from models such as from HadiSST (Figure 5.1) or 

geochemical proxies as skeletal δ18O (Figure 5.10b). Means and long-term trends calculated from coral 

pHcf and estimates of historical SSTs over the complete records are listed in Table 5.2 and shown in 

Figure 5.14.  

 

Table 5.2 Means and trends in pHsw calculated using different approaches. 

  δ11B without SST 
correction  
(Adjusted Hönisch et al. 
(2004) transfer function 
only) 

δ11B with δ18O-SST 
correction 

δ11B with HadISST-
SST correction 

Ki-NP 

Mean (pH units) 8.06±0.26 (2SD) 8.13±0.26 (2SD) 8.12±0.26 (2SD) 

Trend (pH units 
year-1) 

-0.0063±0.0010 (SE) +0.0011±0.0015 (SE) -0.0059±0.0012 (SE) 

Ki-CP 

Mean (pH units) 8.17±0.14 (2SD) 8.24±0.28 (2SD) 8.23±0.18 (SE) 

Trend (pH units 
year-1) 

+0.0007±0.0009 (SE) -0.0005±0.0018 (SE) 
+0.0022±0.0011 

(SE) 

Ki-CP-FR 

Mean (pH units) 8.01±0.10 (2SD) 7.82±0.12 (2SD) 8.06±0.14 (2SD) 

Trend (pH units 
year-1) 

-0.0007±0.0019 (SE) -0.0018±0.0021 (SE) -0.0034±0.0023 (SE) 
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Figure 5.14 Estimates of pHsw from Kiritimati Island corals. Estimates of are derived from pHcf from Hönisch et 

al. (2004) pHcf-pHsw transfer function only or with temperature correction based on δ18O temperatures and 

HadISST model temperatures. Shown is smoothed data (LOESS, bandwidth = 0.5). Also shown is pHsw at ocean 

station ALOHA (HOT), expected trend of ocean acidification at Kiritimati Island based on the trend of 

atmospheric CO2 (Keeling) and pHsw measured between May 2017 and Mat 2018 on CP reef flat (pHsw modern). 

 

5.3.7 Calcification rate 

In record Ki-NP, calculation of hypothetical calcification rates resulted in a mean of 0.79±0.34 (2SD) g 

cm-2 year-1 with a declining long-term trend of -0.0042±0.0018 (SE) g cm-2 year-2 (Figure 5.15). The 

mean calcification rate of record Ki-CP was 0.94±0.40 (2SD) g cm-2 year-1 with an increasing long-term 

trend of +0.0020±0.0026 (SE) g cm-2 year-2 and Ki-CP-FR revealed a mean calcification rate of 

0.74±0.34 (2SD) g cm-2 year-1 with a long-term decline of 0.0081±0.0053 (SE) g cm-2 year-2. The 

hypothetical calcification rates did not reveal a significant correlation with linear extension rates either 

for record Ki-NP (r2 = 0.00, p = 0.91, n = 32), Ki-CP (r2 = 0.01, p = 0.62, n = 28) or Ki-CP-RF (r2 = 0.15, 

p = 0.18, n = 14). 
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Figure 5.15 Hypothetical calcification rate G calculated from Ωcf and HadISST SSTs. Shown are data for all 

three records with smoothing (LOESS, bandwidth = 0.5). Grey shaded areas indicate years of major El Niño 

events. 
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5.4 Discussion 

5.4.1 Calculation of paleo-pHsw from coral δ11B and paleo-SSTs 

Results in Chapter 4 of this thesis confirmed that not only ambient pHsw variations but also seawater 

temperature affect pHcf (Guo 2019). This temperature dependency of pHcf upregulation is not accounted 

for in linear pHcf-pHsw transfer functions. Recent studies (D'Olivo et al. 2019) have stated that 

calculations of paleo-pHsw from δ11B derived pHcf can be improved by integrating estimates of paleo-

SSTs. However, this approach assumes accurate knowledge of site-specific paleo-SSTs. Here, the 

approach is examined by calculating estimates of pHsw from δ11B derived pHcf and SSTs (see section 

5.2.6). Historical SSTs for Kiritimati Island were derived from the HadISST model which represents 

regional estimates of paleo-SSTs and from coral skeletal δ18O using the δ18O-SST relationship from 

Wellington (1996) representing local, site-specific estimates of paleo-SSTs. 

In intervals of overlap means between HadISST derived SSTs and δ18O derived SSTs from Ki-NP 

(∆SST = 0.2 °C) and Ki-CP = (∆SST = 0.1 °C) agree well (Figure 5.10b, c) supporting the validity of 

δ18O derived SSTs. The reduced δ18O derived seawater temperatures in core Ki-CP-FR compared to 

HadISST derived SSTs (∆SST = 2.5 °C) point to lower seawater temperatures at higher water depth at 

the site this coral grew that is further supported by the difference in Li/Mg ratios between Ki-CP-FR, Ki-

NP, and Ki-CP (Figure 5.12c).  

Correction of paleo-pHsw for the temperature sensitivity of pHcf upregulation using SSTs from HadiSST 

or coral δ18O did not improve estimates of paleo-pHsw (Figure 5.14, Table 5.2). HadISST derived 

temperatures indicate only a moderately increasing long-term trend of +0.0018±0.0012 (SE) °C year-1 

between 1965 and 2017 (Figure 5.1) compared to the global average of +0.0070 °C year-1 (NOAA 

2020). Consequently, historical variations in regional SSTs are unable to explain the long-term trend 

and variations observed in pHcf. It is also unclear if local heating exerted a strong control on pHcf 

upregulation. Coral δ18O and δ11B derived pHcf only revealed some correlation in the record of slab Ki-

NP, (r2 = 0.35, p < 0.01, n = 32, Table 5.3) while no significant correlation in Ki-CP (r2 = 0.08, p = 0.05, 

n = 28) and Ki-CP-FR (r2 = 0.06, p = 0.39, n = 14) was found. 

It can be concluded that although a strong effect of ambient seawater temperatures on microatoll pHcf 

upregulation was found in Chapter 4, variations in seawater temperatures can not explain the observed 

variability in δ11B derived pHcf of multidecadal microatoll records. In the following chapters, the adjusted 
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Hönisch et al. (2004) pHcf-pHsw transfer function will be used to estimate paleo-pHsw from microatoll 

δ11B. This approach does not incorporate the seawater temperature dependency of pHcf upregulation. 

 

Table 5.3 Correlation between Kiritimati Island coral pHcf and other parameters. 

 Ki-NP pHcf  Ki-CP pHcf  Ki-CP-FR pHcf  

SST (°C) r2 = 0.03, p = 0.34, 

n = 32 

r2 = 0.00, p = 0.81, 

n =28 

r2 = 0.02, p = 0.63, 

n = 14 

Rainfall (mm) r2 = 0.00, p = 0.66, 

n = 32 

r2 =  0.04, p = 0.30, 

n = 28 

r2 =0.01, p = 0.73, 

n = 14 

Sea-level (mm) r2 = 0.07, p = 0.09, 
n = 32 

r2 = 0.01 
p = 0.50 

n = 28 

r2 = 0.17 
p = 0.14 

n = 14 

δ18O (‰) r2 = 0.35, p < 0.01, 
n = 32 

r2 = 0.08, p = 0.05,  
n = 28 

r2 = 0.06, p = 0.39,  
n = 14 

Li/Mg r2 = 0.04, p = 0.18,  
n = 32 

r2 = 0.03, p = 0.23,  
n = 28 

r2 = 0.12, p = 0.51,  
n = 14 

Sr/Ca r2 = 0.00, p = 0.84,  

n = 32 

r2 = 0.13, p = 0.01,  

n = 28 

r2 = 0.21, p = 0.10,  

n = 14 

U/Ca r2 = 0.06, p = 0.09,  

n = 32 

r2 = 0.27, p < 0.01,  

n = 28 

r2 = 0.07, p = 0.34,  

n = 14 

B/Ca r2 = 0.20, p = 0.01,  

n = 32 

r2 = 0.03, p = 0.41,  

n = 28 

r2 = 0.00, p = 0.84,  

n = 14 

Linear extension rate 
(cm/year) 

r2 = 0.00, p = 0.82,  

n = 32 

r2 = 0.00, p = 0.85,  

n = 28 

r2 = 0.01, p = 0.69,  

n = 14 

 

5.4.2 Comparison between reef flat and fore-reef coral records 

Seawater pH at the ALOHA ocean station in the northwest Pacific has declined at a rate of -0.0018 

year-1 since 1989 (Dore et al. 2009), and increasing atmospheric CO2 concentrations predict a decline 

of -0.0014 year-1 of the global ocean pH during the same time interval (Keeling and Keeling 2017). 

Estimates of paleo-pHsw from δ11B derived pHcf on Kiritimati Island using the adjusted Hönisch et al 

(2004) transfer function suggest a moderate decline of -0.0007±0.0019 (SE) pH units year-1 from record 

Ki-CP-FR, a steeper decline of -0.0063±0.0010 (SE) pH units year-1 from Ki-NP, and a moderate 

increase of +0.0007±0.0009 (SE) pH units year-1 from Ki-CP (Table 5.2). Thus, only fore-reef core Ki-
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CP-FR has recorded a trend in pHsw close to the OA trend observed at ocean station ALOHA (Figure 

5.14). 

The decline in coral δ13C observable in all three corals (Figure 5.10a) indicates that the ocean at 

Kiritimati Island has absorbed anthropogenic excess CO2 (Dassié et al. 2013). However, the 13C Suess 

effect becomes apparent in records of coral Ki-NP only after 1980 and in coral Ki-CP only after 1990. 

Of note, the discrepancy in average δ13C between the fore-reef and reef flat records is very likely a 

result of the difference in water depth as differing photosynthetic rates at different depths result in 

differences in 13C fractionation (Linsley et al. 2019). 

Core Ki-CP-FR was extracted from a domal coral on the fore-reef at 10 m water depth where average 

conditions are assumed to represent ocean conditions and from where most coral cores for paleo-

climate reconstructions are collected (Table 2.3). In contrast, Ki-NP and Ki-CP are microatolls from the 

reef flat, an environment potentially more disconnected from the ocean. Hence, the observation that 

reconstructed pHsw estimates from microatoll Ki-NP and Ki-CP deviate from pHsw estimates from fore-

reef core Ki-CP-FR and at times does not show an OA trend typically found in coral records suggests 

that both microatolls have not recorded open ocean conditions. In contrast, the geochemical record of 

core Ki-CP-FR more likely reflects ocean conditions that have been influenced by OA. 

Nevertheless, during intervals in which the coral records overlap, Ki-NP and Ki-CP-FR recorded similar 

averages (∆pHsw = 0.01, Figure 5.8a). Furthermore, average reconstructed pHsw using the adjusted 

Hönisch et al. (2004) pHcf-pHsw transfer function from the outermost 5 cm precipitated between 2015 – 

2017 of record Ki-NP (pHsw = 7.98±0.12 (2SD)) and from the outermost 5 cm precipitated between 2010 

– 2012 of core Ki-CP-FR (pHsw = 8.01±0.02 (2SD)) are within the error of average pHsw measured on 

CP reef flat between May 2017 and May 2018 of pHsw = 7.98±0.18 (2SD, Figure 5.14). Both suggest 

that more recently seawater conditions at the site of coral Ki-NP have been more similar to conditions 

of the open ocean. 

Of note, a large difference in the diel pHsw range was observed between the fore-reef (∆pHsw = 

0.07±0.02 (2SD)) and reef flat sites (∆pHsw = 0.29±0.24 (2SD), see Chapter 3) that were attributed to 

the difference in water depth (∆depth = 6.1 m). Coral Ki-CP-FR grew on the fore-reef at approximately 

10 m water depth relative to MSL and Ki-NP on the reef flat at approximately 25 – 30 cm water depth 

at spring low tide. Thus, microatoll Ki-NP was very likely exposed to a larger diurnal pHsw cycle than 
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coral Ki-CP-FR. However, in the intervals of overlap of these records, both corals exhibit similar 

averages in δ11B (∆δ11B = 0.09 ‰). Thus, the diurnal pHsw variability appears to not largely affect coral 

pHcf. This is in agreement with the findings of this study (see section 4.4.2) and other studies (Cornwall 

et al. 2018). 

 

5.4.3 Comparison of microatoll records 

Differences between CP and NP reef flats were found with respect to benthos community composition 

and geomorphology (see Chapter 3). Of note, elevated Ba/Ca ratios in Ki-NP perhaps suggest that NP 

reef is more affected by upwelling than the CP reef (Figure 5.12e), which is very likely as the NP reef 

flat is more exposed to ocean swells and currents. However, despite these differences in average 

environmental conditions between NP and CP reef flat, average modern pHsw between both reef flats 

was similar. Also, a comparison between CP fore-reef and reef flat environmental conditions revealed 

only minor differences in daily averages. Thus, it is postulated that the discrepancy between both 

microatoll pHcf records reflects the local variability in environmental conditions within the reef flats. 

Measurements along cross reef transects on both reef flats have shown that spatial variations of pHsw 

and temperature exist as a result of reef flat hydrodynamics (see Chapter 3). In particular ponding and 

local flow patterns potentially alter the daily average pHsw and temperatures at a given location. Hence, 

a possible explanation for the differing long-term trend and variability in pHcf between both microatoll 

records is that microatoll Ki-CP grew at a location of insufficient flushing where daily averages of pHsw 

and temperature deviate from average conditions of the reef and ocean off reef. In contrast, coral Ki-

NP grew at a site with, at least recently, sufficient flushing. This is supported by the environmental 

measurement in Chapter 3 that found that on NP reef flat flushing is likely enhanced compared to CP 

reef flat. 

Furthermore, aerial photographs and satellite images from CP and NP reef flat dating back to 1957 

(Figure 5.16) show that on CP reef flat sediment transport fluxes exhibit a strong temporal variability. In 

particular, pulses of sediment are periodically transported onto and across the reef flat surface (Figure 

5.16c-f). Such sediment delivery and migration are not observed on the NP reef flat (Figure 5.16a, b). 

The more dynamic nature of sediment deposits on the CP reef flat makes it probable that microatolls 

may be temporarily ponded by sediment deposits, despite the fact that they may currently grow at a 

well-flushed location.  
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Figure 5.16 Aerial photographs and satellite imagery of CP and NP reef flat. Also shown are positions of 

microatoll Ki-NP on NP reef flat from 2003 (a) and 2016 (b), as well as the position of microatoll Ki-CP on CP 

reef flat from 1957 (c), 2006 (d), 2013 (e) and 2016 (f). In 1957, coral Ki-CP was not yet growing. However, the 

image illustrates the dynamic nature of sediment deposits on CP reef flat. Sources: Google Earth Inc., 

Secretariat of the South Pacific Community (SPC) archives. 

 

The surface height of microatolls is commonly used to infer paleo sea-levels (Kench et al. 2019). 

Microatolls grow mainly laterally as their vertical growth is limited by the water level at low spring tide. 
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As sea-level changes, the maximum elevation of the microatoll surface is similarly modulated, and thus 

their morphology can be used to infer paleo sea-levels (McLean and Woodroffe 1990, Meltzner and 

Woodroffe 2015). While variations of microatoll elevation of Ki-NP on NP reef flat captured a number of 

the known historical sea-level anomalies at Kiritimati Island (e.g. El Niño events), microatoll Ki-CP on 

CP reef flat did not (Figure 5.17). This observation may suggest that KI-CP grew at a location on the 

reef flat where drainage of seawater at low tide was limited and thus the growth of the microatoll less 

sensitive to changes in sea-level. Consequently, this location would have been flushed less effectively 

leading to altered daily averages of pHsw and seawater temperature as observed today at locations 

affected by ponding (see Chapter 3). In particular, the constant increase in height of microatoll KI-CP 

between 1970 and 2016 indicates that at this location the reef flat surface was deepening (Kench 2020), 

thus local water depth was increasing. Indeed, a significant correlation between the difference in 

microatoll height between Ki-NP and Ki-CP and the difference in pHcf (Figure 5.18, r2 = 0.54, p < 0.01, 

n = 54) supports that the evolution in pHcf of both microatolls is linked to changes in the local reef flat 

surface topography, local water depth respectively. 

 

 
Figure 5.17 Relative height of microatoll surfaces compared to historical sea-level data. Shown is the elevation 

of microatoll Ki-NP and Ki-CP (a) relative to the reef flat surface compared to sea-level data from a tide gauge 

at London village on Kiritimati Island (b). Grey shading indicates years of major El Niño events. 
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Figure 5.18 Plot between microatoll surface elevation and pHcf. Shown are differences in the elevation of the 

microatoll surface and skeletal pHcf between Ki-NP and Ki-CP. 

 

5.4.4 Inter-annual variability of equatorial Pacific Ocean pH 

The decline in pHsw of -0.0007±0.0019 (SE) years-1 calculated from the δ11B record of fore-reef core Ki-

CP-FR is lower than the rate in OA as measured at e.g. ocean station ALOHA of -0.0018 year-1 or is 

estimated from increasing atmospheric CO2 concentrations of -0.0014 year-1. This suggests that the 

rate of OA in the central equatorial Pacific could be below the global average. This contradicts previous 

studies that have postulated accelerated OA rates for this region (Lauvset et al. 2015). The upwelling 

of carbon enriched deep waters is the main driver of the low pHsw levels that are observed in the central 

and eastern equatorial Pacific (Sarmiento and Gruber 2006). During El Niño conditions trade winds 

weaken and equatorial upwelling is thus reduced. Hence, reduced upwelling of low pH waters as a 

result of the strengthening in ENSO since the mid-20th century (Wang et al. 2019) could have mitigated 

the impacts of OA around Kiritimati Island. 

 

5.4.5 Trends of coral calcification on Kiritimati Island 

All corals from Kiritimati Island exhibit a decline in calcification rates since 1990 where the calcification 

rate is estimated from Ωcf (Figure 5.15). This is in agreement with previous studies that have reported 

evidence that coral cover, and thus reef calcification, on Kiritimati Island reefs has declined in recent 

decades (Sandin et al. 2008, Walsh 2011, Carilli and Walsh 2012). Indeed, elevated SSTs during the 

El Niño event in 2016 have resulted in coral mass bleaching on Kiritimati Island (Magel et al. 2019).  
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5.5 Conclusions 

Coral δ11B records from CP and NP reef flat, as well as CP fore-reef exhibit considerable variability with 

respect to long-term trends, inter-annual variability, and absolute values. Evidence suggests that only 

coral Ki-CP-FR that grew on the fore-reef recorded environmental conditions representative for the 

open ocean. In contrast, the geochemical records of the microatolls Ki-NP and Ki-CP reflect that these 

corals inhabit the reef flat environment where pHsw and seawater temperatures are spatially and 

temporally highly variable and, on a daily scale, can deviate from ocean conditions. This is especially 

the case for microatolls growing on very shallow reef flats as ponding and local flow patterns can alter 

local seawater conditions. However, it must also be noted that the comparison between daily averages 

in pHsw and seawater temperatures between fore-reef and reef flat in chapter 3 revealed relatively 

similar values and that in some sections of the coral records trends and means in skeletal δ11B were 

similar. In summary, the seawater residence time on reef flats likely varies spatially with some locations 

being more effectively flushed than others. Due to changes in reef flat topography, the degree to which 

particular areas on the reef flat are flushed may also change through time. This induces some variability 

to the ambient environmental conditions reef flat microatolls experience and consequently record in 

their skeletal geochemistry. Furthermore, these findings suggest that Porites lutea can tolerate various 

pHsw mean conditions and also dynamics in pHsw, and thus likely holds some resilience against OA.  

The geochemical record of fore-reef core Ki-CP-FR indicates that pHsw at Kiritimati Island in the central 

equatorial Pacific has declined by -0.0007±0.0019 (SE) years-1 between 1985 and 2012 that is slower 

than the rate of OA at ocean station ALOHA of -0.0018 year-1 or the global ocean of -0.0014 year-1. This 

relatively slow decline might be a result of the reduced upwelling of carbon enriched deep waters in the 

equatorial Pacific as a result of a strengthening in ENSO since the mid-20th century. However, this 

proposed link between surface ocean pH conditions and ENSO lacks confirmation by instrumental 

records. 

The integration of the temperature sensitivity of pHcf upregulation into calculations of paleo-pHsw from 

δ11B derived pHcf showed that variations in SSTs cannot explain the variability observed in microatoll 

pHcf. A possible explanation is the inaccuracy of paleo-seawater temperature estimates. Historical SSTs 

from products such as HadISST represent average conditions over large ocean regions, while pHcf 

records from corals reflect very local conditions. Estimates of paleo-SSTs from coral proxies as δ18O 
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perhaps better reflect the SSTs experienced by a coral but can exhibit relatively large uncertainty in 

absolute values. 
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Chapter 6 Microatoll calcifying fluid pH upregulation 

across Pacific Ocean pH gradients 

6.1 Introduction 

In this chapter geochemical records of δ11B covering the 20th and 21st centuries are used to reconstruct 

pHcf for microatolls from Arno Atoll (Republic of Marshall Islands) in the western equatorial Pacific and 

Rarotonga (Cook Islands) in the subtropical South Pacific (Figure 6.1). Results are combined with the 

reconstructions from Kiritimati Island (Chapter 5) to explore spatial differences in reefal pHsw and 

microatoll pHcf across the central and southwest Pacific.  

Ocean acidification has led to a global decline of pHsw by 0.1 pH units since the beginning of the 

industrial revolution (Rhein et al. 2013) and is expected to continue to decline by a further 0.07 to 0.32 

pH units by 2100, depending on future trends in anthropogenic CO2 emissions during the 21st century 

(Ciais et al. 2013). However, the global average OA of -0.0014 pH year-1 (see section 2.2.2) exhibits 

strong spatial variability (Lauvset et al. 2015). Such variability is due to regional differences in the 

amount of anthropogenic carbon absorbed by the ocean surface that is dependant on the exposure 

time of the seawater to the atmosphere and the seawater’s buffering capacity (Sabine et al. 2004). For 

instance, rates of OA in the Pacific vary zonally (e.g. from -0.0023±0.0003 (SE) pH units year-1 in 

eastern Pacific to -0.0010±0.0002 (SE) pH units year-1 in the western Pacific) and meridionally (e.g. 

southern and northern tropical Pacific have acidified at -0.0019±0.0002 (SE) pH units year-1 and -

0.0016±0.0002 (SE) pH units year-1, respectively). However, except for the pHsw trend in the northern 

subtropical Pacific at ocean station ALOHA (Dore et al. 2009), these estimates are based on very few 

measurements over a restricted time interval and thus not adequately account for inter-annual and 

decadal variability. In addition to these spatial variations in OA trends, seawater pH levels exhibit a 

natural spatial variability (Figure 6.1). In ocean regions where strong upwelling occurs, such as in the 

equatorial eastern Pacific, pHsw is generally low (pHsw = 7.9 - 8.1) as deep waters are enriched in DICsw. 

In contrast, strongly stratified ocean regions with high biological productivity, such as the South Pacific 

gyre (Pelejero et al. 2010), have the higher pHsw levels (pHsw = 8.1 - 8.3) as primary producers largely 

fix DIC. 

The sensitivity of coral calcification and pHcf to differing levels of ambient pHsw has been studied in 

multiple culturing experiments, either to assess coral response to future ocean acidification (Doney et 
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al. 2009) or to calibrate the δ11B-pH proxy (Hönisch et al. 2004, Krief et al. 2010). These experiments 

showed that calcification rates and pHcf both decline when corals are exposed to low pHsw. However, 

more recently it was recognized that these experiments do not represent the full multifactorial range in 

conditions corals experience in their natural environment and that the response of coral calcification 

and pHcf upregulation to variations in pHsw on a coral reef are more complex and variable than culturing 

experiments suggested (Hoegh-Guldberg et al. 2007, Georgiou et al. 2015, Wall et al. 2016, McCulloch 

et al. 2018). 

This study selected field sites that cover the range of Pacific Ocean pHsw from low pHsw values at 

Kiritimati Island (pHsw = 7.98±0.18 (2SD)) to high values at Rarotonga (pHsw = 8.15±0.24 (2SD), Figure 

6.1). The observed difference in mean pHsw between these locations (∆pHsw = 0.17) is greater than the 

change in ocean pH due to anthropogenic OA (∆pHsw = 0.10), and greater than the projected future 

decline in ocean pH by 2100 following CMIP5 model projections RCP2.6 (∆pHsw = 0.07) and RCP4.5 

(∆pHsw = 0.15, Ciais et al. 2013). Furthermore, conditions at these locations differ with regards to 

expected rates of OA (Lauvset et al. 2015), overall climate conditions, and in the magnitude of ENSO 

induced variability in environmental conditions. This study aims to assess the recent spatial variability 

of OA trends in the Pacific, the sensitivity of the calcifying fluid carbonate chemistry to variations of 

ambient pHsw, and the calibration of the δ11B-pH proxy over a large natural pHsw gradient in microatolls 

growing in their natural reef environments. 

 

Figure 6.1 Location of the three study sites in the Pacific. Colours indicate the estimated pHsw of the tropical 

and subtropical Pacific Ocean (GLODAP 2016). 
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6.2 Methods 

6.2.1 Study sites 

Field measurements and sample collection were performed on Arno Atoll (Republic of Marshall Islands), 

on Bikarej West (BW) reef flat (Figure 6.3a, b), located in the western equatorial Pacific (Figure 6.1) 

and on Rarotonga (Cook Islands), on Black Rock (BR) reef flat (Figure 6.3c, d) that is located in the 

central subtropical South Pacific (Figure 6.1). On Kiritimati Island, Arno Atoll and Rarotonga, 

environmental conditions, such as SSTs (Figure 6.4), rainfall rates (Figure 6.5) or sea-level variations 

(Figure 6.6) vary. For instance, on Kiritimati Island, El Niño events are characterized by strong positive 

SST, rainfall and sea-level anomalies, while on Arno Atoll El Niño events result predominantly in a 

negative sea-level anomaly, and on Rarotonga in a negative rainfall anomaly. Detailed descriptions of 

the study sites can be found in section 1.6.1. 

 

6.2.2 Coral sampling 

Microatoll Ar-BW (Figure 6.2a) from BW reef flat on Arno Atoll (Figure 6.3a, b) with a radius of 1.6 m 

was slabbed on the 6th November 2017.  Microatoll Ra-BR (Figure 6.2b) from BR reef flat on Rarotonga 

(Figure 6.3c, d) with a radius of 1.75 m was slabbed on the 24th June 2018. Both microatolls were 

growing directly at the sea surface with the surface of the microatolls exposed at spring low tide. The 

reef flat water depth at the site of microatoll Ar-BW was approximately 30 cm at spring low tide, and at 

the site of Ra-BR was approximately 40 cm at spring low tide. Details on sample collection can be found 

in section 1.6.2. 

  

Figure 6.2 Pictures of Arno Atoll and Rarotonga microatolls. Shown is drone imagery of microatoll Ar-BW from 

BW reef flat on Arno Atoll (a) and a photograph of microatoll Ra-BR from BR reef flat on Rarotonga (b). 
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Figure 6.3 Satellite Images from Arno Atoll and Rarotonga. Shown are satellite images of western Arno Atoll (a) 

and Bikarej West reef (b), as well as Rarotonga (c) and Black Rock reef (d). Locations of microatolls Ar-BW (b) 

and Ra-BR (d), as well as locations of pH transects and fore-reef measurements, are also shown. 
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Figure 6.4 Historical SSTs at the study sites. Shown are monthly SSTs derived from HadiSST (Rayner et al. 

2003), for Kiritimati Island (a), Arno Atoll (b) and Rarotonga (c). Grey shading indicates years of major El Niño 

events. 
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Figure 6.5 Historical rainfall rates ate the study sites. Shown is monthly precipitation data derived from GPCC 

(Schneider et al. 2016) for Kiritimati Island (a), Arno Atoll (b) and Rarotonga (c). Grey shading indicates years 

of major El Niño events. 
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Figure 6.6 Historical sea-level data at study sites. Shown are monthly sea-level data derived from UHSLC 

(Caldwell et al. 2010) as recorded by tide gauges on Kiritimati Island (a), Majuro (b) and Rarotonga (c). Majuro 

is the neighbouring atoll of Arno atoll approximately 40 km away. Grey shading indicates years of major El Niño 

events. Note that absolute values of sea-level differ between tide gauges from the same locations as sea-level 

is recorded relative to the position of tide gauge. 

 

6.2.3 Seawater sampling 

6.2.3.1 Reef flat seawater sampling 

To quantify the spatial pHsw variability on the sampled reefs, measurements of pHsw, temperature and 

salinity were undertaken along cross-reef flat transects spanning (Figure 6.3b, d) from the shore to the 

edge of the reef flats. On Arno Atoll, these measurements were performed along reef flat transects 

between 11 pm and midnight on the 4th of November 2017 during low tide and between 2 and 3 pm on 

the 6th November 2017 during intermediate tide. On Rarotonga, similar measurements were performed 
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between midnight and 2 am on the 24th of June 2018 and between 2 pm and 4 pm on the 26th of June 

2018, both during low tide. For determination of Alksw, in total 6 seawater samples were collected along 

transect BW-T1 on Arno Atoll during the day and night, and similarly, 8 samples along transect BR-T2 

on Rarotonga. To quantify the temporal pHsw variability measurements of pHsw, temperature and salinity 

were taken on the reef flat in intervals of 1 to 2 hours. On Arno Atoll most measurements were taken 

directly at microatoll Ar-BW or station BW-T1-A at high tide (Figure 6.3b) between 3rd and 9th November 

2017. Similarly, on Rarotonga, these measurements were undertaken at station BR-T2-B directly at 

microatoll RA-BR or during high tide at station BR-T2-A (Figure 6.3d) between 23rd and 28th June 2018. 

 

6.2.3.2 Fore-reef seawater sampling 

Measurements on the BW fore-reef on Arno Atoll (Figure 6.3a) were performed between 1 and 3 pm 

on the 2nd November 2017, and on the BR fore-reef on Rarotonga (Figure 6.3d) on the 28th June 2018 

between noon and 1 pm. Different from the SeaFET pH-sensor measurements from the fore-reef on 

Kiritimati Island, pHsw on the fore-reef on Arno Atoll and Rarotonga were measured in the uppermost 

20 cm of the sea surface. However, measurements on Kiritimati Island showed that pHsw is similar 

throughout the water column (see section 3.3.2.1). All pHsw, temperature and salinity measurements 

performed on BW reef on Arno Atoll and BR reef on Rarotonga were conducted using a portable pH-

meter Orion A325. Further detail on seawater sampling can be found in sections 3.2.2 and 3.2.3.  

 

6.2.4 Age-Depth model 

The age-depth models for record Ar-BW and Ra-BR (Figure 6.7) are derived from counting back annual 

growth bands in x-ray images of the coral slices (Figure 6.8b, c). Two hiatuses of 3.8 cm and 7.8 cm 

were observed in record Ra-BR between 50 and 70 cm distance from the edge of the slab. Based on 

the extent of CaCO3 alongside these gaps, they were estimated to represent 2 years, 4 years 

respectively. Record Ar-BW from Arno Atoll is 146.95 cm long and covers the time interval from 1939 

to November 2017 as counting of annual growth bands revealed (Figure 6.8b). Record Ra-BR from 

Rarotonga has a total length of 142.25 cm and covers a time span from 1938 to July 2018 (Figure 6.8c). 
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Figure 6.7 Age-depth models and linear extension rates for Arno Atoll and Rarotonga records. Shown are the 

age-depth models and corresponding linear extension rates of record Ar-BW (a) and Ra-BR (b). 

 

6.2.5 Sample Preparation and sub-sampling  

The preparation of samples was performed as outlined in section 5.2.2 and the collection of sub-

samples was achieved with a micro-mill as detailed in section 5.2.4. In total, 157 samples from annual 

and sub-annual growth bands were extracted along the growth axis of record Ar-BW, and 111 samples 

from record Ra-BR. All extracted samples were analysed for δ18O and δ13C. In microatoll Ar-BW, 32 

sub-samples were selected for δ11B and TE analysis resulting in an average sampling resolution of 2.5 

years (Figure 6.8b). In microatoll Ra-BR, 23 samples were selected for δ11B and TE analysis resulting 

in an average sampling resolution of 3.5 years (Figure 6.8c). Of note, SEM analysis of the corallites 

confirmed that the corals analysed in this study belong to the species Porites lutea (Appendix 3). 
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Figure 6.8 Slabs of Ar-BW and Ra-

BR. Shown are photographs of Ar-BW 

(a) and corresponding x-ray images 

(b). Furthermore, x-ray images of 

slices of Ra-BR are shown with their 

locations on a photograph of the slab 

(c). The growth axis and banding are 

highlighted and it is indicated for 

which growth bands δ11B and TEs 

were measured. Also shown is the 

position of XRD samples. 
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6.2.6 Geochemical analysis 

Isotope and TE analysis was performed as outlined in section 5.2.5. Boron purification for samples from 

records Ar-BW and Ra-BR was achieved with manual column chromatography. 

Samples for XRD analysis were taken in areas with signs of alteration after visual inspection of slabs 

(Figure 6.8b, c). XRD analysis was performed as outlined in section 5.2.5. 

 

6.2.7 Data processing 

Processing of δ11B and TE data was performed as explained in section 4.2.5. Calculation of pHcf from 

δ11B was undertaken using Eq. 31 including the temperature dependency of the equilibrium constant 

for boric acid dissociation KB.  Calculation of KB was conducted via the R-package “seacarb” (Gattuso 

et al. 2019) using time and site-specific SSTs derived from HadiSST (Rayner et al. 2003). As SSTs 

between Kiritimati Island, Arno Atoll and Rarotonga differ (Figure 6.4), different values of KB were 

calculated for each location. Calculation of calcifying fluid carbonate system parameters was performed 

following DeCarlo (2018b) by calculating [𝐶𝐶𝐶𝐶32−]  from B/Ca ratios (see section 2.5.3). All other 

carbonate system parameters were then calculated from pHcf and [𝐶𝐶𝐶𝐶32−]  using the R-package 

“seacarb”. Calculation of hypothetical calcification rates from Ωcf was done similarly as outlined in 

section 5.2.8. Estimates of pHsw from δ11B-derived pHcf were calculated using the adjusted Hönisch et 

al. (2004) transfer function (Eq. 38) from Chapter 4. 

Calculation of historical trends in OA at the sites from atmospheric CO2 data was done similarly as 

explained in section 5.2.8. However, as the time series for atmospheric CO2 from Keeling and Keeling 

(2017) only starts in 1958, atmospheric CO2 concentrations from the Antarctic ice core record Law 

Dome (Etheridge et al. 1996) was used to calculate OA before 1958. Model and instrumental data for 

the 20th century are derived from different external sources such as SSTs data from HadISST, historical 

sea-level data from UHSLC (Caldwell et al. 2010), precipitation data from GPCC (Schneider et al. 2016) 

and pH data from station ALOHA (John E. Dore et al. 2009). 

All calculations and statistical analyses were performed using the program R (R Core team, 2019). 
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6.2.8 Environmental parameters at field locations 

6.2.8.1 Temporal variability of reef flat and fore-reef environmental conditions 

Comparison between measurements of environmental conditions on Kiritimati Island, Arno Atoll and 

Rarotonga correspond well with the GLODAP dataset (Figure 6.1, Figure 6.9). Mean pHsw on Kiritimati 

Island was lowest (pHsw = 7.98±0.18 (2SD)), intermediate on Arno Atoll (pHsw = 8.07±0.32 (2SD)) and 

highest on Rarotonga (pHsw = 8.15±0.24 (2SD)). Temperature measurements were highest on Arno 

Atoll (30.1±2.4 (2SD) °C), intermediate on Kiritimati Island (27.1±2.6 (2SD) °C) and lowest on Rarotonga 

(26.1±3.2 (2SD) °C). However, it should be noted that means from measurements on Arno Atoll and 

Rarotonga represent environmental conditions during the 2 weeks intervals measurements were taken, 

while environmental conditions on Kiritimati Islands were recorded over a one year period. Thus, in the 

reef flat environmental monitoring data from Kiritimati Island daily to seasonal variations are averaged 

out that is not the case for the data from Arno Atoll and Rarotonga. This likely affects the Rarotonga 

data as it is located at higher latitude compared to Kiritimati Island and Arno Atoll, where the seasonal 

variability is stronger and more pronounced (see Figure 6.4). As a result, direct comparison of the 

diurnal pH-cycles from these locations must be undertaken with caution, especially as pHsw exhibits a 

considerable inter-daily variability due to the tidal cycle and variations of solar irradiance. However, at 

least for the time intervals studied, measurements show that the diel pH range on all three reef flats is 

relatively similar (Figure 6.9) with a maximal diel pH range of ∆pHsw = 0.72 on Kiritimati Island, ∆pHsw = 

0.66 on Arno Atoll and ∆pHsw = 0.44 on Rarotonga. The most important parameter for calcification on 

the reef flat, Ωsw, follows the pHsw gradient at these sites (Table 6.1) being highest (and thus furthest 

from dissolution at Ωsw < 1) on Rarotonga where mean pHsw is highest, and lowest on Kiritimati Island 

where pHsw is lowest. 

Furthermore, averages of reef flat pHsw are very close to average pHsw on the fore-reef at all locations 

(Table 6.1). A comparison of other carbonate system parameters between reef flat and fore-reef 

revealed some discrepancies, such as between Ωsw measured on BW reef flat and fore-reef on Arno 

Atoll (Table 6.1). However, on BW and BR fore-reef only one Alksw sample each was collected and thus 

measurements of Alksw and calculated values of DICsw and Ωsw on the fore-reef are only broadly 

representative. 



Chapter 6 Microatoll calcifying fluid pH upregulation across Pacific Ocean pH gradients 

151 
 

 

Figure 6.9 Diurnal pHsw variability at sampling locations. Diurnal pH-cycles on CP reef flat on Kiritimati Island 

(a), BW reef flat on Arno Atoll (b) and BR reef flat on Rarotonga (c). Shown are single measurements (grey/black 

points) and smoothed data (black line, LOESS, bandwidth = 0.3) with confidence band around smooth, as well 

as mean (black dashed line). Also shown are measurements on the fore-reef (coloured points) with mean 

(coloured dashed line). Data from Kiritimati Island presented here is discussed in Chapter 3. 

 

Table 6.1 Seawater carbonate system parameters of all sampling sites. Shown are means of all measurements 

taken during day and night. DICsw and Ωsw were calculated from measurements of pHsw and Alksw.

Location pHsw Alksw (μmol/kg) DICsw (μmol/kg) Ωsw 

Kiritimati Island Reef flat  7.98±0.18(2SD) 2256±42 (2SD) 1987±16 (2SD) 3.1±0.8 (2SD) 

Fore-reef 7.96±0.04 (2SD) 2258±16 (2SD) 1984±6 (2SD) 3.1±0.2 (2SD) 

Arno Atoll Reef flat  8.07±0.32 (2SD) 2250±140 (2SD) 1899±148 (2SD) 3.7±0.4 (2SD) 

Fore-reef 8.09±0.004 (2SD) 2185 1815 4.2 

Rarotonga Reef flat 8.15±0.24 (2SD) 2279±32 (2SD) 1899±204 (2SD) 4.2±1.8 (2SD) 

Fore-reef 8.12±0.04 (2SD) 2316 1955 4.0 

 

6.2.8.2 Spatial variations of reef flat environmental conditions 

Spatial variations of pHsw along transects were observed with a range in pHsw (∆pH) along transect BW-

T1 on BW reef flat on Arno Atoll of ∆pH = 0.09 during the day and ∆pH = 0.20 during the night (Figure 

6.10a). The mean range in pHsw (∆pH) observed long the three transects on BR reef flat on Rarotonga 

were ∆pH = 0.17±0.06 (2SD) during the day and ∆pH = 0.06±0.03 (2SD) during the night on (Figure 

6.10b-d). 
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Generally, a similar pattern to these observed on Kiritimati Island reef flats was observed on Arno Atoll 

and Rarotonga reef flats, with a higher diel pHsw range at sampling stations closer to the shore 

compared to sampling stations closer to the reef flat edge. Furthermore, similar to Kiritimati Island reef 

flats, abrupt changes in pHsw along transects were found (e.g. at station BW-T1 E or BR-T3-E, Figure 

6.10a, d). Seawater temperature (Figure 6.11) and parameters of the carbonate system (Figure 6.12) 

all showed broadly the same spatial pattern as pHsw with more extreme values towards the shore and 

more moderate values towards the edge of the reef flat. 

 

 

 

Figure 6.10 Transects of pHsw across 

BW and BR reef flat. Shown are day 

and night measurements of pHsw 

along transects on BW reef flat on 

Arno Atoll (a) and BR reef flat on 

Rarotonga (b, c, d). Averages of day 

and night measurements also shown. 
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Figure 6.11 Transects of Seawater 

temperatures across BW and BR reef 

flat. Shown are day and night 

measurements of temperature along 

transects on BW reef flat on Arno Atoll 

(a) and BR reef flat on Rarotonga (b, c, 

d). Averages of day and night 

measurements are also shown. 

 

 

 
 

Figure 6.12 Transects of carbonate system parameters across BW and BR reef flat. Shown are measurements 

of Alksw (a), DICsw (c) and Ωsw (e) along transects on BW reef flat on Arno Atoll and Alksw (b), DICsw (d) and Ωsw 

(f) along transects on BR reef flat on Rarotonga. Averages of day and night measurements are also shown. 
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6.2.9 Geochemistry 

6.2.9.1 Boron isotope analysis 

In microatoll Ar-BW from Arno Atoll, mean δ11B was 23.82±1.06 (2SD) ‰ that equates to pHcf = 

8.44±0.08 (2SD, Figure 6.13a). Overall the δ11B-derived pHcf record shows an increasing long-term 

trend of +0.0102±0.0043 (SE) ‰ year-1 (pHcf = +0.0007±0.0003 (SE) year-1). Analysis of the time series 

of de-trended (differenced) δ11B using ACF analysis revealed significant periodicities of 18, 23 and 41 

years (Figure 6.14e). 

In microatoll Ra-BR, mean δ11B was 23.41±1.68 (2SD) ‰ which equates to pHcf = 8.44±0.12 (2SD, 

Figure 6.13a). Overall δ11B has only a slightly increasing long-term of +0.0033±0.0073 (SE) ‰ year-1 

(pHcf = +0.0002±0.0005 (SE) year-1). 

 

6.2.9.2 Calcifying fluid carbonate chemistry proxies 

In record Ar-BW, mean B/Ca ratio is 436±52 (2SD) translating to a mean DICcf of 4585±472 (2SD) 

μmol/kg (Figure 6.13b), mean Alkcf of 5953±580 (2SD) μmol/kg (Figure 6.13c) and mean Ωcf of 19.0±2.8 

(2SD, Figure 6.13d). Overall, calcifying fluid carbonate system parameters are relatively stable with a 

weak decreasing trend in DICcf of -1.65±1.86 (SE) μmol/kg year-1 and an increasing trend in Ωc of 

+0.01±0.01 (SE) year-1. 

In record RA-BR, mean B/Ca is 447±62 (2SD) that translates to a mean DICcf of 4748±672 (2SD) 

μmol/kg (Figure 6.13b), mean Alkcf of 6050±752 (2SD) μmol/kg (Figure 6.13c) and mean Ωcf of 17.8±3.4 

(2SD, Figure 6.13d). Overall DICcf shows an increasing trend of +6.25±2.43 (SE) μmol/kg year-1. The 

calcifying fluid aragonite saturation state reveals an increasing trend of +0.03±0.01 (SE) year-1. 
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Figure 6.13 Results of δ11B and B/Ca analysis, and calcifying fluid carbonate chemistry. Shown are results of 

boron isotope (a) analysis as well as measurements of B/Ca ratios (b). Also shown are calculated parameters 

of the calcifying fluid carbonate system as pHcf (a), DICcf (b), Alkcf (c) and Ωcf (d). Note that the relationship 

between δ11B and B/Ca with pHcf and DICcf is different for both records due to different seawater temperatures 

at both sites that result in different values of p𝐾𝐾𝐵𝐵∗. Shown is actual data and smoothing (LOESS, bandwidth = 

0.5). Grey, vertical shading indicates major El Niño events.  
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Figure 6.14 Periodicities in δ11B and B/Ca of Arno Atoll and Rarotonga corals. Shown are de-trended 

(differenced) δ11B and B/Ca time series from records Ar-BW (a, c) and Ra-BR (b, d), as well as corresponding 

results of ACF analysis for Ar-BW (e, g) and Ra-BR (f, h). Blue dashed lines indicate confidence bands. 

 

6.2.9.3 Oxygen and Carbon Isotopes 

Oxygen isotope ratios are lower in record Ar-BW from Arno Atoll with mean δ18O = -5.58±0.56 (2SD) 

‰ compared to Ra-BR from Rarotonga with mean δ18O = -4.16±0.64 (2SD, Figure 6.15a). This points 

to higher paleo-temperatures on Arno Atoll compared to Rarotonga that is expected from historical SST 

data (Figure 6.4). Rainfall rates on Arno Atoll are higher than on Rarotonga and significantly higher than 

on Kiritimati Island (Figure 6.5). Thus, coral δ18O on Arno Atoll and Rarotonga are likely affected by the 

influx of isotopically lighter meteoric water and consequently, coral δ18O at these locations does not 

only reflect changes temperature but also changes in δ18Osw. 

Mean δ13C of Ar-BW is -1.61±1.00 (2SD) ‰ and mean δ13C of Ra-BR is -1.76±2.04 (2SD) ‰ (Figure 

6.15b). Both microatolls exhibit a constant decline in δ13C of -0.0196±0.0010 (SE) ‰ year-1 in Ar-BW 

and -0.0349±0.0019 (SE) ‰ year-1 in coral Ra-BR. The significant presence of the 13C Suess effect in 

both coral records suggests that the surface ocean around these locations has absorbed anthropogenic 

excess CO2 from the atmosphere (Swart et al. 2010). Furthermore, there is a significant positive 

excursion in Ar-BW δ13C between 67.0 cm from slab edge (1982) and 64.5 cm (1984) where mean δ13C 

is -0.88±0.30 (2SD) ‰. A similar positive excursion is found in Ra-BR δ13C approximately between 68.3 

cm (1977) and 64.1 cm (1980) from slab edge where mean δ13C is -1.31±0.60 (2SD) ‰. 
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De-trended time series of coral δ18O and δ13C (Figure 6.16a, b) in Ar-BW did not reveal significant 

periodicities (Figure 6.16c, d). Significant periodicities of 13 and 29 years was found in de-trended time 

series of Ra-BR δ18O (Figure 6.16c, g), but no significant periodicities on de-trended time series of δ13C 

(Figure 6.16d, h). 

 

Figure 6.15 Results of oxygen and carbon isotope analysis of Ar-BW and Ra-BR. Shown are δ18O (a) and δ13C 

(b) of record Ar-BW and Ra-BR. Grey shading indicates major El Niño events. Shown is smoothed data (LOESS, 

bandwidth = 0.5). Due to relatively high rainfall rates, coral δ18O on Arno Atoll and Rarotonga reflect changes in 

SSTs and δ18Osw. Thus, no paleo-SSTs were estimated from skeletal δ18O as done for corals from Kiritimati 

Island in chapter 5. 
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Figure 6.16 Periodicities in δ18O and δ13C of Arno Atoll and Rarotonga corals. Shown are de-trended 

(differenced) δ18O and δ13C time series from records Ar-BW (a, c) and Ra-BR (b, d), as well as corresponding 

results of ACF analysis for Ar-BW (e, g) and Ra-BR (f, h). Blue dashed lines indicate confidence bands. 

 

6.2.9.4 TE analysis 

Coral Ba/Ca is commonly used as a proxy for upwelling and sediment input (Timothée Ourbak et al. 

2006). The mean Ba/Ca ratio in Ar-BW is 3.59±0.70 (2SD) and in Ra-BR is 3.81±0.72 (2SD, Figure 

6.17e) which is relatively low compared to mean Ba/Ca ratios from corals from upwelling areas as 

record Ki-NP from Kiritimati Island (Figure 5.12e). This points to a relatively strong stratification of the 

surface ocean at both sites. 

The incorporation of TEs into the coral skeleton often follows ambient SSTs (see section 2.4.3). TE 

ratios between record Ar-BW and Ra-BR point to significantly higher paleo-temperatures on Arno Atoll 

compared to Rarotonga that is in agreement with δ18O and HadiSST data. In Ar-BW mean Li/Mg is 

1.53±0.18 (2SD, Figure 6.17c), mean U/Ca is 1106±86 (2SD, Figure 6.17d) and mean Sr/Ca = 

8.71±0.16 (2SD, Figure 6.17b). In Ra-BR Li/Mg is 1.79±0.22 (2SD, Figure 6.17c), mean U/Ca = 

1231.75±155.08 (2SD, Figure 6.17d) and mean Sr/Ca = 8.9±0.2 (2SD, Figure 6.17b). Time series of 

Li/Mg, U/Ca and Sr/Ca reveal a long-term decline indicative of 20th-century warming at both sites. 
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Figure 6.17 Results of TE analysis of records Ar-BW and Ra-BR. Results of trace element analysis of record 

AR-BW is indicated in green and Ra-BR in blue. Thick lines represent smoothed data (LOESS, bandwidth = 

0.5), and transparent lines the actual data. 

 

6.2.10 XRD-analysis 

Results of the XRD analysis of Ar-BW and Ra-BR showed that all samples consist of aragonite (Figure 

6.18). Only sample Ra-BR-36 showed a slightly elevated ratio between peak 29.5 and peak 26.2, as 

well as between peak 40 and peak 46 indicate the potential presence of some calcite (Table 6.2). 

Isotope or TE data from this interval of the record did not show any anomalies indicative of diagenesis 

such as the deposition of secondary calcite or aragonite (see 2.4.4). 
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Figure 6.18 Results of XRD analysis of microatolls Ra-BR and Ar-BW. Plots show the intensities of x-rays 

scattered (counts) against different angles (Position). The pattern observed is typically found in aragonite 

samples. 

 
 
Table 6.2 Ratios between peak 40/46 and 29.5/26.2 in XRD analysis. Elevated values are indicated with grey 

background shading. 

Sample ID Peak 40/46 Peak 29.5/26.2 

Ra-BR-11 0.053 0.0653 

Ra-BR-36 0.073 0.1606 

Ra-BR-55 0.058 0.0811 

Ar-BW-16 0.056 0.0839 

Ar-BW-58 0.053 0.0358 
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6.2.11 Calculation of paleo-pHsw 

Estimates of pHsw were calculated from δ11B-derived pHcf using the adjusted Hönisch et al. (2004) 

transfer function (Figure 6.19). For Arno Atoll, reconstructed pHsw in the most recent part of the record 

overestimates pHsw when compared to modern measurements (Table 6.1). In the case of Rarotonga, 

reconstructed pHsw from the most recent part of the record and modern measurements of pHsw are 

relatively similar. 

The long-term trends in pHsw estimated from microatoll pHcf for Arno Atoll and Rarotonga both indicate 

increasing pHsw levels over the 20th and 21st centuries (Figure 6.19). Thus, these trends in pHsw differ 

from the OA trend at ocean station ALOHA between 1989 and 2019 and the calculated OA trend from 

atmospheric CO2 during the same time interval as covered by the coral records (Table 6.3). However, 

for Rarotonga, the most recent interval of the record (since 1980) shows a declining trend (-

0.0039±0.0028 year-1) that levels off toward the present (Figure 6.19b). 

 

Table 6.3 Trend in pHsw for Arno Atoll and Rarotonga. Note that trends in pHsw calculated from the original and 

adjusted Hönisch et al., 2004 transfer functions are similar and indicated as Hönisch et al., 2004. 

 Trend in pHcf (pH units year-1) 

Arno Atoll (Ar-BW) +0.0014±0.0006 (SE) 

Rarotonga (Ra-BR) +0.0005±0.0010 (SE) 

HOT (1989 – 2019) -0.0017±0.0001 (SE) 

Atmospheric CO2 (1938-2019) -0.0011±0.0000 (SE) 
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Figure 6.19 Estimates of pHsw for Arno Atoll and Rarotonga. Estimates of are derived from pHcf of coral Ar-BW 

(a) and coral Ra-BR (b) using the adjusted Hönisch et al. (2004) pHcf-pHsw transfer function. Shown is smoothed 

data (LOESS, bandwidth = 0.5). Also shown is pHsw at ocean station ALOHA (HOT), expected trend of OA at 

Kiritimati Island based on the trend in atmospheric CO2 (Keeling / Law Dome) and pHsw measured in situ on the 

reef flat in this study (pHsw modern). 

 

6.2.12 Calcification rates 

The mean hypothetical calcification rate for AR-BW from Arno Atoll is 1.21±0.38 (2SD) g/cm2/year with 

an increasing long-term trend of +0.003±0.001 (SE) g/cm2year2 (Figure 6.20). Mean calcification rate 

of record RA-BR from Rarotonga is 0.60±0.22 (2SD) g/cm2/year with an increasing long-term trend of 

+0.002±0.001 (SE) g/cm2year2. The strong difference in means is primarily a result of the elevated SSTs 

on Arno Atoll compared to Rarotonga (Figure 6.4). No significant correlation was found between 

hypothetical calcification rate G and linear extension rates of record Ar-BW (r2 = 0.01, p = 0.69, n = 32) 

or Ra-BR (r2 = 0.01, p = 0.60, n = 23). 

 
Figure 6.20 Hypothetical calcification rate G calculated from Ωcf and SSTs. Shown is data of record Ar-BW and 

Ra-BR with smoothing (LOESS, bandwidth= 0.5). Grey shaded areas indicate years of major El Niño events. 
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6.3 Discussion 

6.3.1 Variability of reef flat pHsw 

The diurnal pHsw cycles observed on the reef flats at all three locations are of similar magnitude (Figure 

6.9), and the total average of reef flat pHsw appears to follow pHsw measured on the fore-reef at each 

location (Table 6.1). Also, spatial variations of pHsw, carbonate system parameters and seawater 

temperature observed at Arno Atoll and Rarotonga reef flats agree to patterns observed on Kiritimati 

Island. In particular, the diel pHsw and temperature ranges decrease from the shore towards the reef 

flat edge as the residence time of the reef water decreases further away from the shore and closer to 

the reef flat edge (Figure 6.21).  

 

Figure 6.21 Plots of diel range in pHsw (∆pHsw) and temperature (∆T) against distance to shore. Shown is the 

relationship between diel pHsw and temperature range with distance from shore on BW and BR reef flat. 

 

However, often the relationship between diel pHsw or temperature range with distance to shore is altered 

by other factors, which is evident from only weak or insignificant correlations between these parameters 

along many transects (Figure 6.21a, d, e, f, h). This is most likely a result of spatially varying 

hydrodynamic conditions, such as water depth, ponding or reefal flow patterns (see section 3.4.3). 

Areas with lower water levels tend to more extreme pHsw and temperature changes because smaller 

volumes of water concentrate the products of photosynthesis and calcification but also warm-up and 

cool down more rapidly. As a consequence, there is a strong positive correlation between pHsw and 
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seawater temperatures measured along transects (Figure 6.22). While water depth at a given location 

on the reef flat affects the diel range of seawater conditions, it exerts little influence on the daily 

averages. In contrast, the results of Chapter 3 indicated that altered daily averages of seawater 

conditions can occur at some locations on the reef flat due to ponding or modified flow patterns. 

 

Figure 6.22 Correlation between pHsw and temperature. The plot shows measurements of pHsw and seawater 

temperature measured along transects on Rarotonga and Arno Atoll reef flats, during the day and night. 

 

6.3.2 Seawater and calcifying fluid pH variability on BW and BR reef flat 

Despite the decline in skeletal δ13C (13C Suess effect, Figure 6.15) suggesting that the ocean water at 

Arno Atoll and Rarotonga has absorbed anthropogenic CO2 from the atmosphere (Dassié et al. 2013), 

both records do not show a long term decline in pHcf indicative of OA (Figure 6.19). In fact, pHcf in record 

Ar-BW and Ra-BR reveal increasing long-term trends similar to that observed in the microatoll record 

Ki-CP on Kiritimati Island (Figure 5.8) and which differ from the expected declining long-term trend in 

pHsw due to OA (Table 6.3).  

Of note, the high variability observed in the pHcf record of microatoll Ra-BR (Figure 6.12a) can potentially 

be explained by the enhanced seasonal variability of environmental conditions, as especially seawater 

temperature, at higher latitude compared to the sites on Arno Atoll and Kiritimati Island (Figure 6.4). 

Spatial variations in pHsw (Figure 6.10) and temperature (Figure 6.11) have been observed on BW and 

BR reef flat. Similar to Kiritimati Island, mean seawater conditions at the locations on the reef flats where 
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the corals grew can thus likely differ from mean ocean conditions. Furthermore, seawater conditions at 

a given location on the reef flat can also change through time due to changing reef flat geomorphology 

and hydrodynamics (see Figure 5.16). This has potentially contributed to the pHcf variability observed 

in the records. Hence, it is possible that the trends in pHcf recorded by microatoll Ar-BW and Ra-BR do 

not reflect open ocean conditions but rather changes in local conditions on the reef flat. 

However, the exact drivers of the observed variability and influence on long-term trends in pHcf of 

microatoll Ar-BW and Ra-BR are unclear. Historical SSTs, rainfall rates or sea-level variations for Arno 

Atoll and Rarotonga or geochemical temperature-proxies, that reflect local temperature variations at the 

sites the corals grew, reveal no statistically significant correlations with the δ11B-derived coral pHcf 

(Table 6.4). Only ratios of Li/Mg in record Ra-BR showed some correlation with pHcf (r2 = 0.43, p < 0.01, 

n = 23). Yet, increasing SSTs at Arno Atoll or Rarotonga cannot explain the increasing trend in microatoll 

pHcf as coral pHcf upregulation and ambient SSTs inversely correlate (Guo 2019). Thus, 20th-century 

warming at both locations that is evident from historical SSTs and geochemical proxies of microatoll Ar-

BW and Ra-BR predict a decline of coral pHcf, which is opposite from that observed. 

For microatoll Ra-BR that grew on a fringing reef of Rarotonga volcanic island, it is also possible that 

terrestrial runoff has temporarily affected reef seawater conditions. However, no evidence was found at 

the time fieldwork was undertaken, nor is the sampling location close to a river mouth or drainage. 

 

Table 6.4 Correlation between Arno Atoll and Rarotonga coral pHcf and other parameters. 

 Ar-BW pHcf 
(Arno Atoll) 

Ra-BR pHcf 
(Rarotonga) 

SST (°C) r2 = 0.00, p = 0.77, n = 32 r2 = 0.00, p = 0.75, n = 23 

Rainfall (mm) r2 = 0.02, p = 0.46, n = 32 r2 = 0.01, p = 0.65, n = 23 

Sea-level (mm) r2 = 0.01, p = 0.62, n = 20 r2 = 0.30, p = 0.08, n = 12 

δ18O (‰) r2 = 0.00, p = 0.81, n = 32 r2 = 0.03, p = 0.45, n = 23 

Li/Mg r2 = 0.07, p = 0.37, n = 32 r2 = 0.43, p < 0.01, n = 23 

Sr/Ca r2 = 0.10, p = 0.08, n = 32 r2 = 0.00, p = 0.99, n = 23 

U/Ca r2 = 0.15, p = 0.03, n = 32 r2 = 0.00, p = 0.87, n = 23 

B/Ca r2 = 0.00, p = 0.72, n = 32 r2 = 0.08, p = 0.18, n = 23 

Linear extension rate (cm/year) r2 = 0.00, p = 0.78, n = 32 r2 = 0.02, p = 0.51, n = 23 
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At all study sites sea-level showed an increasing long-term trend through the 20th and 21st century 

(Figure 6.6) and thus the flushing of the reef flats likely improved. Increasing water depth at the locations 

the microatolls grew would, in turn, lead to a declining diel range in pHsw and seawater temperature. 

Less extreme seawater conditions, in particular declining day time seawater temperatures, potentially 

induced an increase in microatoll pHcf. However, the lack of a significant correlation between local sea-

level rise and microatoll pHcf (Table 6.4) contradicts this hypothesis. Furthermore, the results of Chapter 

4 indicated that Porites lutea microatoll pHcf remains relatively stable throughout a diurnal cycle despite 

strong diurnal variability in reef flat pHsw and seawater temperatures. 

The state of the coral calcifying fluid carbonate system does reflect ambient environmental conditions 

but is largely modulated by physiological processes (McCulloch et al. 2017). Thus, it is also possible 

that the observed increasing long-term trends in microatoll pHcf may primarily reflect variations in coral 

physiological processes during growth and only secondarily changes in ambient pHsw or temperatures. 

Increasing trends in pHcf potentially indicate improving coral health. Indeed, hypothetical calcification 

rates for microatoll Ar-BW and Ra-BR estimated from Ωcf and SSTs on Arno Atoll and Rarotonga 

suggest enhancing coral calcification (Figure 6.20). 

It can be concluded that changes in local environmental conditions on reef flats likely override trends 

observed in the open ocean making the reef flat and its biota as Porites lutea microatolls less sensitive 

to OA. On reef flats, temporal and spatial variations of water levels have a strong impact on local 

seawater conditions, when compared to fore-reef environments. However, the exact drivers of the inter-

annual pHcf variability observed in reef flat microatolls and how microatoll pHcf is potentially linked to 

variations in water levels remain unclear. 

 

6.3.3 Inter-reef system pH variability 

Measurements of pHsw on Kiritimati Island, Arno Atoll and Rarotonga have confirmed that average pHsw 

on the reef flats at the locations the corals grew is close to those measured at the adjacent fore-reef 

(Figure 6.9) and that the observed pHsw differences between these locations follow the trend expected 

from the GLODAP dataset (2006, Figure 6.1). Results show that on Kiritimati Island reef flats pHsw is 
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lowest with 7.98±0.09 (2SD), intermediate on Arno Atoll with 8.07±0.16 (2SD) and highest on Rarotonga 

with 8.15±0.12 (2SD).  

However, boron isotope proxy derived pHcf of microatolls from these locations do not correlate with the 

pattern in pHsw between the locations (Figure 6.23a). This is the case for average pHcf observed in each 

coral record as well as for pHcf of the most recent annual bands that very likely have been growing 

under pHsw conditions as observed. For instance, the difference in mean pHcf between records Ki-CP 

from Kiritimati Island, Ar-BW from Arno Atoll and Ra-BR from Rarotonga is ∆pHcf ≤ 0.003 despite 

growing in seawater conditions with ∆pHsw = 0.17, and growing over a latitudinal range from 2°N 

(Kiritimati Island) over 7°N (Arno Atoll) to 21°S (Rarotonga), and more than 4400 km apart from each 

other. In contrast, mean pHcf between Ki-NP and Ki-CP, both microatolls from Kiritimati Island of similar 

age, is ∆pHcf = 0.05. Of note, higher seawater temperatures on Arno Atoll compared to the other sites 

(Figure 6.4) cannot explain the discrepancy between expected and observed means in coral pHcf as 

the temperature dependency of pHcf upregulation as described in Guo (2019) implies reduced pHcf in 

corals growing under elevated seawater temperatures. Notably, the mean pHcf in Ar-BW from Arno Atoll 

is elevated compared to the expected level in pHcf-upregulation based on the pHcf-pHsw dependency 

known from culturing experiments (Figure 6.23a). 

Indeed, results show that the intra-reef variability in coral pHcf in the same ocean region (i.e. Kiritimati 

Island) is higher than the variability observed between coral records from regions with different 

environmental conditions (i.e. between Arno Atoll and Rarotonga): The total variance in pHcf measured 

on Kiritimati Island record Ki-NP, Ki-CP and Ki-CP-FR is 0.0029, while the total variance in pHcf 

measured in record Ar-BW from Arno Atoll and Ra-BR from Rarotonga is 0.0022. 

However, mean pHcf of microatolls Ki-NP, Ki-CP-FR, and Ra-BR almost follow the pHsw sensitivity 

expected from culturing experiments (Figure 6.23a), and highest pHcf values are found in coral Ra-BR 

from Rarotonga with the highest ambient pHsw and lowest pHcf values Ki-NP from Kiritimati Island with 

lowest ambient pHsw. Furthermore, the outermost annual bands of Ki-NP, Ki-CP-FR, and Ra-BR reveal 

skeletal δ11B values that result in reconstructed pHsw close to modern pHsw measured on the reef flats. 

In can be concluded that pHcf upregulation in Porites lutea microatolls does not necessarily follow linear 

arrays as the pHsw sensitivity of pHcf upregulation known from culturing experiments such as in Hönisch 

et al. (2004) suggests (Figure 6.23a) and microatoll pHcf does not directly relate to pHsw conditions of 



Chapter 6 Microatoll calcifying fluid pH upregulation across Pacific Ocean pH gradients 

168 
 

the adjacent ocean (Figure 6.19). It is not clear if this is a result of the local modification of reef flat 

seawater conditions, such as the large diurnal variability (Figure 4.11a, Figure 6.9) and spatial 

variabilities (Figure 3.7, Figure 6.10, Figure 6.11), or the limited sensitivity of the coral calcifying fluid 

carbonate chemistry to ambient pHsw (Figure 4.4, Figure 4.11b). 

 

 
 
Figure 6.23 Comparison of microatoll pHcf from three Pacific locations. Microatoll record pHcf (y-axis) plotted 

against modern average pHsw (x-axis) measured at the sites the corals grew on the reef flats (a). Horizontal bars 

indicate average pHcf of a coral record. The size of each point indicates the age of a sample with point size 

decreasing with age. The thin diagonal line indicates the relationship between pHcf and pHsw as expected from 

adjusted Hönisch et al. (2004) pHcf-pHsw transfer function, and more transparent diagonal lines indicate general 

sensitivity of pHcf to ambient pHsw expected from Hönisch et al. (2004). Records from Kiritimati Island are shown 

in a separate box as they over-plot in the main graph. Past and future evolution of ocean acidification at each 

site (b) assuming trends in pHsw are globally similar: Preindustrial indicates modeled ∆pHsw since 1850 (Rhein 

et al. 2013), 1989 (HOT) indicates ∆pHsw as measured at ocean station ALOHA since 1989 (John E. Dore et al. 

2009), 2100 (RCP2.6/8.5) indicate expected ∆pHsw in 2100 from CMIP5 Earth System models with “best” 

(RCP2.6) and “worst” (RCP8.5) case scenario (Ciais et al. 2013). 
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6.3.4 Microatoll resilience to ocean acidification 

As explained above several of the long-term trends reconstructed in microatoll pHcf did not appear to 

follow the acidification of the open ocean (see 5.4.2 and 6.3.2) and also pHcf in microatolls from different 

sites in the Pacific did not conform to the differences in ocean pH between these sites (see Figure 6.23). 

These findings have implications for assessing Porites  lutea microatoll resilience to OA. 

The difference in pHsw between Kiritimati Island and Rarotonga is ~ ∆pHsw = 0.17 and thus higher than 

the estimated drop of pHsw due to OA since the beginning of fossil fuel combustion with ∆pHsw = 0.1 

(Rhein et al. 2013), higher as the measured decline in pHsw at ocean station ALOHA since 1989 with 

∆pHsw = 0.06 (John E. Dore et al. 2009), and also higher than the estimated future decline of pHsw from 

CMIP5 models following RCP2.6 with ∆pHsw = 0.07and RCP4.5 with ∆pHsw = 0.15 by 2100 (Ciais et al. 

2013, Figure 6.23b). Hence, the observation that at all three locations in the Pacific microatolls with 

very similar pHcf were found suggests that Porites lutea microatolls have likely not been largely affected 

by OA. 

More important to coral calcification than pH is the aragonite saturation state of seawater and the 

calcifying fluid as they determine the coral’s ability to calcify. (Burton and Walter 1987, Gattuso et al. 

1998, Ross et al. 2017). The state of Ωsw between the three Pacific sites followed the gradient observed 

in pHsw with lowest Ωsw on Kiritimati Island with 3.1±0.4 (2SD), intermediate on Arno Atoll with 3.7±0.2 

(2SD) and highest on Rarotonga with 4.1±0.9 (2SD, Figure 6.24a). Thus, the difference between mean 

Ωsw on reef flats on Kiritimati Island and Rarotonga is ∆Ωsw = 1.0 that is significantly higher than the 

decline of Ωsw measured at ocean station ALOHA since 1989 of ∆Ωsw = 0.25, and only slightly below 

the estimated decline in ∆Ωsw = 1.34 between conditions of the pre-industrial ocean with pCO2 = 280 

ppm and future ocean with pCO2 = 560 ppm (Ciais et al. 2013, Figure 6.24b). However, microatoll Ωcf 

does not follow the gradient in Ωsw observed between these sites and was always upregulated far from 

the dissolution threshold Ωcf = 1 (Figure 6.24a). On Kiritimati Island mean Ωcf varied between 17.0±2.8 

(2SD) in KI-CP-FR, 17.5±3.0 (2SD) in Ki-NP and 19.2±2.4 (2SD) in KI-CP. Mean Ωcf of Ar-BW from 

Arno Atoll was 19.0±2.6 (2SD) and mean Ωcf in Ra-BR from Rarotonga was 17.8±3.4 (2SD). Assuming 

that Ωcf is linked to coral calcification, these observations suggest that microatoll calcification rates have 

likely not been impacted by declining reefal Ωsw as a consequence of anthropogenic OA.  
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Figure 6.24 Comparison of microatoll Ωcf from three Pacific locations. Microatoll record Ωcf (y-axis) plotted 

against modern average Ωsw (x-axis) measured at the sites the corals grew (a). Horizontal bars indicate average 

Ωcf of a coral record. The size of each point indicates the age of the sample with point size decreasing with age. 

Records from Kiritimati Island are shown in a separate box as they over-plot in the main graph. Note that the 

scale of the y-axis is twice that of the x-axis. Estimated global ocean Ωsw (b) at preindustrial atmospheric [CO2] 

levels of 280 ppm and expected future Ωsw when atmospheric [CO2] levels have reached 560 ppm (Ciais et al. 

2013). Also shown is observed decline in Ωsw since 1989 at ocean station ALOHA (John E. Dore et al. 2009). 

 

Hypothetical calcification rates estimated from coral Ωcf on Kiritimati Island revealed a declining trend 

(Figure 5.15), while hypothetical calcification rates from corals from Arno Atoll and Rarotonga improved 

throughout the record (Figure 6.20). It is unclear if the calcifying fluid carbonate chemistry parameters 

reflect coral health or calcification (Von Euw et al. 2017). However, assuming that Ωcf drives coral 

calcification, the declining hypothetical calcification rates on Kiritimati Island are likely induced by 
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increasing thermal stress in the equatorial central Pacific (Hughes et al. 2017b, Magel et al. 2019) that 

is less prominent on Arno Atoll or Rarotonga (Sasaki et al. 2000, Beger et al. 2008). 

In conclusion, microatolls did not show a clear sensitivity in pHcf to variations in pHsw as observed 

between the study sites although these variations exceed that due to anthropogenic OA. This is either 

a result of the modification of seawater conditions by the low water levels on the reef flat compared to 

the open ocean or due to the coral’s physiological control on the calcifying fluid carbonate chemistry. 

Microatolls modify their pHcf and Ωcf as they live in an environment with dynamic pHsw conditions and 

are exposed to low pH water on the reef flat for multiple hours every night (Figure 6.9). Nevertheless, 

increasing atmospheric CO2 concentrations in the future may potentially decrease ocean pHsw beyond 

that naturally experienced by microatolls as projections from CMIP5 models following RCP8.5 with 

∆pHsw = 0.31 by 2100 suggest (Ciais et al. 2013, Figure 6.23b). Hence, ongoing OA under increasing 

atmospheric CO2 concentrations in the future will likely exceed a pHsw threshold after that Porites cannot 

maintain favourable calcifying fluid carbonate chemistry conditions, ultimately leading to the 

deterioration of coral calcification (Pelejero et al. 2010). Culturing experiments growing corals at low 

pHsw (~ 7.4) have shown that such a pHsw threshold exists (Fine and Tchernov 2007), although results 

of these study indicate that this threshold is located well below pHsw levels corals experience in their 

natural environment today. 

  



Chapter 6 Microatoll calcifying fluid pH upregulation across Pacific Ocean pH gradients 

172 
 

6.4 Conclusions 

Geochemical records from Porites lutea microatolls, such as Ar-BW from BW reef flat on Arno Atoll and 

Ra-BR from BR reef flat on Rarotonga, both showed an increasing long-term trend in pHcf of 

+0.0007±0.0003 year-1, +0.0002±0.0005 year-1 respectively. These trends do not align with OA trends 

as for instance recorded at ocean station ALOHA (-0.0017±0.0001 (SE) year-1) or that inferred from the 

increase in atmospheric CO2 (-0.0011±0.0000 (SE) year-1). 

Furthermore, mean microatoll pHcf and Ωcf between Rarotonga, Arno Atoll and Kiritimati Island did not 

appear to follow the gradient in pHsw and Ωsw observed between these locations, although pHsw and Ωsw 

between Kiritimati Island and Rarotonga with ∆pHsw = 0.17 and ∆Ωsw = 1.0 exceed the decline in pHsw 

since the beginning of the industrial era with ∆pHsw = 0.10 or the decline in pHsw and Ωsw as measured 

at ocean station ALOHA since 1989 with ∆pHsw = 0.06 and ∆Ωsw = 0.25.  

Hence, the state of the Porites lutea microatoll calcifying fluid carbonate system does not appear to 

directly follow ocean pHsw conditions. Likely, the strong local variability in seawater conditions on reef 

flats and limited sensitivity of Porites lutea pHcf to ambient pHsw mask the OA trend observed in the 

open ocean. However, the exact drivers of the observed inter-annual microatoll pHcf variability are 

unclear. It is possible that changing reef flat hydrodynamics, such as improving flushing of the reef flats 

due to local sea-level rise, may have resulted in less extreme seawater conditions, finally leading to 

increasing pHcf long-term trends as observed. It is also possible that the variability in pHcf rather reflects 

changes in microatoll calcification than ambient seawater conditions. 

Regardless, these findings imply that for most Porites lutea microatolls anthropogenic OA has likely not 

resulted in a decline of pHcf. However, future ongoing OA can potentially result in pHsw levels that 

eventually impact microatoll calcification and health. 
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Chapter 7 Discussion and conclusions 

7.1 Introduction 

This chapter summarises the results of this study, which are then discussed in the context of previous 

studies. In particular, findings are synthesised to assess the capability of coral microatolls to record 

paleo-ocean pH and evaluate the sensitivity of coral pHcf upregulation to OA. 

The primary goal of this research was to reconstruct paleo-pHsw using boron-isotope analysis of coral 

records covering the 20th and 21st centuries for the tropical central and western Pacific, as well as 

subtropical South Pacific Ocean. However, skeletal δ11B from microatolls does not directly reflect ocean 

pH. Instead, physiological processes modify the pH of the coral calcifying fluid (pHcf) and environmental 

processes influence pHsw on the reef flat. Thus, all processes that are involved in the formation of 

microatoll δ11B need to be determined and quantified in order to enable the interpretation of this proxy 

(Proxy calibration). These goals were approached in a sequential manner: First, the environmental 

properties that characterise and influence temporal and spatial variability and difference to open ocean 

seawater were evaluated (Chapter 3). Second, microatoll pHcf inferred from skeletal δ11B was compared 

to ambient environmental conditions including pHsw to evaluate the physiological modification of pHcf 

from ambient pHsw (Chapter 4). Thereafter, the δ11B-pH proxy was applied to construct multi-decadal 

coral records to reconstruct past variations in pHcf with implications for paleo-ocean pH and coral 

response to OA (proxy application). Boron isotope-pH records from two microatolls and one from a 

domal fore-reef coral were analysed. Comparison between these records allowed quantification of the 

intra-reef variability in coral pHcf and to assess if reef flat microatoll δ11B records differ from similar 

records from fore-reef domal corals (Chapter 5). Finally, microatoll δ11B-pH records from reef flats on 

Arno Atoll and Rarotonga were analysed. Comparison of these records with those from Kiritimati Island 

aimed to evaluate the sensitivity of microatoll pHcf to differing environmental conditions over large 

latitudinal and pHsw gradients, and assess the effect of OA on microatolls from reef flats across the 

Pacific (Chapter 6). 
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7.2 Research outcomes 

7.2.1 Kiritimati Island reef system seawater pH variability 

The objective of chapter 3 was to explore the dynamics in pHsw that exist on coral reefs, at Kiritimati 

Island in the central Pacific. This included temporal variations ranging from the diurnal pHsw-cycle to 

seasonal variations, and spatial variations within a reef flat, between reef flats, or between reef flat and 

fore-reef. Results of this chapter form the fundamentals for interpreting measurements of Porites lutea 

microatoll δ11B as a proxy for ocean paleo-pH. Therefore, 6 months of highly resolved (30 minutes) 

recordings of pHsw and one year of similar recordings of temperature, salinity and water depth on CP 

reef flat were analysed and compared with recordings of pHsw, temperature, salinity and water depth 

from the fore-reef over a 9 days period. Furthermore, measurements of highly resolved (0.3 meters) 

spatial variations of similar environmental parameters along transects from the shore to the reef flat 

edge on CP and NP reef flat on Kiritimati Island were examined. 

Specific sub-objectives were to: 

1a.  Quantify temporal variations of reef flat pH and its interrelation with variations of 

seawater temperatures, salinity and water depth 

1b.  Quantify spatial variations of reef flat pH and its interrelation with variations of seawater 

temperatures, salinity and water depth 

1c. Compare measurements of seawater chemistry between reef flat and fore-reef to 

quantify the linkage and modifications between reef flat and open ocean  

Average pHsw recorded on CP reef flat between 4th May 2017 and 25th May 2018 was 7.98±0.18 (2SD), 

although with a gap in the record between the 6th September 2017 and 9th March 2018. Latter confirms 

that the eastern equatorial Pacific at Kiritimati Island has one of the lowest ocean pH levels in the 

tropical and subtropical Pacific. Averages of day and night measurements on CP reef flat showed that 

on Kiritimati Island Alksw is 2256±42 (2SD) μmol/kg, DICsw is 1987±106 (2SD) μmol/kg and Ωsw is 

3.1±1.6 (2SD). No significant seasonal variation in pHsw was found, although pHsw was slightly reduced 

in spring 2018 (∆pH = 0.04) that can be attributed to rainfall-induced freshwater influx accompanied by 

low salinity levels (r2 = 0.56, p < 0.01, n = 179). Seasonal variations in seawater temperature (∆3.9 °C) 

did not correlate with measurements of pHsw. On CP reef flat a large diurnal pHsw cycle was observed 

with a mean diel range of ∆pH = 0.29±24 (2SD), a maximal pHsw measured during the day of 8.37 and 
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a minimum measured during the night of 7.65 (both measured on 4th April 2018). The amplitude of these 

cycles was primarily modulated by the tides with an enhanced diel pHsw range at shallower water levels. 

Thus, daily maxima and minima of pHsw oscillated following the recurrence of spring tides every 15 

days, half synodic month respectively. 

Along cross-reef transects, pHsw varied on average by ∆pH = 0.07±0.06 (2SD). It was shown that 

variations in benthic community composition had no measurable effect on local pHsw. Moreover, tidally 

modulated hydrodynamics in combination with reef flat topography were identified as possible 

influencing controls on spatial variations in pHsw. As a result of reduced flushing (longer seawater 

residence time), the diel range in pHsw and other carbonate system parameters was generally elevated 

closer to the shoreline and lower at the outer reef flat edge. These processes had a minor impact on 

the daily average pHsw on the reef flat. Contrary, spatial variations in pHsw due to ponding and reefal 

flow patterns may potentially alter daily averages in pHsw at a given location. However, it may be noted 

that at the locations both microatolls Ki-NP and Ki-CP grew, modern seawater conditions appeared well 

flushed. Although CP and NP reef flat on Kiritimati island differ regarding geomorphological conditions 

with NP reef flat being the deeper (∆depth = 0.25 m) reef flat, and benthos community composition with 

CP reef flat exhibiting more non-calcifying algae (∆benthos cover = 23%) and NP reef flat more 

unconsolidated sediment (∆ benthos cover = 18%), both reefs revealed a similar average pHsw.  

Average carbonate system parameters recorded on CP fore-reef between the 8th May and 5th June 

2018 were similar to averages recorded on the reef flat during a 9 days period before shifting the 

SeaFET pH-sensor to the fore-reef with ∆pHsw = 0.02, ∆Alksw = 2 μmol/kg, ∆DICsw = 3 μmol/kg and ∆Ωsw 

= 0.0. The average diel pHsw range at 6.6 m water depth rel. to MSL, on the fore-reef was with ∆pH = 

0.07 notably lower than on the reef flat with ∆pH = 0.29. Likely, further offshore at deeper water the diel 

pHsw range diminishes further that is supported by previous studies (e.g. Cryonak et al. 2019). Thus, 

daily averages of reef flat and fore-reef pHsw are likely determined by conditions of the open ocean off 

reef. Averages of temperature and salinity measurements between the reef flat and fore-reef were very 

similar with a difference of ∆temperature = 0.01°C and ∆salinity = 0.1 PSU.  
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7.2.2 Controls on Porites lutea microatoll calcifying fluid pH 

Chapter 4 examined the physiological modification of the coral calcifying fluid carbonate chemistry in 

comparison to ambient seawater conditions. Coral pHcf was calculated from skeletal δ11B measured 

along the growth axis of one year of coral growth with solution of samples and in situ LA-ICP-MS. 

Results were compared to synchronous measurements of ambient environmental conditions. 

Furthermore, the high sampling resolution allowed us to study spatial δ11B heterogeneities in the coral 

skeleton macrostructure. 

Specific sub-objectives were to: 

2a.  Resolve the offset between reconstructed coral pHcf and reef flat pHsw 

2b.  Identify the drivers of calcifying fluid carbonate chemistry 

2c.  Develop methods to estimate ambient pHsw from coral pHcf 

Average parameters of the calcifying fluid carbonate system as calculated from δ11B and B/Ca ratios in 

the annual band analysed were pHcf = 8.35±0.12 (2SD), Alkcf =5613±1126 (2SD) μmol/kg, DICcf = 

4546±988 (2SD) μmol/kg and Ωcf = 14.8±3.2 (2SD), thus clearly elevated above seawater conditions 

(pHsw = 7.98±0.18 (2SD), DICsw = 1987±116 (2SD) μmol/kg, Alksw = 2256±42 (2SD) μmol/kg, Ωsw  = 

3.1±0.8 (2SD)). Consequently, the offset between pHsw and pHcf was 0.37. 

Heterogeneities of δ11B in the coral skeleton detected by LA-ICP-MS indicate that the level of pHcf 

upregulation varies spatially within the skeleton with the tendency of lower pHcf in denser macro-

structural components such as theca walls. 

No significant correlation was established between seasonal variations in pHcf with ambient pHsw. 

Instead, variations of pHcf showed the highest correlation with ambient seawater temperature (r2 = 0.58. 

p < 0.01, n = 10). Application of the numerical model of Guo (2019) further indicated that this 

temperature dependency likely results from the temperature dependency of the inorganic CaCO3 

precipitation rate. However, as pHsw was nearly stable throughout the monitoring period, it is still 

possible that more pronounced changes in ambient pHsw can affect pHcf. 

To estimate of paleo-pHsw from skeletal δ11B as performed in the following chapters, the pHcf-pHsw 

transfer function derived from a culturing experiment in Hönisch et al. (2004) was calibrated to the 

results of this study. Furthermore, to incorporate the temperature dependency of pHcf-upregulation into 
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estimations of pHsw from pHcf, the numerical model of Guo (2019) predicting pHsw from pHcf and 

seawater temperature was tuned against the results of this study. These results were used in 

subsequent chapters. 

 

7.2.3 Intra-reef variability in Porites lutea calcifying fluid pH upregulation 

In chapter 5 records of pHcf spanning the second half of the 20th century were constructed, from corals 

growing in different environments of the Kiritimati Island reef system in the equatorial central Pacific. In 

particular, δ11B records were constructed from microatolls on Cecile Peninsula and Northeast Point reef 

flat, as well as from a domal coral from CP fore-reef. In order to estimate paleo-pHsw from these records, 

calibrations derived in chapter 4 were applied.  

Specific objectives were to: 

3a.  Compare multi-decadal δ11B-pH records from reef flat microatolls and a domal fore-

reef coral 

3b.  Compare proxy records with instrumental records 

3c.  Explore drivers of spatial and temporal reef system pH variability 

Records of δ11B derived pHcf from both microatolls from CP and NP reef flat, as well as the domal coral 

Ki-CP-FR from CP fore-reef show differences. Microatoll Ki-NP revealed an average pHcf of 8.39±0.12 

(2SD) with a strongly declining long-term trend of -0.0030±0.0005 (SE) year-1 between 1965 and 2016. 

Microatoll Ki-CP that covers a similar period between 1970 and 2017 exhibits a mean pHcf of 8.44±0.12 

(2SD) and an increasing long-term trend of +0.0003±0.0004 (SE) year-1. Mean pHcf recorded by fore-

reef coral Ki-CP-FR is 8.37±0.06 (2SD) with a moderately declining long-term trend of -0.0003±0.0009 

(SE) year-1 between 1985 and 2012. Calculation of paleo-pHsw by applying the adjusted Hönisch et al. 

(2004) pHcf-pHsw transfer function resulted in an estimated trend in pHsw of -0.0063±0.0010 (SE) year-1 

for record Ki-NP, +0.0007±0.0009 (SE) year-1 for Ki-CP and -0.0007±0.0019 (SE) year-1 for Ki-CP-FR. 

As only the fore-reef core Ki-CP-FR revealed a trend in pHsw that is close to open ocean acidification 

(HOT: -0.0018 year-1, global average: -0.0014 year-1) and because of the large discrepancy between 

both microatoll records, it is concluded that only the fore-reef core has recorded ocean conditions. In 

contrast, the microatoll pHcf records reflect not only seawater conditions off reef but also reef flat 
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seawater conditions that are spatially and temporally highly variable and can deviate from the open 

ocean. 

Assuming fore-reef core Ki-CP-FR recorded open ocean conditions, this pHcf record suggests that in 

the equatorial central Pacific pHsw has declined relatively slowly compared to the global average. This 

can potentially be explained by reduced upwelling of carbon enriched deep waters a result of a 

strengthening in El Niño conditions since the mid-20th century that has mitigated ocean acidification. 

However, this proposed link between ocean pH variability and ENSO lacks confirmation by instrumental 

records. 

 

7.2.4 Microatoll calcifying fluid pH upregulation across Pacific Ocean pH gradients 

Chapter 6 constructed δ11B-pH records from microatolls from Arno Atoll in the western Pacific and 

Rarotonga from the subtropical South Pacific. Temporal and spatial variations in pHsw on the reef flats 

of both locations were also quantified. Results of δ11B analysis of microatoll records were compared to 

each other, with the records from Kiritimati Island, as well as to instrumental and model data. Kiritimati 

Island, Arno Atoll and Rarotonga are characterized by different climatic and oceanographic conditions. 

In particular, ocean pH levels between these locations largely vary with pHsw = 7.98±0.09 (2SD) on CP 

reef flat on Kiritimati Island, pHsw = 8.07±0.32 (2SD) on BW reef flat on Arno Atoll and pHsw = 8.15±0.24 

(2SD) on BR reef flat on Rarotonga. Thus, a comparison of records allowed assessment of the 

differences in microatoll pHcf to their ambient environment over large ocean pH gradients, the sensitivity 

of pHcf to other environmental parameters, and examination of trends in calcifying fluid carbonate 

chemistry in different Pacific Ocean regions under anthropogenic OA. 

Specific objectives were to: 

4a.  Quantify the temporal and spatial pHsw variability on reef flats on Arno Atoll (Republic 

of Marshall Islands) and Rarotonga (Cook Islands) 

4b.  Compare centennial-scale microatoll δ11B–pH records at locations across the Pacific 

with instrumental records and model data 

4c. Explore drivers of spatial and temporal patterns in microatoll δ11B-derived paleo-pH 

across the Pacific and under anthropogenic ocean acidification 



Chapter 7: Discussion and conclusions 
 

179 
 

Diurnal pH cycles observed on the reef flats at the study sites had a comparable maximal amplitude 

with ∆pHsw = 0.66 on Arno Atoll and ∆pHsw = 0.44 on Rarotonga, compared to ∆pHsw = = 0.72 on Kiritimati 

Island. Also, spatial variations in pHsw were observed along transects on all reef flats. On BW reef flat 

on Arno Atoll pHsw varied on average ∆pH = 0.09 during the day and ∆pH = 0.2 during the night. On BR 

reef flat on Rarotonga pHsw varied ∆pH = 0.17±0.06 (2SD) during the day and ∆pH = 0.06±0.03 (2SD) 

pH during night. On Kiritimati Island pHsw ranged between ∆pH = 0.06±0.06 (2SD) during the day and 

∆pH = 0.12±0.12 (2SD) during night on NP reef flat and ∆pH = 0.08±0.06 (2SD) during the day and 

0.06±0.06 (2SD) during the night on CP reef flat. At all locations, measurements on the fore-reef were 

relatively similar to those on the reef flat indicating that average seawater conditions on the reef flats 

are determined by open ocean conditions. 

Mean pHcf derived from skeletal δ11B in microatoll Ar-BW from Arno Atoll was 8.44±0.08 (2SD) with an 

increasing long-term trend of +0.0007±0.0003 year-1 between 1939 and 2017. In microatoll Ra-BR, 

mean pHcf was 8.44±0.12 (2SD) with a long-term trend of +0.0002±0.0005 year-1. 

Although Kiritimati Island, Arno Atoll and Rarotonga cover a gradient in ocean pH of ∆pHsw = 0.17, 

microatolls Ar-BW from Arno Atoll (8.44±0.08 (2SD)), Ra-BR from Rarotonga (8.44±0.12 (2SD)) and 

Ki-CP from Kiritimati Island (8.44±0.06 (2SD)) exhibit a very similar mean pHcf. Noticeably, the 

difference in pHsw between these locations exceeds the decline in pHsw due to anthropogenic OA with 

∆pHsw = 0.1 or the decline in pHsw a measured at ocean station ALOHA since 1989 with ∆pHsw = 0.06. 

Hence, coral pHcf does not appear to directly follow ocean pHsw conditions. This is either a result of the 

strong local variability in seawater conditions on reef flats or limited sensitivity of microatoll pHcf to 

ambient pHsw. Regardless, results imply that OA in the 20th and 21st centuries had only little effect on 

microatoll pHcf upregulation. 

It is hypothesized that changes in local seawater conditions at the sites on the reef flats where the corals 

grew had the strongest influence on microatoll pHcf rather than ocean conditions. In chapter 3 it was 

shown that dynamics in pHsw or seawater temperatures are enhanced and more variable on reef flats 

compared to the fore-reef due to the shallow water levels. In particular, variations in reef flat 

hydrodynamics, such as deepening or shallowing, changes of reefal flow patterns or ponding at low tide 

may affect the ambient seawater conditions microatolls record in their skeleton.  
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7.3 Comparison to previous studies 

This study is novel compared with existing studies in several ways. First, this was the first detailed 

examination of microatolls growing on intertidal reef flats for potential δ11B based reconstructions of 

pHsw. Existing studies typically use domal corals located in fore-reef environments. Microatolls and reef 

flat environments have received little attention regarding their natural variability in pHcf and their 

response to OA. Second, this is the first study to analyse century-scale δ11B records across large 

gradients in pHsw. This study presents coral records derived from the lowest latitudes, as well as the 

highest ocean pHsw and sea surface temperatures among all existing δ11B records (Figure 7.1, Figure 

7.2). Third, this study presents the first coral δ11B-pH records covering the 20th and 21st century for the 

central and western equatorial Pacific and central South Pacific. 

 

Figure 7.1 Field locations of previous and this study. Map showing sea surface pH calculated from GLODAP 

(2016) and locations of corals δ11B-pH records covering the 20th and 21st centuries. Location of ocean stations 

ALOHA and BATS are also shown. 

 

Calcifying fluid pH was recalculated from δ11B for all existing coral boron isotope record covering the 

20th and 21st centuries, incorporating HadISST temperature data (Rayner et al. 2003) to calculate site-

specific values of the boron dissociation constant 𝐾𝐾𝐵𝐵∗. As previous studies have rarely measured pHsw 

at the site from where the coral records were derived, pHsw was calculated from the GLODAP pCO2 

and DIC data (GLODAP 2016) using the R package “seacarb” (Gattuso et al. 2019). For the sites of 



Chapter 7: Discussion and conclusions 
 

181 
 

this study, these calculations result in a pHsw of 8.03 for Kiritimati Island, 8.08 for Arno Atoll and 8.13 

for Rarotonga, compared to in situ measurements of pHsw = 7.98±0.12 (2SD) on Kiritimati Island, pHsw 

= 8.07±0.32 (2SD) on Arno Atoll and pHsw = 8.15±0.24 (2SD) on Rarotonga, implying that these 

estimations are relatively precise, especially on an ocean basin scale. 

Comparison of mean pHcf, from records presented in existing and in this study, with ocean pHsw from 

where these records were derived (Figure 7.2a) revealed a regression that is very close to that observed 

in culturing studies (Hönisch et al. 2004, Krief et al. 2010) or corals growing along natural pHsw gradients 

(Wall et al. 2016). This supports that the calcifying fluid originates from ambient seawater and thus 

partly still reflects its chemical composition. However, the regression exhibits only a weak correlation 

(r2 = 0.16, p = 0.09, n = 20) and large variabilities in pHcf exist between corals growing under similar 

pHsw conditions and between measurements of pHcf in the same coral (Figure 7.2a). This demonstrates 

the strong effect physiological modification and local variability in ambient environmental conditions 

may have on the state of the calcifying fluid chemistry, as suggested in chapters 5 and 6.  

 

Figure 7.2 Relationship between coral pHcf with pHsw, latitude, and SSTs. Shown are plots of average coral pHcf 

of previous studies (domal corals) and this study (microatolls) against modern pHsw (a), latitude (b) and seawater 

temperature (c). In (a) greyed dashed lines represent the expected relationship between pHcf and pHsw from 

culturing experiments and field studies. 

 

Average coral pHcf of previous studies and this study show a relatively high correlation with latitude (r2 

= 0.5, p < 0.01, n = 25, Figure 7.2b). This correlation is most likely a result of insolation declining from 

the equator polewards that induces a similar latitudinal gradient in SSTs (Li et al. 2018). Similarly, 
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temperature correlates with coral pHcf (r2 = 0.36, p < 0.01, n = 25, Figure 7.2c) that validates that pHcf 

upregulation is primarily dependant on seawater temperatures rather than ambient pHsw (Ross et al. 

2019), which is supported by results of chapter 4. 

Reconstructed long-term trends in pHcf from microatolls are different from those derived from domal 

corals in previous studies (Figure 7.3, Table 7.2, Table 7.3). On average all corals of previous studies 

and this study show a declining pHcf long-term trend of -0.0006±0.0002 (SE) year-1. However, results in 

this study show increasing long-term trends in pHcf in record Ki-CP from Kiritimati Island 

(+0.0003±0.0004 (SE) year-1), Ar-BW from Arno Atoll (+0.0007±0.0003 year-1) and Ra-BR from 

Rarotonga (+0.0002±0.0005 year-1). In contrast, the declining pHcf trend found in microatoll Ki-NP from 

Kiritimati Island (-0.0030±0.0005 (SE) year-1) is the second-fastest decline ever observed (see Table 

7.2, Table 7.3). Fore-reef core Ki-CP-FR from Kiritimati Island shows a moderate declining trend (-

0.0003±0.0009 (SE) year-1). No significant correlations between pHcf long-term trends with ocean region 

pHsw, seawater temperatures, latitude or long-term trends in seawater temperatures were found (Table 

7.1). There is also no clear spatial pattern in pHcf decline. Corals from similar ocean regions (Figure 

7.3) show some significantly different trends with for instance corals from Belize (Figure 7.3e) varying 

between -0.0008±0.0002 (SE) year-1 and -0.0001±0.0002 (SE) years-1 (Fowell et al. 2018) or from the 

South China Sea (Figure 7.3a) varying between -0.0009±0.0002 (SE) year-1 and -0.0002±0.0002 (SE) 

years-1 (Liu et al. 2013, Wei et al. 2015). In the Pacific, pHsw trends estimated from coral pHcf are, 

depending on how pHsw is calculated, on average either -0.0014 years-1 (Hönisch et al. 2004) or -0.0020 

year-1 (Krief et al. 2010) that is below or above the OA trend measured at ocean station ALOHA (-

0.0018 year-1, Table 7.2). In the Atlantic, corals from Bermuda and Belize suggest an average a 

declining pHsw trend of -0.0008 years-1 (Hönisch et al. 2004) to -0.0012 years-1 (Krief et al. 2010), both 

clearly below that measured at ocean station BATS at Bermuda with -0.0014 years-1 or ocean station 

EUSTAC at the Canary Island with -0.0024 years-1 (Ciais et al, 2003, Table 7.3). 
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Table 7.1 Correlation between trends in pHcf records with various environmental parameters. These environmental 

parameters are pHsw calculated from GLODAP data, SSTs and SSTs long-term trends derived from HadiSST, and 

latitude of the site the coral record was collected. 

 pHsw SSTs (°C) Latitude (°) SSTs (°C / year) 

pHcf  
(pH units year-1) 

r2 = 0.14 
p = 0.10 

n = 20 

r2 = 0.00 
p = 0.98 

n = 25 

r2 = 0.01 
p = 0.67 

n = 25 

r2 = 0.04  
p = 0.33  

n = 25 

 

 

Figure 7.3 Long-term trends of pHcf in previous studies and this study. Record are grouped by ocean region: 

North-West Pacific (a), northern Great Barrier Reef (b), other locations in Australia (c), Central Pacific (d) and 

Atlantic (e). Note that record from Arno Atoll was plotted along with “Central Pacific” corals although located 

further westwards. 

 

All corals analysed in this study showed a long-term trend to decreasing δ13C (Ki-NP: -0.036±0.003 

(SE) ‰ year-1, Ki-CP: -0.012±0.002 (SE) ‰ year-1, Ki-CP-FR: -0.018±0.007 (SE) ‰ year-1, Ra-BR: -

0.038±0.003 (SE) ‰ year-1, Ar-BW: -0.019±0.001 (SE) ‰ year-1). In the two longer records Ra-BR and 
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Ar-BW the 13C Suess effect (Zaunbrecher et al. 2010) becomes significant only in the second half of 

the 20th century. This agrees well to findings of previous studies that have reported the 13C Suess effect 

with similar decreasing δ13C rates (Evans et al. 1998, Pelejero et al. 2005, Dassié et al. 2013, Wei et 

al. 2015, Deng et al. 2017, Kubota et al. 2017, Fowell et al. 2018, Wu et al. 2018, Chen et al. 2019). 

For instance, Wu (2018) reported a decline of −0.027 ‰ year-1 in a coral from New Caledonia, Evans 

(1998) found a decline of -0.014 ‰ year-1 in a coral from Kiritimati Island or Dassié (2013) reported a 

decline of -0.042 ‰ year-1 in a coral from Fiji. 

It is interesting to note that the only study that reported long-term variations in Ωcf (Chen et al. 2019) 

found stable Ωcf levels through the 20th century despite a long-term decline in pHcf. Similarly, in this 

study, the majority of records of this study exhibited relatively stable to increasing long-term trends in 

Ωcf (Ki-CP, Ra-BR, Ar-BW). 
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Table 7.2 List of Indo-Pacific 20th century coral δ11B-pH records from previous and this study. Also listed are parameters of Ocean station ALOHA, HadISST model derived 

seawater temperatures and modern pHsw calculated from GLODAP data. Studies are listed from coral records with steepest decreasing to steepest increasing trend. Trends in 

pHsw highlighted in bold are trends decreasing faster than measured ocean acidification trends. 

Study Location Coordinates Species Age 
range 

SST 
(°C) 

Trend 
SST 

(°C/year) 
Mean pHcf 

Trend pHcf 

(pH units/year) 
Modern 

pHsw 

Trend pHsw 
(Hönisch et al., 

2004, pH 
units/year) 

Trend pHsw (Krief 
et al., 2010, pH 

units/year) 

D'Olivo et al., 2015 
(HAV09_3a) 

Northern GBR 
(Havannah 

Island) 

S18.81, 
E146.43 Porites 1999 - 

2009 26.08 0.0085 8.4606 -0.0038±0.0021 
(SE) 7.99 -0.0081±0.0044 

(SE) 
-0.0117±0.0063 

(SE) 

This study (Ki-NP) Kiritimati 
Island N2.0, W157.5 Porites lutea 1965 - 

2016 27.40 0.0125 8.3913 -0.0030±0.0005 
(SE) 

7.98±0.09 
(2SD) 

-0.0063±0.0010 
(SE) 

-0.0091±0.0015 
(SE) 

Wei et al., 2009 
Northern GBR 

(Arlington 
reef) 

S16.68, 
E146.1 Porites 1902 - 

2004 26.46 0.0124 8.4300 -0.0009±0.0003 
(SE) 7.98 -0.0020±0.0005 

(SE) 
-0.0028±0.0008 

(SE) 

Liu et al., 2013 South China 
Sea 

N18.19, 
E109.48 Porites 1903 - 

1999 26.25 0.0034 8.4491 -0.0009±0.0002 
(SE) NA -0.0019±0.0004 

(SE) 
-0.0027±0.0006 

(SE) 

D'Olivo et al., 2015 
(HAV09_3b) 

Northern GBR 
(Havannah 

Island) 

S18.81, 
E146.43 Porites 1944 - 

2009 26.08 0.0085 8.4844 -0.0009±0.0002 
(SE) 7.99 -0.0018±0.0004 

(SE) 
-0.0026±0.0006 

(SE) 

Kubota et al., 2017A Kikaijima 
Island 

N28.27, 
E129.9 Porites 1911 - 

2006 24.12 0.0154 8.5205 -0.0008±0.0002 
(SE) 8.1200 -0.0018±0.0005 

(SE) 
-0.0026±0.0007 

(SE) 

D'Olivo et al., 2015 
(HAV06a) 

Northern GBR 
(Havannah 

Island) 

S18.81, 
E146.43 Porites 1966 - 

2005 26.08 0.0085 8.5561 -0.0008±0.0005 
(SE) 7.99 -0.0017±0.0010 

(SE) 
-0.0024±0.0015 

(SE) 

D'Olivo et al., 2019 Northern GBR 
(Lizard Island) 

S14.65, 
E145.44 Porites 1938 - 

2013 26.81 0.0075 8.3963 -0.0006±0.0002 
(SE) 7.97 -0.0013±0.0003 

(SE) 
-0.0019±0.0005 

(SE) 
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Study Location Coordinates Species Age 
range 

SST 
(°C) 

Trend 
SST 

(°C/year) 
Mean pHcf 

Trend pHcf 

(pH units/year) 
Modern 

pHsw 

Trend pHsw 
(Hönisch et al., 

2004, pH 
units/year) 

Trend pHsw (Krief 
et al., 2010, pH 

units/year) 

D'Olivo et al., 2015 
(X1709_6b) Northern GBR S17.85, 

E146.7 Porites 1973 - 
2009 26.08 0.0089 8.4201 -0.0005±0.0004 

(SE) 7.99 -0.0012±0.0007 
(SE) 

-0.0017±0.0011 
(SE) 

Shinjo et al., 2013 Guam N13.6, E144.8 Porites 1940 - 
1999 28.46 0.0049 8.3903 -0.0005±0.0002 

(SE) 8.08 -0.0011±0.0004 
(SE) 

-0.0015±0.0005 
(SE) 

D'Olivo et al., 2015 
(RIB09_3a) 

Northern GBR 
(Rib reef) 

S18.47, 
E146.86 Porites 1961 - 

2009 26.08 0.0067 8.4840 -0.0006±0.0003 
(SE) 7.99 -0.0010±0.0007 

(SE) 
-0.0015±0.0010 

(SE) 

Kubota et al., 2017B Chichijima 
Island 

N27.03, 
E142.15 Porites 1914 - 

1997 24.24 0.0048 8.5206 -0.0005±0.0003 
(SE) 8.11 -0.0010±0.0006 

(SE) 
-0.0014±0.0008 

(SE) 

Kubota et al., 2015 Chichijima 
Island 

N27.03, 
E142.15 Porites 1914 - 

1997 24.24 0.0048 8.5178 -0.0004±0.0002 
(SE) 8.11 -0.0008±0.0003 

(SE) 
-0.0012±0.0005 

(SE) 

D'Olivo et al., 2015 
(PAN02a) 

Northern GBR 
(Pandora 

reef) 

S18.82, 
E146.52 Porites 1963 - 

2001 26.08 0.0085 8.5101 -0.0004±0.0006 
(SE) 7.99 -0.0007±0.0013 

(SE) 
-0.0011±0.0019 

(SE) 

This study (Ki-CP-
FR) 

Kiritimati 
Island N2.0, W157.5 Porites lutea 1986 - 

2012 27.30 -0.0229 8.3694 -0.0003±0.0009 
(SE) 

7.98±0.09 
(2SD) 

-0.0007±0.0019 
(SE) 

-0.0010±0.0028 
(SE) 

Chen et al., 2019 
NW Australia 

(Shenton 
Bluff) 

S16.45, 
E122.98 Porites 1919 - 

2014 28.11 0.0015 8.4972 -0.0003±0.0001 
(SE) NA -0.0006±0.0002 

(SE) 
-0.0009±0.0003 

(SE) 

Wei et al., 2015 South China 
Sea 

S16.68, 
E146.1 Porites 1900 - 

2011 26.32 0.0042 8.4333 -0.0002±0.0002 
(SE) NA -0.0004±0.0004 

(SE) 
-0.0006±0.0006 

(SE) 

Pelejero et al., 2005 
Southern 

GBR (Flinder 
reef) 

S26.98, 
E153.47 Porites 1903 - 

1988 23.72 0.0178 8.4993 -0.0002±0.0003 
(SE) 8.08 -0.0004±0.0007 

(SE) 
-0.0005±0.0010 

(SE) 
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Study Location Coordinates Species Age 
range 

SST 
(°C) 

Trend 
SST 

(°C/year) 
Mean pHcf 

Trend pHcf 

(pH units/year) 
Modern 

pHsw 

Trend pHsw 
(Hönisch et al., 

2004, pH 
units/year) 

Trend pHsw (Krief 
et al., 2010, pH 

units/year) 

Wu et al., 2018 New 
Caledonia 

S22.21, 
E166.15 

Diploastrea 
heliopora 

1900 - 
2011 24.52 0.0054 8.5056 -0.0002±0.0001 

(SE) 8.11 -0.0003±0.0001 
(SE) 

-0.0005±0.0002 
(SE) 

This study (Ra-BR) Rarotonga S21.21, 
W159.82 Porites lutea 1938 - 

2018 25.68 0.0037 8.4448 +0.0002±0.0005 8.15±0.12 
(2SD) 

+0.0003±0.0010 
(SE) 0.0005±0.0015 (SE) 

This study (Ki-CP) Kiritimati 
Island N2.0, W157.5 Porites lutea 1970 - 

2017 27.29 0.0159 8.4448 +0.0003±0.0004 
(SE) 

7.98±0.09 
(2SD) 

+0.0007±0.0009 
(SE) 0.0010±0.0012 (SE) 

This study (Ar-BW) Arno Atoll N7.25, E171.6 Porites lutea 1939 - 
2017 28.83 0.0004 8.4422 +0.0007±0.0003 8.07±0.16 

(2SD) 
+0.0014±0.0006 

(SE) 0.0020±0.0008 (SE) 

Ocean station 
ALOHA (HOT) 

Central North 
Pacific N22.75, W158  1989 - 

present 
     -0.0018±0.0001 (SE) 
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Table 7.3 List of Atlantic 20th century coral δ11B-pH records from previous studies. Also listed are parameters of Ocean station BATS and ESTOC, HadISST model derived 

seawater temperatures and modern pHsw calculated from GLODAP data. Studies are listed from coral records with steepest decreasing to steepest increasing trend. Trends in 

pHsw highlighted in bold are trends decreasing faster than measured ocean acidification trends. 

Study Location Coordinates Species Age 
range SST Trend 

SST 
Mean 
pHcf 

Trend pHcf 
Mean 
pHsw 

Trend pHsw 
(Hönisch et al., 

2004) 

Trend pHsw (Krief 
et al., 2010) 

Fowell et al., 
2018 (BR-06) Belize N16.08, 

W88.2 
Siderastrea 

siderea 
1919 - 
2008 28.02 0.0016 8.4231 -0.0008±0.0002 

(SE) NA -0.0016±0.0005 
(SE) 

-0.0024±0.0007 
(SE) 

Goodkin et al., 
2016 Bermuda N32.3, W64.7 Diploria 

labyrinthiformis 
1900 - 
1996 22.88 0.0046 8.5136 -0.0003±0.0001 

(SE) 8.1 -0.0006±0.0004 
(SE) 

-0.0008±0.0004 
(SE) 

Fowell et al., 
2018 (FR-02) Belize N16.08, 

W88.2 
Siderastrea 

siderea 
1912 - 
2008 28.05 0.0005 8.4876 -0.0001±0.0002 

(SE) NA -0.0003±0.0003 
(SE) 

-0.0005±0.0005 
(SE) 

ESTOC Canary 
Islands N29, W15  1994 - 

present 
     -0.0024 

BATS Bermuda N32.17, 
W64.5  1988 - 

present 
     -0.0014 
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7.4 Paleo-pH reconstructions from microatoll δ11B 

The results of this study have shown that the interpretation of δ11B derived microatoll pHcf as a proxy 

record of paleo-ocean pH has a number of uncertainties. First, a comparison of an annual record in pHcf 

with recordings of ambient pHsw and temperature in chapter 4 showed that on a seasonal scale pHcf 

rather followed variations in ambient seawater temperatures than pHsw. This strong effect of 

temperature on pHcf upregulation is also evident from a higher correlation between means in pHcf of 

records of previous studies and this study with latitude and seawater temperatures than ocean pH 

(Figure 7.2). Furthermore, the temperature dependency of pHcf upregulation has been validated in many 

recent studies (McCulloch et al. 2017, Guo 2019, Ross et al. 2019). 

Second, absolute values of coral pHcf vary between coral colonies growing within the same reef system. 

This is evident from the comparison of coral records from Kiritimati Island in chapter 5 and has also 

been found in previous studies (D'Olivo et al. 2015, Fowell et al. 2018), which, however, used domal 

corals. The inter-colony variability in pHcf was explained by local variations in reefal pHsw, which again 

are a result of spatial variations in reef biological productivity and hydrodynamics. However, other 

studies have also found a strong inter-colony variability in pHcf between corals growing under similar 

pHsw conditions (Georgiou et al. 2015) and concluded that corals of the genera Porites upregulate pHcf 

independent from ambient environmental conditions (pH-homeostasis). Furthermore, as illustrated in 

chapter 4 and in previous studies (Rollion-Bard et al. 2011b, Allison et al. 2014) variations in pHcf also 

exist within similarly aged CaCO3 of a coral colony skeleton. 

The sensitivity of pHcf upregulation to ambient seawater temperatures and inter-colony variabilities in 

pHcf upregulation complicate the reconstruction of paleo-ocean pH from δ11B records from all growth 

forms of corals and is not specific for microatolls. However, in chapter 3 it was shown that environmental 

conditions on reef flats are significantly more dynamic than on fore-reef environments. Although daily 

means in pHsw and temperatures between reef flat and fore-reef are relatively similar, the low water 

levels on reef flats result in large diurnal variations that exceed the diurnal variations measured on the 

fore-reef by far. Furthermore, it was shown that local flow patterns and ponding at low tide result in 

spatial variations in reef flat pHsw and seawater temperatures. While in previous studies strong variations 

in absolute values of pHcf in corals from similar reefs were found, the strong variability in long-term 

trends as observed between microatolls on Kiritimati Island has not previously been reported (Figure 

7.3). It is also noticeable that on Kiritimati Island only the fore-reef core revealed a moderately declining 
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pHcf trend at a rate typically found in coral δ11B-pH records. Highly variable environmental conditions 

on the reef flat appear to force microatolls to modify calcifying fluid chemical conditions even further 

from seawater conditions. 

Seawater temperatures and coral pHcf inversely correlate implying that pHcf would have declined 

through the 20th century due to rising SSTs. Notably, apart from microatoll Ki-NP on Kiritimati Island, all 

microatolls in this study showed an increasing pHcf long-term trend and thus increasing ocean SSTs 

cannot explain the observed trends in microatoll pHcf. Nevertheless, in chapter 3 and chapter 6 it was 

shown that seawater conditions on the reef flat can vary locally. Thus, it is hypothesized that at a given 

location on the reef flat, average seawater temperatures have cooled or warmed due to improved or 

reduced flushing. These local changes in seawater temperatures would, in turn, lead to corresponding 

changes microatoll pHcf. Increasing sea-levels at the sites (Figure 6.6) might have overall improved the 

flushing of the reef flats, causing less extreme seawater temperatures and consequently increasing 

levels of pHcf in the most microatolls. 

It can be concluded that microatoll δ11B-pH records exhibit an additional source of uncertainty compared 

to similar records from domal corals as they inhabit the reef flat with highly variable environmental 

conditions. Century scale microatoll δ11B-pH records tend to long-term trends in pHcf that differ more 

from observed trends in open ocean acidification compared to pHcf trends typically found in domal 

corals. Thus, it is unlikely that microatoll pHcf primarily reflects variations in pHsw of the respective ocean 

region. 

These limitations in paleo-pHsw reconstructions from microatoll δ11B records described above especially 

apply for subfossil microatolls. For robust estimations of paleo-pHsw from coral δ11B, the effect of 

seawater temperatures on pHcf upregulation has to be taken into account. Thus, the absence of 

instrumental SST records prior to the 20th century complicates δ11B-pHsw reconstructions for the pre-

industrial. Furthermore, on time scales covering multiple millennia, atoll or island geomorphologies may 

have changed substantially (Woodroffe and McLean 1998b, Woodroffe et al. 2012a, Grothe et al. 2016) 

making assessments to which degree a paleo-reef flat was connected to ocean, thus sufficiently 

flushed, difficult.  
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7.5 Porites lutea resilience against ocean acidification 

Across large gradients of pHsw, coral pHcf shows evidence of following pHsw. This is evident from 

culturing experiments (Hönisch et al. 2004, Doney et al. 2009, Krief et al. 2010), but also from the 

comparison of δ11B based coral pHcf records from different ocean pH regions (Figure 7.2a). Thus, the 

calcifying fluid likely originates from seawater. However, the chemical composition of the calcifying fluid 

is subsequently modified by coral physiological processes (Rollion-Bard et al. 2011b, Sevilgen et al. 

2019) and the sensitivity of pHcf to ambient pHsw can at times be limited (Georgiou et al. 2015). It must 

be noticed that the culturing experiments mentioned above grew corals over pHsw gradients of ∆pHsw = 

0.45 (Hönisch et al. 2004) and ∆pHsw = 0.9 (Krief et al. 2010), and coral pHcf shows some correlation 

(r2 = 0.16, p = 0.09, n = 20) with ocean pHsw over a gradient of ∆pHsw = 0.18 (Figure 7.2a). This is 

significantly higher than the decline in pHsw since the pre-industrial era due to ocean acidification with 

∆pHsw = 0.1 (Rhein et al. 2013). While the modification of the calcifying fluid carbonate chemistry results 

in an upregulation of pHcf by 0.38 – 0.75 pH units compared to ambient seawater, calcifying fluid 

aragonite saturation state Ωcf that is of major importance for coral calcification is upregulated at least 

four times above seawater conditions (Comeau et al. 2017a). Variations in Ωcf have received less 

attention in culturing experiments and long-term reconstructions from coral records than pHcf despite 

being more important with respect to coral calcification. Finally, it is also still under debate if the 

observed upregulation in coral pHcf and Ωcf is performed to facilitate aragonite precipitation (McCulloch 

et al. 2017) or variations in calcifying fluid carbonate chemistry observed are only secondary effects of 

coral calcification that is primarily conducted through organic molecules (Von Euw et al. 2017). Hence, 

the results of previous research suggest that Porites corals exhibit some resilience against OA across 

the 20th and 21st centuries. 

Previous studies have investigated coral response to OA induced alteration of seawater carbonate 

chemistry conditions, neglecting that corals dwell on reef flats where naturally large variations in 

seawater carbonate system parameters exist. Thus, the analysis of microatoll calcifying fluid chemistry 

over different spatial and temporal scales, as undertaken in this study, allows for conclusions about 

coral sensitivity to OA. In chapter 4 it was shown that on Kiritimati Island reef flats, diurnal pHsw 

variations are on average ∆pHsw = 0.28 with a maximum of ∆pHsw = 0.72. Similar diurnal variations of 

Ωsw were observed with on average ∆Ωsw = 1.3. Spatial variations along transects ranging from the 

shore to the reef flat edge were on average ΔpH = 0.08 with a maximum ΔpH = 0.23. Similar spatial 
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variations in Ωsw were found with mean ∆Ωsw = 1.0 and a maximum of ∆Ωsw = 1.6. The fact that corals 

inhabit this dynamic pH environment already demonstrates their tolerance against at least small scale 

fluctuations in ambient carbonate chemistry conditions. Results of chapter 4 further supported that pHcf 

upregulation is relatively insensitive to daily pHsw fluctuation as no similar 15 days periodicity in LA-MC-

ICP-MS δ11B derived time series of pHcf was found that was present in highly resolved time series of 

pHsw (compare Figure 3.12 and Figure 4.12). Furthermore, modeling results using the numerical model 

of Guo (2019) indicated stable pHcf levels against strong diurnal variations in pHsw (see Figure 4.11). In 

chapter 5 the two microatoll δ11B-pH records covering the second half of the 20th century and early 21st 

century revealed differing means in pHcf in similarly aged intervals of ∆pHcf =0.05 and very different long-

term trends in pHcf with -0.0030±0.0005 (SE) pH units year-1 in Ki-NP and +0.0003±0.0004 (SE) pH 

units year-1 in Ki-CP despite living in the same ocean region (see Figure 5.8). The discrepancy between 

both records suggests that OA had only little influence on microatoll pHcf, as it would have affected both 

corals similarly. On the reef flat, the impact of local variations in environmental conditions on microatoll 

pHcf must have exceeded the impact of OA. Finally, in chapter 6 microatoll δ11B-pH records from 

Rarotonga, Arno Atoll and Kiritimati Island were compared. Although the difference in pHsw between 

these locations (∆pHsw = 0.15) is larger than the decline in ocean pH due to OA since the pre-industrial 

era, similar averages in pHcf between the records Ki-CP, Ar-BW and Ra-BR were observed (see Figure 

6.23). Significantly, no relationship between Ωsw at the sites (∆Ωsw = 1.0) and averages in Ωcf were found 

(see Figure 6.24), which suggests that microatolls can adjust the state of the calcifying fluid over large 

gradients in ambient pHsw, similar to the decline in pHsw due to OA. 

In conclusion, pHcf of Porites lutea microatolls appears to be relatively insensitive to variations in ocean 

pH. As microatolls dwell on reef flats where large natural variabilities in pHsw exist, these corals need to 

exert strong control on the calcifying fluid carbonate chemistry to ensure relatively constant calcification 

rates against varying ambient environmental conditions. Porites lutea microatolls are genetically 

identical to domal corals of the same species growing on the fore-reef or lagoon, and thus these findings 

allow for the conclusion that anthropogenic OA had likely only little effect on Porites lutea pHcf or Ωcf. 

Consequently, as corals precipitate their exoskeleton from the calcifying fluid ocean acidification has 

likely not impacted the ability of Porites lutea to calcify. However, positive seawater temperature 

anomalies are without question a threat to coral reefs (Hughes et al. 2017a) and future OA has the 

potential to become a significant environmental stressor. 
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7.6 Conclusions 

Results suggest that microatoll δ11B-pH records do not directly reflect variations in pHsw of the open 

ocean off reef. Monitoring of reef flat environments revealed that due to the low water levels seawater 

conditions on the reef flat are temporally and spatially highly variable and boron isotope-pH records 

from Porites lutea microatolls likely reflect this strong variability. While in this and previous studies δ11B-

pH records of domal fore-reef corals revealed a moderately declining trend that may be attributed to 

ocean acidification, microatoll δ11B-pH records tend to more extreme trends varying between increasing 

or strongly declining pHcf. Nevertheless, the results of this study allow for conclusions about coral pHcf 

sensitivity to anthropogenic ocean acidification in the 20th century. Boron isotope analysis of one year 

of coral growth showed that pHcf is more sensitive to changes in temperature than ambient pHsw. 

Furthermore, microatoll pHcf appeared to be relatively invariant between locations across the Pacific 

with differing ocean pH conditions. Variations in Ωcf that are indicative of coral calcification rates 

between records from Rarotonga, Arno Atoll and Kiritimati Island showed even less sensitivity to analog 

variations in Ωsw. Although increasing seawater temperatures have altered coral health during the 20th 

and the 21st centuries, OA had likely only a limited impact on Porites lutea pHcf and Ωcf, and thus 

calcification rates. 

 

7.7 Future research 

In this study, two hypotheses were postulated to explain the long-term trends and variability in pHcf 

observed in Porites lutea microatolls. First, increasing sea-levels on reef flats during the 20th and 21st 

centuries may have led to increasing water depth and consequently to a decrease in seawater 

residence time, as well as to a reduced diel range in pHsw and seawater temperatures. Due to LEC 

(Light enhanced calcification), environmental conditions recorded by corals will reflect especially 

conditions during the day, and thus changes of the diel range in environmental conditions may have an 

impact on average conditions corals record in their skeletal geochemistry. The numerical modeling in 

chapter 4 showed that pHcf is primarily controlled by the ratio between ambient pHsw and seawater 

temperature (see e.g. Figure 4.11). Subsequent research will investigate if changes in the ratio between 

pHsw and seawater temperatures on the reef flats can explain the observed variability and mostly 
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increasing long-term trends of pHcf recorded in microatoll records over the 20th and 21st centuries. The 

numerical model of pHcf upregulation from Guo (2019) in inverse mode will be applied on the multi-

decadal records of Porites lutea microatoll δ11B to infer how reef flat seawater temperatures and pHsw 

may have varied. Finally, it will be tested if these changes in seawater temperature and pHsw can be 

linked to local sea-level rise as recorded by the tide gauges on Kiritimati Island, Arno Atoll (Majuro) and 

Rarotonga. 

Second, it is possible that reconstructed microatoll pHcf mainly reflects physiochemical processes 

related to coral growth and calcification rather than changes in ambient environmental conditions. To 

test this hypothesis, X-ray images will be used to construct records of skeletal density. In conjunction 

with linear extension rates, this will allow the calculation of microatoll calcification rates and evaluate a 

possible linkage between coral calcification and parameters of the calcifying fluid chemistry, such as 

pHcf and Ωcf. 
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Appendices 

Appendix 1: Coral samples collected during the field campaign 

List of microatoll samples collected during the field campaign. Bold samples were analysed in this 

study. “Modern” indicates coral was still growing when sampled. Shown are labels of corals during 

sampling and in brackets coral ID used in this study. If no reference is specified, 14C-Age was obtained 

from the Radiocarbon Dating Laboratory of the University of Waikato (New Zealand) for this project. 

Microatoll ID Location Coordinates Date sampled Slab length 
(m) 

Age 

KRI_LMA_3 
(Ki-CP) 

Kiritimati Isl., 
Cecile Pen. 

1.856069  
-157.501762 

13./14.05.2017 1.4 modern 

KRI_LMA_sA 
(Ki-CP-S1) 

Kiritimati Isl., 
Cecile Pen. 

1.856017 
-157.501295 

23.05.2018 0.2 modern 

KRI_LMA_sB 
(Ki-CP-S2) 

Kiritimati Isl., 
Cecile Pen. 

1.856017 
-157.501295 

23.05.2018 0.3 modern 

KRI_LMA_sC 
(Ki-CP-S3) 

Kiritimati Isl., 
Cecile Pen. 

1.856017 
-157.501295 

23.05.2018 0.2 modern 

KRI_CP_49 Kiritimati Isl., 

Cecile Pen. 

1.855781 

-157.502662 

21.05.2017 1.8 81(0-227) BP (cal. 
14C- Age) 

KRI_CP_51 Kiritimati Isl., 

Cecile Pen. 

1.855792 

-157.498456 

14.05.2017 1.7 380 (275-488) BP 
(cal. 14C- Age) 

KRI_CP_53 Kiritimati Isl., 

Cecile Pen. 

1.856812 

-157.500209 

21.05.2017 334 NA 

KRI_CP_54 Kiritimati Isl., 

Cecile Pen. 

1.856802 

-157.500552 

16.05.2017 

 

2 1170 (1070-1250) 
BP (cal. 14C- Age) 

KRI_CP_55 Kiritimati Isl., 

Cecile Pen. 

1.856967 

-157.500655 

22.05.2017 

 

3.35 NA 

KRI_CP_111 Kiritimati Isl., 

Cecile Pen. 

1.857632 

-157.50479 

13.05.2017 

 

1.8 40 (0-120) BP (cal. 
14C- Age) 

KRI_LMA_1 
(Ki-NP) 

Kiritimati Isl., 
North-East_P. 

1.986573 
-157.31548 

13.11.2016 1.2 modern 

KRI_XM_19 Kiritimati Isl., 

North-East_P. 

1.978136 

-157.326452 

21.05.2017 

 

1.4 2985 (2797-3187) 
BP (McGregor et al. 
2011b) 

KRI_NE_24 Kiritimati Isl., 

North-East_P. 

1.986533 

-157.315458 

13.11.2016 

 

1.1 40 (0-100) BP (cal. 
14C- Age) 

KRI_AT_20 Kiritimati Isl., 

Aeon Track 

NA 20.05.2017 

 

1.55 1525 (1368-1688) 
BP (cal. 14C- Age) 

KRI_XM_37 Kiritimati Isl., 

Aeon Track 

1.737101 

-157.208405 

20.05.2017 

 

2.95 2350 BP (McGregor 
et al. 2011b) 
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KRI_XM_55 Kiritimati Isl., 

Aeon Track 

NA 20.05.2017 

 

1.44 1850 (1666-2050) 
BP (McGregor et al. 
2011b) 

KRI_AT_123 Kiritimati Isl., 

Aeon Track 

NA 20.05.2017 

 

1.95 NA 

KRI_CR_28 Kiritimati Isl., 

Carver Road 

1.830328 

-157.390582 

13.11.2016 

 

1.12 3770 (3660-3880) 
BP (cal. 14C- Age) 

KRI_CR_36 Kiritimati Isl., 

Carver Road 

1.820044 

-157.426743 

15.05.2017 

 

2.8 1547 (1382-1704) 
BP (cal. 14C- Age) 

KRI_CR_57 Kiritimati Isl., 

Carver Road 

1.798581 

-157.403698 

15./18./19.05.2017 

 

5.73 1883 (1700-2068) 
BP (cal. 14C- Age) 

KRI_XM_72 Kiritimati Isl., 

Carver Road 

1.820048 

-157.426478 

19./22.05.2017 

 

2 1814 (1614-1994) 
BP (McGregor et al. 
2011b) 

BIK_SLAB_1 
(Ar-BW) 

Arno Atoll, 
Bikarej West 

7.250451 
171.634744 

06.11.2017 1.61 modern 

BIK_FMA_25 Arno Atoll, 

Bikarej West 

7.249474 
171.636177 

07.11.2017 1.21 1130 (1040-1220) 
BP (cal. 14C- Age) 

BIK_FMA_200 Arno Atoll, 

Bikarej West 

7.249406 
171.636178 

05.11.2017 1.08 1040 (880-1240) 
BP (cal. 14C- Age) 

BIK_FMA_201 Arno Atoll, 

Bikarej West 

7.249429 
171.636165 

06.11.2017 1.24 870 (690-1050) BP 
(cal. 14C- Age) 

BIK_FMA_204 Arno Atoll, 

Bikarej West 

7.249962 
171.637393 

09.11.2017 1.02 1460 (1290-1660) 
BP (cal. 14C- Age) 

BIK_FMA_5 Arno Atoll, 

Bikarej East 

7.258088 
171.654461 

08.11.2017 1.53 590 (530-650) BP 
(cal. 14C- Age) 

BIK_FMA_205 Arno Atoll, 

Bikarej East 

7.258063 
171.654394 

07.11.2017 1.11 modern 

RAR_BR_14 
(Ra-BR) 

Rarotonga, 
Black Rock R. 

-21.20635366 
-159.8223241 

24.06.2018 1.75 modern 

RAR_BR_17 Rarotonga, 

Black Rock R. 

-21.20696995 

-159.8226445 

25.06.2018 2 303 (140-410) BP 
(Goodwin and 
Harvey 2008) 
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Appendix 2: Results of CP and NP reef flat surveys 

Detailed results of measurements along transects on NP and CP reef flat. Also shown are state of tides 

and diurnal pH cycle at the time measurements were taken.  

Open ocean pH (*) indicated is average of SeaFET pH on CP reef flat (pH=7.98) between 11th May and 

6th September 2017, and 9th March and 11th May 2018, that is similar to average pH measured on the 

fore-reef between 28th May and 5th June 2018 (pH=7.96) and thus very likely equals open ocean pH off 

reef. 

The diurnal pH cycle (**) shown is the average diurnal pH cycle as measured using SeaFET pH sensor 

on CP reef flat between May 2017 and May 2018.  

Lagoonal pH (***) indicated is measurement from 10th September 2017, 15:00 LT (pH=8.037) with 

portable pH-meter. 

A - E, and ALK A – ALK E indicate fixed positions along each transect at which portable pH-meter 

measurements were taken or seawater samples collected.  

ECO_L1 – 16 indicate positions of LIT lines along which benthos community composition was recorded. 

Carbonate system parameters indicated are calculated from measurements of pH and Alk. 

Positions of sampled microatolls and SeaFET pH-sensor and RBR CTD package are also indicated. 
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Transect NP-T1 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 5th June 2018, 14:08 – 14:14 LT  
Night measurement recorded on 6th June 2018, 05:22 – 05:28 LT 
 
Tides Kiritimati 

 

 
 

Diurnal pH cycle Cecile Peninsula** 
 

 

 
Figure A.3.1: Transects NP-T1 measured in May/June 2018 
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Transect NP-T1 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 8th September 2017, 10:40 – 11:02 LT 
Night measurement recorded on 9th September 2017, 00:31 – 00:47 LT 
 
Tides Kiritimati 

 

 
 
 

Diurnal pH cycle Cecile Peninsula** 
 

 

 
Figure A.3.2: Transects NP-T1 measured in September 2017 
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Transect NP-T2 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 5th June 2018, 13:57 – 14:05 LT  
Night measurement recorded on 6th June 2018, 05:05 – 05:19 LT 
 
Tides Kiritimati 

 

 
Diurnal pH cycle Cecile Peninsula** 

 

 
 

 
 Figure A.3.3: Transects NP-T2 measured in May/June 2018 
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Transect NEP-T2 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 8th September 2017, 11:10 – 11:40 LT 
Night measurement recorded on8th/ 9th September 2017, 23:49 – 00:19 LT  
 
Tides Kiritimati 

 

 
 
 
Diurnal pH cycle Cecile Peninsula** 

 

 

 

Figure A.3.4: Transects NP-T2 measured in September 2017 
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Transect NP-T3 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 5th June 2018, 13:42 – 13:52 LT  
Night measurement recorded on 6th June 2018, 04:59 – 05:05 LT  
 
Tides Kiritimati 

 

 
 

Diurnal pH cycle Cecile Peninsula** 
 

 

 
Figure A.3.5: Transects NP-T3 measured in May/June 2018 
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Transect NP-T3 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on  8th September 2017, 11:49 – 12:18 LT 
Night measurement recorded on 9th September 2017, 00:54 – 01:23 LT  
 
Tides Kiritimati 

 
 

 
 
 
Diurnal pH cycle Cecile Peninsula** 

 

 

 
 
Figure A.3.6: Transects NP-T3 measured in September 2017 
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Transect NP-T4 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 5th June 2018, 13:27 – 13:36 LT  
Night measurement recorded on 6th June 2018, 04:45 – 04:54 LT 
 
Tides Kiritimati 

 

 
 
 
Diurnal pH cycle Cecile Peninsula** 
 

 
 

 
Figure A.3.7: Transects NP-T4 measured in May/June 2018 
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Transect NP-T4 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 8th September 2017, 12:33 – 13:02 LT 
Night measurement recorded on 9th September 2017, 01:32 – 01:55 LT  
 
Tides Kiritimati 

 

 
 
 
Diurnal pH cycle Cecile Peninsula** 
 

 
 

 
Figure A.3.8: Transects NP-T4 measured in September 2017 
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Transect NP-T5 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 5th June 2018, 13:09 – 13:16 LT  
Night measurement recorded on 6th June 2018, 04:30 – 04:37 LT  
 
Tides Kiritimati 

 

 
Diurnal pH cycle Cecile Peninsula** 
 

 

 
 

 
Figure A.3.9: Transects NP-T5 measured in May/June 2018 
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Transect NP-T5 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 8th September 2017, 13:14 – 13:39 LT 
Night measurement recorded on 9th September 2017, 02:02 – 02:20 LT  
 
Tides Kiritimati 

 

 
 
 

Diurnal pH cycle Cecile Peninsula** 
 

 
 

 
Figure A.3.10: Transects NP-T5 measured in September 2017 
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Transect CP-T1 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 25th May 2018, 11:57 – 12:02 LT  
Night measurement recorded on 26th May 2018, 21:34 – 21:40 LT 
 
Tides Kiritimati 

 

 
 

Diurnal pH cycle Cecile Peninsula** 
 

 

 
Figure A.3.11: Transects CP-T1 measured in May/June 2018 
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Transect CP-T1 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 7th September 2017, 10:35 – 11:05 LT  
Night measurement recorded on 10th September 2017, 00:23 – 00:43 LT  
 
Tides Kiritimati 

 

 
 
 
Diurnal pH cycle CecilePeninsula** 

 

 

 
Figure A.3.12: Transects CP-T1 measured in September 2017 
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Transect CP-T2 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 25th May 2018, 11:39 – 11:47 LT  
Night measurement recorded on 26th May 2018, 21:54 – 21:58 LT 
 
Tides Kiritimati 

 

 
 

Diurnal pH cycle Cecile Peninsula** 
 

 

 
 

Figure A.3.13: Transects CP-T2 measured in May/June 2018 
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Transect CP-T2 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 7th September 2017, 11:31 – 12:00 LT  
Night measurement recorded on 9th/10th September 2017, 23:48 – 00:10 LT  
 
Tides Kiritimati 

 

 
 
 
Diurnal pH cycle Cecile Peninsula** 

 
 

 

 
Figure A.3.14: Transects CP-T2 measured in September 2017 
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Transect CP-T3 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 25th May 2018, 11:16 – 11:31 LT  
Night measurement recorded on 26th May 2018, 22:00 – 22:07 LT  
 
Tides Kiritimati 

 
 

 
 
 
Diurnal pH cycle Cecile Peninsula** 

 

 
 

 

 
 
Figure A.3.15: Transects CP-T3 measured in May/June 2018 
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Transect CP-T3 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 7th September 2017, 12:17 – 13:01 LT  
Night measurement recorded on 9th September 2018, 23:06 – 23:36 LT  
 
Tides Kiritimati 

 
 

 
 

 
Diurnal pH cycle Cecile Peninsula** 

 

 

 

 
 
Figure A.3.16: Transects CP-T3 measured in September 2017 
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Transect CP-T4 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 25th May 2018, 12:20 – 12:26 LT  
Night measurement recorded on 26th May 2018, 22:32 – 22:37 LT  
 
Tides Kiritimati 

 

 
Diurnal pH cycle Cecile Peninsula** 

 

 
 

 
Figure A.3.17: Transects CP-T4 measured in May/June 2018 
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Transect CP-T4 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 7th September 2017, 13:15 – 13:38 LT  
Night measurement recorded on 10th September 2017, 01:01 – 1:12 LT  
 
Tides Kiritimati 

 

 
 

 
Diurnal pH cycle Cecile Peninsula** 

 

 
 

 

Figure A.3.18: Transects CP-T4 measured in May/June 2018 
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Transect CP-T5 
SeaFET/RBR measurements May/June 2018 
 
Day measurement recorded on 25th May 2018, 12:34 – 12:45 LT  
Night measurement recorded on 26th May 2018, 22:48 – 22:59 LT  
 
Tides Kiritimati 

 

 
 
 
Diurnal pH cycle Cecile Peninsula** 

 

 
 

 
Figure A.3.19: Transects CP-T5 measured in May/June 2018 
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Transect CP-T5 
Portable pH-meter measurements September 2017 
 
Day measurement recorded on 7th September 2017, 13:54 – 14:28 LT  
Night measurement recorded on 10th September 2017, 01:22 – 1:35 LT  
 
Tides Kiritimati 

 

 
 
Diurnal pH cycle Cecile Peninsula** 
 

 
 

 
Figure A.3.20: Transects CP-T5 measured in September 2017 
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Appendix 3: SEM images of corallites 
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Figure A.4.1: SEM images of corallites from corals analysed in this study: Ki-NP (A-C), Ki-CP (D-G), Ki-CP-

S1 (H, I), Ki-CP-S2 (J, K), Ar-BW (L, M), Ra-BR (N-Q) and Ki-CP-FR (R-T). All corals analysed in this study 

were living when sampled and the corallites shown here were inhabited by polypes. 
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