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Abstract Coral resilience to ocean acidification is largely determined by the degree of physiological
control corals can exert on their calcifying fluid carbonate chemistry. In this study, the boron isotopic
composition (8"'B) of a Porites colony growing on a reef flat on Kiritimati Island in the equatorial central
Pacific is examined to quantify the sensitivity of calcifying fluid pH (pH) to ambient environmental
conditions. Skeletal 5''B along the growth axis of one annual growth band was determined with

bulk analysis and by laser ablation (LA) MC-ICP-MS. Furthermore, the oxygen and carbon isotopic
composition, trace element ratios, and skeletal density were quantified. Sclerochronological data were
interpreted in the context of simultaneous recordings of reef flat seawater pH (pH,y), temperature,
salinity, and water depth, and by measurements of these parameters on the fore-reef. A recent model of
pH,s upregulation, after optimization with seasonally resolved data, was used to simulate pH variability
on a diurnal scale. Results showed that on a seasonal scale, Porites pH is upregulated compared to
ambient seawater: both bulk and LA-MC-ICP-MS derived 8"'B resulted in a mean pH, of 8.35 pH units.
Calcifying fluid pH upregulation primarily followed variations in seawater temperatures, that is likely
related to the control of temperature on calcification rate. On the reef flat, the diurnal range in pHs, was
substantially higher (0.29 pH units) than on the fore-reef (0.07 pH units). However, model results suggest
that the high diurnal variability in reef flat pHs,, resulted only in a limited variability in Porites pHy.

Plain Language Summary Ocean acidification and the associated decline in seawater pH
has impacted the ability of many marine organisms to calcify. However, tropical corals do not precipitate
their aragonite skeletons from seawater, but instead from a calcifying fluid located between skeleton and
living tissue. The chemistry of this calcifying fluid is modified by physiological processes. This study
examines the sensitivity of the calcifying fluid pH to variations in environmental conditions. Seawater
pH, temperature, salinity, and water depth on a reef flat at Kiritimati Island in the central Pacific were
monitored for 1 year. The calcifying fluid pH of a synchronously precipitated annual growth band of a
Porites colony was determined using boron isotope analysis with dissolution of samples and novel laser
ablation at enhanced resolution. Furthermore, a numerical model predicted calcifying fluid pH variability
at a diurnal scale based on the environmental and geochemical data collected. Results indicate that on

a seasonal scale, seawater temperatures rather than seawater pH primarily control the calcifying fluid
pH. Further geochemical analysis suggests that this is related to the temperature dependency of the
calcification rate. On a diurnal scale, model results suggest no elevated variability in calcifying fluid pH
despite highly variable reef flat seawater conditions.

1. Introduction

Atmospheric CO, levels have increased dramatically since the beginning of the industrial era, with
one-quarter of the emitted CO, being absorbed by the oceans (Friedlingstein et al., 2019). This process,
known as ocean acidification (OA), has lowered pHg, by ~0.1 pH units compared to the preindustrial and
reduced the seawater saturation state of the biologically important carbonate minerals calcite and aragonite
(Qgy; Bindoff et al., 2019). OA is a significant environmental stressor for marine life as it is thought to affect
the ability of many organisms to calcify (Comeau et al., 2018; Cyronak et al., 2016; Doney et al., 2020). How-
ever, in coastal environments, such as coral reefs, pHy, is not only controlled by atmospheric CO, but also is
influenced by multiple drivers including tidal (Bates et al., 2010; Cyronak et al., 2018) and ecosystem-level

KNEBEL ET AL.

10f 13


https://orcid.org/0000-0002-1877-5934
https://orcid.org/0000-0001-7295-416X
https://orcid.org/0000-0002-9726-295X
https://orcid.org/0000-0002-2880-3847
https://orcid.org/0000-0001-5528-5267
https://orcid.org/0000-0002-1605-1019
https://orcid.org/0000-0002-3941-9322
https://orcid.org/0000-0003-3688-9668
https://doi.org/10.1029/2020JC016889
https://doi.org/10.1029/2020JC016889
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JC016889&domain=pdf&date_stamp=2021-03-15

~~I1
AUJ Journal of Geophysical Research: Oceans 10.1029/2020JC016889
157.5°W 157.3"W . 1STA°W processes (DeCarlo et al., 2017; Gattuso et al., 1993; Smith, 1973). Thus,
abwaks | the effect of OA on coastal environments is more complex and less pre-
St | ondon S{d ~ dictable than in the open ocean (Duarte et al., 2013). Furthermore, cor-
Q’éﬁkiritﬁn ati Island als do not precipitate CaCO; directly from seawater, but instead from a
< > f/ medium located between calicoblastic cell membrane and skeleton, that

1.8°N

I Peninsula

is often referred to as calcifying fluid (Gattuso et al., 1999). Enzymatic
processes elevate pH,; relative to ambient pHy, to facilitate aragonite pre-
cipitation (Constantz, 1986; McCulloch et al., 2017; Sevilgen et al., 2019).

N
A Thus, corals may exhibit some resilience to OA by upregulating pH¢s (M.
McCulloch et al., 2012). However, despite laboratory experiments show-
5km ing pH correlates with pHg, (Honisch et al., 2004; Krief et al., 2010;

Figure 1. Map of Kiritimati Island with the location of the study

Venn et al., 2011), the sensitivity of coral pH to changes in ambient
pHyy in natural environments is still unclear with some studies arguing

site (Cecile Peninsula) and settlements. Also shown is the location of that Porites corals maintain nearly constant pH,s despite variable ambient

Kiritimati Island in the Pacific Ocean.

pHyy (i-e., pH¢r homeostasis; Comeau et al., 2019; Georgiou et al., 2015),

while others find pH is partially controlled by pH,, (D'Olivo et al., 2019;

Guo, 2019) or that pH, follows predominantly changes in pHy, (Kubota

et al., 2017). Most of these studies have analyzed Porites calcifying fluid
carbonate chemistry variability on inter-decadal or seasonal time scales and only a few have focused on
shorter time scales, such as the diurnal variability (Cornwall et al., 2018; DeCarlo et al., 2019).

The main objective of this study is to quantify the sensitivity of pH, upregulation to ambient seawater
conditions in Porites, a coral genus that can be found on reef flats, where pHg, naturally varies on both
seasonal and diurnal scales. In this study, as in many others (D'Olivo et al., 2019; Georgiou et al., 2015; Ho-
nisch et al., 2004; Krief et al., 2010; Kubota et al., 2017), the boron isotope ratio (8''B) of skeletal CaCOs is
used to infer pH; (McCulloch et al., 2018). To explore pH, variability on a sub-monthly scale, variations of
8''B are measured along the growth axis of 1 year of growth of a Porites sp. colony using laser ablation (LA)
multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS; Standish et al., 2019). The data
are coupled with measurements of other sclerochronological tracers, such as oxygen and carbon isotopes
(8"%0/8"C), conventional 8''B analysis with dissolution of samples (bulk), trace elements, and skeletal den-
sity. Calcifying fluid pH and other carbonate system parameters are calculated from coral §''B and B/Ca,
and their sensitivity to changes in ambient pHy,, temperature, and salinity are quantified. Furthermore,
to estimate pH variability on a diurnal scale, a recent model that simulates coral pH,; upregulation from
ambient environmental conditions (Guo, 2019) is applied. The model is optimized using seasonally resolved
geochemical and instrumental data from this study and subsequently used to estimate pH, variability on a
diurnal scale from half-hourly resolved instrumental data.

2. Materials and Methods
2.1. Study Site

Kiritimati Island is a coral atoll in the equatorial central Pacific located at 1.9°N 157.4°W (Figure 1) where
inter-annual climate variability is dominated by the El Nifio Southern Oscillation (Cobb et al., 2003) and
ocean pHyy, is one of the lowest in the Pacific at ~8.0 (Bakker et al., 2016). Average annual sea surface
temperatures (SST) vary between 24°C during La Nifia and 30°C during El Nifio conditions (Woodroffe
et al., 2003), and average rainfall rates are low, averaging 900 mm/year (1951-2006) and increase up to
3,000 mm/year during El Nifio events (Morrison & Woodroffe, 2009). El Nifio events also cause a pro-
nounced positive sea level anomaly of up 0.3 m compared to La Nifa conditions (Woodroffe et al., 2012).
The tides at Cecile Peninsula follow a semi-diurnal cycle with a maximal tidal range of 1.12 m. Kiritimati
Island has been chosen as a study site due to its location close to the equator where the seasonal variability
in environmental parameters, such as seawater temperature, is expected to be small, facilitating quantifica-
tion of the effect of pHg,, on pH, upregulation. The study was conducted on Cecile Peninsula (Figure 1, for
coordinates of sampling sites see Tables S1 and S2) located in the South of Kiritimati Island with only minor
human influence (Walsh, 2011).
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Alizarin

Red S stain

Figure 2. (a) Section of Porites sp. colony with distinct red alizarin red S stain band. (b) Areas in the annual growth
layer analyzed: In the micro-milling area, samples were removed with a micro-mill and dissolved prior to analysis (bulk
analysis). In laser ablation area 1 (LAA-1) and 2 (LAA-2), material was analyzed in situ with LA-MC-ICP-MS.

2.2. Environmental Monitoring

A 110 cm diameter microatoll colony of Porites sp. (Kench et al., 2019; Scoffin et al., 1978) on the central reef
flat at Cecile Peninsula was treated with alizarin red S (Lamberts, 1978) for 24 h on May 14, 2017, and was
collected after ~1 year of growth on May 25, 2018. The treatment provided a red marker in the coral skeleton
enabling detection and subsequent sampling of 1 year of CaCO; deposition (Figure 2a).

Located 27 m from the stained coral, a sensor package consisting of a SeaFET pH-sensor and CTD logger
was deployed over the same period at ~0.5-1 m depth relative to mean sea level. The sensor package meas-
ured pHy,, temperature, salinity, and water depth (pressure) at 30 min intervals. Flooding of the SeaFET
pH-sensor caused a gap in the pHj, data between September 6, 2017 and March 9, 2018 when the damaged
SeaFET pH-sensor was replaced by an identical model. Measurements of pH,, from the external SeaFET pH
electrode were corrected for temperature and salinity using measurements from the CTD logger following
Martz et al. (2010) and Miller et al. (2018). To evaluate differences in environmental conditions between
reef flat and fore-reef, the sensor package was subsequently deployed on Cecile Peninsula fore-reef for 9
days between May 28, 2018 and June 5, 2018 at ~7 m depth relative to mean sea level. For determination
of the total alkalinity of seawater (TAs,,), seawater samples were collected from the reef flat in September
2017 and May 2018, and from the fore-reef in May 2018 (Table S1 in the supporting information). Seawater
samples were collected during the day and night following Dickson et al. (2007). Titration of seawater sam-
ples to determine the TA, was performed at the University of Otago in Dunedin, New Zealand. A portable
pH-meter Orion A325 calibrated with TRIS and AMP buffer solutions was used for measurements of pHg,
temperature, and salinity accompanying TAy, sampling. All pH-measurements of this study are indicated
on the total scale. Time series analysis of environmental data was conducted in R (R Core Team, 2019).

2.3. Sample Preparation, X-Ray Densitometry, SEM

At the end of the 1-year growth experiment, the stained coral was cut with a saw, cleaned, and treated with
sodium hypochlorite overnight. The specimen was later cut into 7 mm thick slices using a diamond wet saw.
A micro-mill with a 1 mm diameter drill bit was then used to extract 34 sequential samples of 0.5-3.5 mg
of CaCO; from the annual growth band. Of these samples, 32 covered 0.5 mm, and 2 covered 1.0 mm of
coral growth along the 1.8 cm long growth axis from the alizarin-stained band to the edge of the coral (Fig-
ure 2b). Thus, one sample represents on average 11 days of calcification. Variations of skeletal density with-
in the annual growth band were calculated from X-ray images (Carricart-Ganivet & Barnes, 2007) recorded
at Mercy Radiology Auckland, New Zealand (Figure S1 in the supporting information). For this purpose,
7 mm thick cubes of coral aragonite with known density were used as standards enabling calibration of the
X-ray image's greyscale against discrete density values using the program R (R Core Team, 2019). This was
done for the area sampled by micro-milling (micro-milling area) and laser ablation area 1 (LAA-1) analyzed
by LA-MC-ICP-MS.
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2.4. Geochemical Analysis

A subsample of 0.05-0.07 mg CaCOs was taken from the 34 micro-milled samples for §'*0 and §'*C analyses
at the Stable Isotope Mass Spectrometry Laboratory of the University of Southampton (UK). The remaining
sample material was oxidatively cleaned by treatment with 30% H,O, buffered with ~0.1 M NH,OH and
dissolved in ~0.15 M HNO:;. Ten of the dissolved samples were then split into subsamples to permit trace
element analysis (~10%) and boron isotope analysis (~90%). Both analyses were carried out at the Univer-
sity of Southampton. Trace element analysis (Li, B, Mg, Al, Mn, Fe, Cd, Ba, Nd, and U), performed on all
34 samples, employed a Thermo Scientific Element 2-XR MC-ICP-MS and followed methods published in
Fowell et al. (2016). Prior to 5''B analyses, boron was isolated from the carbonate matrix of 10 samples by
ion-exchange chromatography using custom made 20 ul Teflon columns filled with Amberlite IRA743 resin
following Foster (2008) and Fowell et al. (2018). Boron isotope ratios were then measured on a Thermo Sci-
entific Neptune MC-ICP-MS with mass bias correction by sample-standard bracketing with NIST SRM951
following Foster et al. (2013). Uncertainty in bulk 8''B was determined following Rae et al. (2011), based
on the long-term reproducibility of the JCp-1 reference material (Okai et al., 2002), and was on average
+ 0.25%o (2 SD). The 8"'B of the JCp-1 used in this study was 24.14%s, consistent with both the long term
results from JCp-1 analysis in this laboratory and with results from other laboratories (24.25 + 0.22; Gutjahr
et al., 2021). For trace element ratios, the analytical precision is 5% determined by the reproducibility of
several in house standards (Henehan et al., 2015).

The study also adopts the novel use of LA-MC-ICP-MS to measure skeletal 8'"'B (Sadekov et al., 2019;
Standish et al., 2019; Thil et al., 2016). For this method, the coral slice was analyzed by a Thermo Scientific
Neptune Plus MC-ICP-MS equipped with 9 Faraday Cup detectors and a central ion counter coupled to a
TwoVol2 cell of an Elemental Scientific Lasers NWR193 excimer LA system at the University of Southamp-
ton, following a peak hopping approach that uses the 'B/*’ArCa** to correct for matrix interferences from
scattered Ca ions (Standish et al., 2019). Data were collected using integrations of 2.194 s and idle times of
2 s, and thus each data cycle was collected over a period of 8.388 s. Accuracy and external reproducibility
is demonstrated by repeat analyses of the in-house reference material PS69/318-1, a cold water calcitic
scleraxonian octocoral, which, over the course of this study, gave a mean value of 13.70%. + 0.74%o (all
errors herein are 2 SD). This is consistent with a solution MC-ICP-MS measurement of 13.83%o + 0.29%o
(Standish et al., 2019). Six LA transects (L1-L6) were placed ~280-500 um from the micro-milling transect
(LAA-1, Figure 2b). The LA transects themselves were spaced 280-420 um apart, approximately parallel to
each other. Four additional LA transects each of 1 cm length were placed perpendicular to the coral growth
axis (HL1-HL4) around 2 cm from LAA-1 (LAA-2, Figure 2b) aiming to quantify the small-scale variability
evident in LA-MC-ICP-MS derived 8"'B of approximately similar-aged CaCOs.

For all LA analyses, a spot diameter of 140 um was used, sampling at a tracking speed of 5 um/s, a repetition
rate of 12 Hz, and energy density (power) of 6 Jem ™. With a total cycle time of ~8.4 s, one 8''B data cycle
corresponds to sample ablated over a distance of 182 pum along the LA transect. This translates into ~3.7
days of calcification. Along each LA transect, the distance between the center points of ablated areas cor-
responding to consecutive data cycles is ~40 um, which translates into a sampling resolution of on average
0.8 days of calcification. However, subsequent smoothing of the data and averaging due to spot size reduces
the effective resolution. Furthermore, the reproducibility of single LA data cycles is +2.44%. (2 SD), based
on analyses of the in-house reference material PS69/318-1, reducing our ability to resolve fine-temporal
scale variability in §"'B.

The effect of an H,O, treatment to oxidize any coral-organic material was explored for LA-MC-ICP-MS s''B
by soaking the coral slice in 400 ml of 20% H,0O, solution for 24 h after 3 (L1-L3) of the six LA transects had
been measured (LAA-1). All transects in LAA-2 were measured after H,O, treatment.

Calculation of pH,; from 8"'B followed Foster and Rae (2016) using the isotopic fractionation constant from
Klochko et al. (2006). For pH, calculation, the value of the equilibrium constant for the dissociation of boric
acid (pK*g) was determined using daily averages of temperature and salinity recorded by the CTD logger.
Calculation of carbonate parameters from B/Ca followed DeCarlo et al. (2018) using the partition coeffi-
cient from McCulloch et al. (2018). Calculation of seawater carbonate parameters was performed using the
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R-package seacarb (Gattuso et al., 2019). Time series analysis of geochemical data was conducted in R (R
Core Team, 2019) and PAST (Hammer et al., 2001).

2.5. Numerical Modeling

Calcifying fluid pH upregulation of Porites sp. colonies growing on Cecile Peninsula reef flat was simulated
using a numerical model described in Guo (2019). This model simulates the effects of three key process-
es involved in coral pH,s upregulation, including enzymatic proton pumping (P), carbon influx (C), and
the exchange of calcifying fluid with external seawater (E), and predicts pH. based on ambient seawater
carbonate chemistry, temperature, and coral P/E ratio. The model was optimized by determining the av-
erage P/E ratio for the Porites sp. colony analyzed, based on the pH, data derived from our 10 bulk §"'B
measurements where a sample represents on average 11 days of calcification, as well as seawater carbonate
chemistry parameters and temperature data averaged over equivalent time periods. Specifically, seawater
carbonate chemistry parameters, such as dissolved inorganic carbon (DICy,) or Qy,, were estimated from
SeaFET pH-sensor measurements of pHg,, CTD recordings of temperature and salinity, and average TAy,
determined from reef flat seawater samples collected in September 2017 and May 2018, during day and
night (Table S1). In the time interval when no SeaFET pH-sensor data were available, average values of
seawater carbonate chemistry were used for optimizing the coral P/E ratio.

The optimized coral P/E value was then combined with high resolution (30 min) recordings of pHg, and
temperature, as well as similarly resolved estimates of other seawater carbonate chemistry parameters to
predict pH,¢ upregulation on a diurnal scale. Specifically, DIC, and Q, were estimated from 30 min meas-
urements of pHg,, temperature, salinity, and average TA, from day and night measurements in September
2017 and May 2018 on Cecile Peninsula reef flat (Table S1), as it was not possible to measure other carbonate
system parameters with the same resolution as pHg,. Sensitivity tests of model predictions in pH, to chang-
es in TAy, resulted in a sensitivity of —0.010 % 0.001 pH units per 100 umol kg™" increase in TAy,. Thus, the
small variability in TA, observed at the study site has no substantial effect on model predictions in pHcy.
For example, TA,,, varied by 43 + 143 pumol kg™' between September 2017 and May 2018, while the mean
diurnal range in TA,, recorded was 49 + 65 umol kg™' consistent with the diurnal range in TA,,, reported
previously at similar water depths, for example, 43 + 39 umol kg™' (Zhang et al., 2013), 23 # 7 umol kg™,
and 71 + 23 pmol kg™' (Lantz et al., 2014).

The physiological processes simulated in the model operate over a scale of seconds and thus the model is
well capable of simulating diurnal variations in pH. Note, however, that the model P/E ratio is optimized
based on seasonal variations in pHg, and temperature, and this is assumed constant throughout the model
simulation. Some culturing experiments under constant pHg,, and temperature conditions showed that pH,¢
is reduced in the absence of light, which is likely related to the light dependent photosynthetic activity of
the zooxanthellae (Al-Horani et al., 2002; Sevilgen et al., 2019; Venn et al., 2011). Such physiological pro-
cesses that occur at the diurnal scale and are largely independent of seawater conditions are not included in
the model due to the assumption of constant model parameters across different time scales.

3. Results
3.1. Environmental Monitoring

Field measurements of pHs, showed that at Cecile Peninsula reef flat average pHs, is relatively stable
throughout the year with slightly lower values in spring 2018 than during spring and summer 2017 (Fig-
ure 3c). During the first period of pHy, measurements (May 14, 2017 to September 6, 2017) average pHgy
was 7.99 + 0.14 and during the second period (March 9, 2018 to May 25, 2018) average pHy, was 7.96 = 0.20.
However, a relatively large diurnal pH-cycle exists on the reef flat, with pHy,, ranging up to 8.37 + 0.01 dur-
ing the day, a minimum value of 7.65 + 0.01 during the night (both measured on April 4, 2018; Figures 3c
and 4a), and a mean diurnal pHg, range (ApHyy) of 0.29 + 0.24 pH units.

Average pHy, on the fore-reef recorded over the 9-day period was 7.96 + 0.05, thus similar to average reef
flat pH recorded over the 1-year period, and very close to average reef flat pH of 7.94 = 0.17 recorded during
the 9 days of sampling before moving the SeaFET pH-sensor to the fore-reef. However, the diurnal pHg,
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Figure 3. Skeletal density derived from (a) X-ray densitometry, (b) daily averaged seawater temperature from CTD
logger, (c) pH, reconstructed from 8'"'B (LA-MC-ICP-MS plotted as an 8 point running mean, black) and modeled
following Guo (2019), (orange), pHy, recorded by SeaFET pH-sensor with daily averages (dark blue), and measured
with a 30 min resolution (light blue), (d) as well as daily averaged seawater salinity, gray lines in plot of temperature
and salinity are 30 min measurements, and the gray area in 8''B indicates standard deviation.
range was substantially lower on the fore-reef with ApHg,, = 0.07 £ 0.05 over the 9 days sampling interval
(Figure 4a). The highest pH,, recorded on the fore-reef was 8.02 £ 0.01 and the lowest was 7.89 + 0.01. Day
and night measurements of TAy,, that showed only little variability, pHsy,, temperature, and salinity on the
reef flat and fore-reef were used to calculate other seawater carbonate parameters (Table S1). On the reef
flat, DIC,, and Qg revealed a similar diurnal divergence from daily average as pHy, but notably, daily aver-
ages on the reef flat for these other carbonate system parameters were also similar to values on the fore-reef.
Reef flat CTD seawater temperature measurements revealed an annual average of 27.1°C + 2.6°C and a
clear seasonal pattern with a maximum daily average value of 29.2°C + 3.2 °C recorded during summer
(June 14, 2017) and a minimum of 25.3°C + 1.0 °C during winter (December 28, 2017, Figure 3b). Mean
temperature on the fore-reef between the May 28, 2018 and June 5, 2018 was 27.7°C + 0.3°C, comparable to
that recorded on the reef flat between the 3rd and 11th of May (27.8°C + 1.17°C). The diurnal temperature
range observed on the fore-reef was 0.3°C + 0.2°C, substantially lower than that on the reef flat which ex-
hibited a diurnal temperature range of 1.7°C + 1.2°C between the 3rd and 11th May, 2018.
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strong rainfall events in winter and spring, average daily salinity de-
creased to 27.3 = 1.1 PSU (December 30, 2017), indicating the formation
of a temporary low-salinity layer (Figure 3d). Mean salinity recorded on
the fore-reef over the 9 days sampling period was 34.9 + 0.08 PSU that is
only slightly higher than that measured on the reef flat between the 3rd
and 11th of May on the reef flat (34.8 + 2.0 PSU).

3.2. Geochemical Analysis and X-Ray Densitometry

It is known from previous studies that due to low rainfall rates on Kirit-
imati Island coral 8'°0 closely follows SST with little effect of seawater
salinity (McGregor et al., 2011). Thus, the alignment of coral §'*0 with
seawater temperatures recorded by the CTD logger enabled the construc-
tion of an age-depth model for the annual growth band (Figure S5).

Values of "B measured with conventional dissolution (bulk analy-
sis) remained relatively stable along the annual growth band with an
average of 22.09%0 + 1.46%0 and a variance of 0.53%. (Figure 3c). The
mean of the six LA transects of LAA-1 revealed a similar average §"'B of
22.20%o % 1.64%o, but with large variation around this value from 16.02%o.
to 27.57%o and a variance of 2.16%. (Figure 3c). The good agreement in
average 8''B between both methods validates the accuracy of LA-MC-
ICP-MS measurements of 8"'B. The apparently higher §''B from LA-MC-
ICP-MS in the outermost 5 mm of the annual band might result from

tissue layer organic matter residues which are also seen to reduce 8**C and U/Ca, as well as increase Cd/
Ca in this area (Figure S2). However, the treatment of samples with H,0O, to remove organic constituents
did not seem to affect the results (Figure S3). LA measurements before the sample was treated with H,0,
(transect L1, L2, and L3) resulted in a mean 8''B of 22.01%o + 2.16%o with a variance of 1.59%o. Similarly,
measurements after H,0, treatment (transect L4, L5, and L6) revealed a mean 8"'B of 22.39%o + 2.52%. with

a variance of 2.45%o.

Results of LA-MC-ICP-MS 8''B analysis along the four transects perpendicular to the coral's growth axis
(LAA-2, Figure 2b) reflects the "B variability in CaCOs that was precipitated nearly synchronously (Fig-
ure S4). Therefore, the observed variabilities in 8''B along these transects are not simply due to variations
in ambient seawater conditions, but likely result from sampling different components of the coral skeleton
macrostructure with variable 8''B. Results show that the variance observed in 8"'B transects of LAA-2 was
around 50% lower (HL1: 6® = 1.92%0, HL2: 6* = 2.67%0, HL3: 6* = 1.18%., and HL4: 6> = 1.47%0) than in
transects from LAA-1 (L1: 6° = 2.13%o, L2: 6* = 3.02%0, L3: 6* = 3.76%0, L4: * = 4.5%o, L5: 0> = 3.87%o, and
L6: 0° = 2.42%). This suggests that approximately half of the variability in each of the §'"'B transects from
LAA-1 results from sampling different components of the coral skeleton macrostructure. Similar §''B het-
erogeneities have been found in other coral §''B LA-MC-ICP-MS studies (Chalk et al., 2021) and are likely
linked to spatial variations of pH in the coral skeleton as shown in studies using pH-sensitive dyes or mi-
croelectrodes (Cai et al., 2016; Sevilgen et al., 2019; Venn et al., 2011). These macrostructural heterogenei-
ties in skeletal 8''B may also explain the short-term differences between bulk and LA-MC-ICP-MS derived
8"'B in some intervals (Figure 3c), as well as some of the differences between individual LA 8''B transects
L1-6. The remaining variability within and across the 8"'B transects can, at least in part, be attributed to the
relatively low precision of the LA-MC-ICP-MS measurements here compared to solution-based approaches.

Skeletal density variations measured for micro-milling area and LAA-1 (Figure 3a) showed a high level
of agreement (+* = 0.72, p < 0.01, n = 36). Estimated skeletal density was in the lower range of previously
reported values for Porites (Mollica et al., 2018; Tanzil et al., 2016; Tortolero-Langarica et al., 2016) with on
average 0.89 + 0.19 g cm ™ (micro-milling area), 0.91 + 21 g cm™ (LLA-1) respectively. The highest density
values were measured at the edge of the annual band (1.15 g cm™) and another local maximum at 15.75
to 14.25 mm depth (1.00 g cm™>). The lowest values were found at the base and of the annual band and at

12 mm depth (0.75 g/cm™>).
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3.3. Numerical Modeling

Theoretical modeling showed that the coral's physiological regulation of pH is best represented by the
interplay between enzymatic proton pumping (P) and the exchange of calcifying fluid with external sea-
water (E), that is, a colony specific P/E ratio (Guo, 2019). Thus, the numerical model of pHs upregulation
(Guo, 2019) was first optimized to determine the average P/E ratio specific to the Porites sp. specimen
employed in this study (see Section 2.5). With this optimized P/E ratio, this model successfully reproduced
the pH,¢ derived from bulk 5B measurements (Figure 3c) and predicts only limited diurnal pH variability
(Figure 4c). The model predicted a mean diurnal range in pH¢ of ApHy = 0.07 = 0.08 with a maximum
ApH,sof 0.21 (April 1, 2018) and a minimum of 0.03 (July 21, 2017). Notably, this is substantially lower than
the diurnal range in ambient pHg,, of on average 0.29 + 0.24 pH units.

4. Discussion
4.1. Variability in Reef Flat Environmental Conditions

On a seasonal scale, variations of seawater temperature affect pHg, through the temperature dependency
of dissociation constants. However, only a weak correlation (+* = 0.16, p < 0.01, n = 179) between daily
averages of pH, on the reef flat and seawater temperatures was found (Figures 3b, 3c, and S6a). Due to the
failure of the SeaFET pH-sensor, it was not possible to analyze a full seasonal cycle and this limitation may
be obscuring any correlations. On the other hand, seasonal temperature variations at Kiritimati Island were
low (4°C) and thus the effect of temperature is likely superseded by other environmental factors. Across the
monitoring period that pHy, was recorded, daily averages of pHy,, and salinity showed the highest degree of
correlation (> = 0.56, p < 0.01, n = 179, Figure S6b). Heavy rainfall events in winter 2017/2018 and spring
2018 caused the formation of a low-salinity layer on the reef flat and this dilution of seawater by meteoric
water explains the lower pHg, values recorded during spring 2018 compared to spring and summer 2017
(0.04 pH units, Figures 3c and 3d).

Agreement between daily averages of pH,, measured with the SeaFET pH-sensor (Figure 4a), and the other
carbonate system parameters calculated from TAy, and portable pH-meter measurements between the reef
flat and fore-reef (Table S1), indicates that average seawater conditions on the reef flat are influenced by,
and reflect, off reef conditions. However, the amplitude of the diurnal pHg, and temperature cycles on the
reef flat exceeded those on the fore-reef by half an order of magnitude (Figure 4a), as reported previously
in other reef systems (Cyronak et al., 2019). A number of studies have detailed that the balance between
Net Ecosystem Productivity (NEP) and Net Ecosystem Calcification (NEC) drives the diurnal pHy, cycle on
the reef (DeCarlo et al., 2017; Gattuso et al., 1993; Smith, 1973). NEP describes the rates of photosynthesis
and respiration that occur on the reef, whereby photosynthesis removes CO, from the seawater increasing
pH,y, and respiration releases CO, reducing pHy, (Cyronak et al., 2018). NEC is controlled by the rate of
calcification and dissolution, whereby calcification releases CO,, lowering pHyy, and dissolution consumes
CO; increasing pHgy. As photosynthesis dominates during the day, and respiration during the night, pHg,
oscillates diurnally (Figures 3c and 4a). During days with elevated solar irradiance photosynthesis is stimu-
lated and the maximum of the diurnal pHy, cycle tends toward higher values than on days with cloud cover.
Elevated solar irradiance also leads to elevated seawater temperatures. A significant positive correlation
(7 = 0.40, p < 0.01, n = 179) between average pHy, and temperature, measured between 12 p.m. and 4
p.m. when the diurnal pHj, cycle peaks (Figure S7), confirms this dependency for the reef flat (Figure S7a).
However, the main driver of the diurnal pHy, cycle's magnitude on the reef flat appears to be the tidal cycle
(Chan & Eggins, 2017; Shaw et al., 2012). The water level on the reef flat determines the seawater residence
time and thus how much seawater with low (night) or high (day) pHy, levels remains on the reef flat or is
removed in exchange with seawater off reef with more moderate pHyy. If low tide occurs during the max-
imum and minimum of the diurnal pHs, cycle, which is at ~12 p.m.-4 p.m., and 2 a.m. respectively, the
products of NEP and NEC accumulate in a smaller volume of water. This amplifies the diurnal pHy, range
by further increasing pHy, during the day and lowering pHy,, during the night (Figure 4a). This is evident by
a negative correlation between averaged pHy,, and water depth during the day time (12 p.m.—-4 p.m.) in the
time interval May 14, 2017 to September 6, 2017 (* = 0.47, p < 0.01, n = 119), as well as in the in the time
interval March 9, 2018 to May 25, 2018 (¥* = 0.53, p < 0.01, n = 63), and the positive correlation at night
time (2 a.m.) in the time interval May 14, 2017 to September 6, 2017 (* = 0.39 p < 0.01, n = 119), and in the
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Figure 5. The amplitude of the reef flat pHj, and temperature cycle oscillate with a 15 days periodicity: Results
of spectral analysis of (a) day time (12 p.m.-4 p.m.) and night time (2 a.m.) pHy, and (b) day time (12 p.m.-4 p.m.)
seawater temperature. (c) No similar periodicity was found in time series of LA-MC-ICP-MS 8"'B derived pH,s or
(d) the similar de-trended (differenced) time series. Confidence lines are indicated as thick (p < 0.01) and thin

(p < 0.05) dashed lines whereas in (a) confidence lines of day and night 2017 overlap at power = 10.08 (p < 0.01)
and power = 8.44 (p < 0.05), as well as the confidence lines of day and night 2018 at power = 9.44 (p < 0.01) and
power = 7.81 (p < 0.05).

time interval March 9, 2018 to May 25, 2018 (+* = 0.51, p < 0.01, n = 63), respectively (Figure S8). Finally,
the influences of low water levels on pHy, are most evident during spring tides and the smallest during neap
tides. Hence, daily maxima and minima values of pHy, oscillate with a periodicity of 15 days that is equiv-
alent to the average periodicity of the occurrence of spring tides or half a synodic month (Figures 3c, 5a,
and S9a-S9d). Elevated day time (12 p.m.-4 p.m.) seawater temperatures occur with a similar periodicity
as smaller volumes of water during low spring tides warm up quicker (Figures 3b, 5b, and S9e). However,
the effect of spring and neap tides is less significant in time series of seawater temperatures than of pH.

It can be concluded that on a seasonal scale, daily averaged pHy, at Cecile Peninsula reef flat on Kiritimati
Island appears to remain relatively stable, likely following off reef trends, with the long-term pH, varia-
bility being caused by large rainfall events diluting the seawater and causing a reduction in pHg,. On the
diurnal cycle, the occurrence of maxima and minima pHy,,, and maxima of seawater temperatures followed
the 15 days spring-neap tidal cycle and associated variations of sea level.

4.2. Variability in pHs Upregulation

In the time intervals when both pHg, and pH data are available, the coral upregulated pH, on average by
0.33 pH units for bulk §"'B and 0.37 pH units for LA-MC-ICP-MS §''B, respectively (Figure 3c). This is simi-
lar to the level of pH upregulation reported for Porites by McCulloch et al. (2017) and in the same range as
other studies (Georgiou et al., 2015; Honisch et al., 2004; Krief et al., 2010; Wall et al., 2016). In addition to
pH,y, estimates based on B/Ca ratios suggest calcifying fluid DIC ;s was elevated by a factor of 2.4, calcifying
fluid total alkalinity (TA.¢) by 2.5, and calcifying fluid aragonite saturation state (Q.) by 4.2 compared to am-
bient seawater conditions on the reef flat (Figure S10, Table S1). These results are also in the range reported
in a previous study (Comeau et al., 2017).

On a seasonal scale, 8''B derived coral pH,; did not show any significant correlation with variations of pHg,
as recorded by the SeaFET pH-sensor (Figure 6a). Indeed, in the time interval March 9, 2018 to May 25, 2018
where pHy, values were slightly reduced (—0.04 pH units) due to the formation of a low-salinity layer on
the reef flat, LA "B derived pH, remained slightly elevated (+0.09 pH units, Figure 3c). Seawater temper-
ature appeared to be the main driver of observed pH, variations with = 0.58 (p < 0.01, n = 10) between
pH, calculated from bulk 8''B and seawater temperatures (Figures 3b, 3c, and 6b). A predominant control
of ambient seawater temperatures on Porites pH,¢ upregulation on a seasonal scale is in accordance with
other recent studies (Guo, 2019; McCulloch et al., 2017; Ross et al., 2017), as well as those that revealed a
limited sensitivity of Porites pH¢ upregulation to seasonal variations in pHg, (Comeau et al., 2019; Georgiou
et al., 2015).

Corals calcify predominantly during the day as light stimulates calcification (Buchsbaum & Muscatine, 1971;
Cohen et al., 2016). Potentially, highly resolved time series of 8"'B derived pH, could thus be biased toward
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Figure 6. Controls on calcifying fluid carbonate chemistry parameters. Correlations between pHy, and pH, (bulk "B,
a), as well as between seawater temperature and calcifying fluid carbonate chemistry parameters, such as (b) pHe, (c)
DIC,y, and (d) TAs are shown. (e) Furthermore, the correlation between Q. and skeletal density is presented.

day time pH,s and consequently may record oscillations in day time pH,;. However, no significant 15 days
periodicity following the spring-neap tidal cycle as observed for day time pHy, and temperature is evident
in time series of LA-MC-ICP-MS 8''B derived pH (Figures 5c, 5d, and S9). This supports the numerical
model results suggesting a limited diurnal variability in pH,s despite the substantial diurnal variabilities in
pH,y (Figure 4c) and temperature (Figure 4b) observed on the reef flat. Furthermore, these findings are in
accordance with previous studies that cultured corals under variable diurnal ranges in pHg, and found simi-
lar levels in pH,s upregulation across treatments (Cornwall et al., 2018), as well as no decline in calcification
rates with increasing diurnal pHg, variability (Enochs et al., 2018). In our model simulations, the competing
effects of varying pHy, and temperature on pH,; upregulation (e.g., Guo 2019) result in a nearly constant
pH,¢ at the diurnal scale. However, as noted earlier, diurnal physiological processes, such as light dependent
variations in zooxanthellae photosynthetic activity, are not considered in our model and may still induce
some diurnal variability in pH. Of note, a significant periodicity of 25-26 days in the de-trended time series
of LA-MC-ICP-MS 8"'B derived pH (Figure 5d) may relate to the accretion of dissepiments within the coral
skeleton that follows the lunar cycle (DeCarlo & Cohen, 2017).

Besides pH, other calcifying fluid carbonate system parameters calculated from bulk derived §''B and B/
Ca also exhibit a seawater temperature dependency, such as DIC (¥ = 0.72, p < 0.01, n = 10, Figure 6¢) and
TA (¥ = 0.63, p < 0.01, n = 10, Figure 6d). Similarly, sub-annual variations in skeletal density suggest some
positive relation with temperature, with lower density values in autumn and winter when seawater temper-
atures are low, and higher density in spring and summer under higher seawater temperatures (Figures 3a
and 3b), consistent with faster aragonite precipitation and thus skeletal densification at higher temperatures
(Guo et al., 2020; Mollica et al., 2018). However, these sub-annual skeletal densities exhibited an apparent
negative correlation with aragonite Qg (+* = 0.44, p = 0.04, n = 5, Figure 6e), different from the positive
correlation between inter-annual skeletal density and Q¢ observed in Porites collected from several Pacific
reefs in Mollica et al. (2018). This difference likely reflects the interplay of multiple factors influencing
coral skeletal density (e.g., extension rates, temperature, and Q) on different time scales (Guo et al., 2020).
Overall, results support that at our study site coral calcification is affected by physiological modification of
the calcifying fluid carbonate chemistry and that these modifications primarily follow variations in ambient
seawater temperatures. However, while we have followed the DeCarlo et al. (2018) approach in converting

B/Cato [CO%’}, it should also be noted that others have suggested there is a temperature dependency of bo-

ron incorporation into aragonite (Cai et al., 2016; Chen et al., 2015). This may be complicating the estimates
of calcifying fluid carbonate system parameters we make here from B/Ca.
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5. Conclusions

This study confirms that Porites pH, is upregulated compared to ambient pHy, and that, on a seasonal
scale, seawater temperatures exert the primary control on pH,s upregulation rather than pHy, at our study
location. Reduced reef flat pHy, resulted from dilution by meteoric water occurring in response to periodic
rainfall events, and was not reflected in time series of pH,. The observed variations in pH upregulation
that follow ambient seawater temperatures are likely related to the temperature dependency of calcification
rates. The application of a recent numerical model of pH,s upregulation (Guo, 2019) and the novel usage of
LA-MC-ICP-MS to determine skeletal 8''B in high resolution (Standish et al., 2019) suggest that Porites also
maintains pH,s upregulation under large diurnal variations in reef flat pHy, and temperature conditions,
although, diurnally resolved measurements of pH, are needed to validate this finding. The observed diur-
nal pHg, variability on Cecile Peninsula reef flat on Kiritimati Island was substantially higher than on the
fore-reef, driven by ecological and tidal processes. In order to ensure calcification in such a dynamic pHyy
environment, Porites likely maintains upregulation of calcifying fluid carbonate chemistry parameters at
seasonal and diurnal time scales.
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