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Coral reefs and their ecosystems are threatened by both global stressors, including increasing sea-surface tem-
peratures and ocean acidification (OA), and local stressors such as land-based sources of pollution that can
magnify the effects of OA. Corals can physiologically control the chemistry of their internal calcifying fluids (CF)
and can thereby regulate their calcification process. Specifically, increasing aragonite saturation state in the CF
(Qcr) may allow corals to calcify even under external low saturation conditions. Questions remain regarding the
physiological processes that govern the CF chemistry and how they change in response to multiple stressors. To
address this knowledge gap, the boron 5''B and B/Ca were analyzed in tropical corals, Porites lobata, collected at
submarine groundwater seeps impacted by the release of treated wastewater in west Maui, Hawai'i, to document
the interactions between high nutrient / low pH seep water on CF carbonate chemistry. Results show substantial
up-regulation of pH and dissolved inorganic carbon (DIC) with respect to seawater in P. lobata corals collected
from within the wastewater impacted area at Kahekili Beach Park compared to the control site at Olowalu Beach.
The Qcp was 9 to 10 times higher than ambient seawater Q, and 13 to 26% higher than in corals from the control
site and from values previously observed in tropical Porites spp. corals. Such elevated up-regulation suggests that
corals exposed to nutrient-enriched, low pH effluent sustain CF supersaturated with respect to aragonite, possibly
as an internal coping mechanism to combat multiple stressors from land-based sources of pollution. This elevated
up-regulation has implications to coral vulnerability to future climate- and ocean-change.

1. Introduction

Global climate change, including increasing sea-surface tempera-
tures (SSTs) and ocean acidification (OA), together with local stressors
that impact water quality, such as increased sedimentation or eutro-
phication, synergistically threaten coral reef health (e.g., Crain et al.,
2008). Given the diverse ecosystems services provided by coral reefs (e.
g., Woodhead et al., 2019), including the protective services created by
reef structure (Storlazzi et al., 2019), there is growing scientific interest
in understanding coral reef resilience. Specifically, global surface OA
triggered by the rise in atmospheric carbon dioxide fundamentally alters
seawater chemistry, decreasing pH and reducing the concentration of
carbonate ions ([CO37]), thereby negatively impacting reef building
corals and their ability to maintain high skeletal growth and/or density
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(Hennige et al.,, 2015; Kamenos and Hennige, 2018; Langdon and
Atkinson, 2005; Ries et al., 2009). The ability of corals to physiologically
mediate the chemistry of their calcifying fluid (CF) indicates that corals
can control their calcification process, possibly allowing them to calcify
under a larger range of conditions (e.g., McCulloch et al., 2012a;
McCulloch et al., 2017; Wall et al., 2016). However, the impact of
various environmental compounding stressors on this ability has not
been thoroughly studied in the field under environmentally relevant and
authentic, naturally variable conditions.

Biological regulation of the calcifying medium within the extracel-
lular sites of calcification allows corals to modulate the carbonate
chemistry at the site of calcification to facilitate calcification (Al-Horani
et al., 2003a; Venn et al., 2011). This process creates a pH gradient
between the CF and the surrounding seawater, where protons are
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pumped out of the calicoblastic space between the coral tissue and
skeleton to maintain high pH within the CF (pHcp) (Al-Horani et al.,
2003b; Venn et al., 2011). Removal of protons from the calcification site
via Ca?t-ATPase activity has been hypothesized in both shallow
(zooxanthellae-bearing) corals (Wall et al., 2016), temperate corals
(Trotter et al., 2011), and cold-water (azooxanthellate) corals (McCul-
loch et al., 2012b; Rollion-Bard et al., 2011). However, the magnitude of
pH increase in the CF relative to ambient seawater (ApH the difference
between the pH in the CF and that of seawater) as well as the absolute
pHcr has shown to be larger in azooxanthellate cold-water corals
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(McCulloch et al., 2018). To date CF pH has been measured directly by
confocal microscopy and microelectrodes confirming an upregulation of
pH and dissolved inorganic carbon (DIC) within the CF (e.g., Al-Horani
etal., 2003b; Sevilgen et al., 2019; Venn et al., 2013) and thus the ability
of 8'!B and B/Ca to indirectly constrain the CF carbonate system (Alli-
son, 2017; DeCarlo et al., 2018; Holcomb et al., 2016; Mavromatis et al.,
2015; McCulloch et al., 2017). Measuring both 5!'B and B/Ca allows for
calculating pHcr and estimating carbonate ion [CO3 ]cp, respectively
(Hemming and Hanson, 1992; Klochko et al., 2006), holding promise in
constraining the full carbonate system within the CF over time. This
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Fig. 1. Location map of the island of Maui, Hawai'i, USA, and the study area at Kahekili Beach Park along west Maui showing coral coring locations, the South Seep
Group (SSG; red circle), superimposed on distribution of percent coral cover versus sand. Computerized tomography (CT) images and respective photographs of coral
cores collected at the SSG and to the north, approximately 780 m north of the SSG. Spatial extents of the Lahaina Wastewater Reclamation Facility (LWRF) injectate
plume (red and yellow) and inferred subsurface paleo-stream alluvium hydraulic barrier (blue) also shown. Modified from Hunt Jr. and Rosa (2009) and Prouty et al.
(2017a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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calculation assumes that only borate is incorporated into the carbonate
skeleton during coral calcification and requires auxiliary data such as
temperature and salinity, and the B distribution coefficient. Studies
using coral skeletal B systematics have shed some light on coral resil-
ience to OA and potential acclimatization of corals to naturally occur-
ring low-pH environments (McCulloch et al., 2012a; Wall et al., 2019a;
Wall et al., 2019b). However, questions remain regarding the ability of
corals to effectively regulate the CF chemistry when faced with the ef-
fects of both low-pH and elevated nutrient conditions.

Submarine groundwater discharge (SGD) has been documented at
the shallow reef off Kahekili Beach Park in Ka‘anapali, west Maui. The
discharging groundwater is nutrient rich and has lower than ambient
seawater pH exposing corals in the vicinity of these SGD seeps to these
combined stressors. The SGD contains treated effluent water, which is
injected to the groundwater at the nearby Lahaina Wastewater Recla-
mation Facility (LWRF, in operation since 1976) (Glenn et al., 2013;
Murray et al., 2019; Swarzenski et al., 2017). Reef health and coral cover
have been declining along the shallow coral reef at Kahekili Beach Park
(Ross et al., 2012; Wiltse, 1996) with documented re-occurrence of
seasonal (winter) macro-algal blooms (Smith et al., 2005) and shifts in
benthic cover from abundant coral to turf- or macro-algae (Cochran
et al., 2014). Following a large bleaching event in 2015, the coral cover
declined further, with P. lobata exhibiting the largest absolute decline in
percent cover (McCarthy, UCSD, written commun, 2021). Bioerosion
rates of Porites spp. corals growing close to the SGD seeps are also high
and corals showed lower net calcification rates (Prouty et al., 2017a).
Secondary effects of eutrophication have also been reported at Kahekili
Beach Park such as a shift from net community production and calcifi-
cation to net respiration and carbonate dissolution (Prouty et al., 2018).
Here we use coupled §''B and B/Ca measurements to investigate the
effect of the combined low pH and elevated nutrients on the CF car-
bonate chemistry of the coral P. lobata, document ApH, and evaluate the
environmental conditions influencing CF carbonate chemistry.

2. Methods
2.1. Study site and coral collection

Coral cores from the shallow reef at Kahekili Beach Park in
Ka‘anapali, west Maui, Hawai'i, were collected in July 2013 as described
in Prouty et al. (2017a) (Fig. 1). In brief, two coral cores from scler-
actinian P. lobata were drilled offshore from the Kahekili Beach Park,
approximately 0.5 km southwest of the LWRF, and where previous work
has located clusters of brackish SGD seeps influenced by the LWRF
injectate plume (Glenn et al., 2013; Swarzenski et al., 2017) and con-
taminants including pharmaceuticals and flame retardants (Campbell
et al., 2017). A single core was collected from a coral head (Lobata-
Head06) within the active south seep cluster (referred to as the South
Seep Group, SSG), 23 m offshore in a water depth of less than 1 m. At this
site, the salinity, temperature, and pH vary as a function of SGD flux
(Swarzenski et al., 2017). According to a 2012-2013 survey using a
piezometer inserted into a seep, SGD salinity varied between 3.8 and 22,
pH varied between 7.2 and 7.9, and water temperatures were > 28 °C
(Glenn et al., 2013). Similarly, based on a survey using Solinst CTD
Divers deployed on the seafloor at the SSG during a 6-d sampling period
in March 2016 (Prouty et al., 2018), bottom water salinity varied be-
tween 10.6 and 36.7 and temperature ranged from 23.2 to 26.4 °C,
whereas salinity on the reef flat did not drop below 30 (Prouty et al.,
2017b). The SGD at this site is characterized by elevated nitrogen and
nitrogen isotope (615N) of nitrate (Dailer et al., 2010; Hunt Jr. and Rosa,
2009). Nitrate concentrations of the SGD were as high as 117 pmol L™}
with 8!°N-nitrate values exceeding 40%o (Prouty et al., 2017a). Elevated
5'°N values were also recorded in corals adjacent to the seeps (Murray
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et al., 2019). The aragonite saturation values (Qarag) of the SGD are low
or even under-saturated, with Qg values ranging from 0.52-3.19
(Prouty et al., 2017a). In comparison, the water above the seeps is mixed
with ambient seawater and registered a Qg,, value of 2.9 during low tide.
SGD at the seeps is also a source of elevated DIC (2600 pmol kg‘l)
compared to ambient seawater (Prouty et al., 2018).

A second core was collected at Kahekili Beach Park from a coral head
(LobataHead05) approximately 780 m north of the SSG in a water depth
of less than 2 m (Fig. 1). While no active SGD seep clusters were detected
at this site (Glenn et al., 2013), this site is within the northern extent of
the warm SGD injectate plume as documented by infra-red thermal data
and elevated algae 515N (12%0) and nitrate 5'°N (17%o) values (Dailer
et al., 2010; Dailer et al., 2012; Hunt Jr. and Rosa, 2009). The pH range
at this site was between 7.85 and 7.95 (Dailer et al., 2010; Hunt Jr. and
Rosa, 2009), and dissolved inorganic nitrogen less than 5 pmol L™}
(Hunt Jr. and Rosa, 2009). While less in-situ data are available from this
site, other sites that were sampled away from the SSG are dominated by
strong mixing of seepage water with ambient seawater causing a mixing
gradient with corals growing closer to the seep experiencing a stronger
influence from SGD compared to the coral heads farther away. For
example, at a sampling site 200 m from the SSG, SST ranged between
23.0 and 24.3 °C, salinity from 33.5 to 37.9, DIC from 1963 to 2083
pmol kg’l, and Q from 2.85 to 3.24 (Prouty et al., 2018).

At the control site in Olowalu Beach, south of Kahekili Beach Park, a
coral core was collected from a water depth of 4.5 m (Prouty and Gal-
lagher, 2017). Located approximately 13 km south of the main study in
Kahekili Beach Park, this site is considered a control site given no major
seepage was detected (Glenn et al., 2013). At this control site, temper-
ature and salinity were recorded by a YSI sensor deployed at the coral
head between October 17, 2012, and July 9, 2013. Monthly average
temperatures fluctuated between 23.9 and 26.1 °C and salinity ranged
between 33.0 and 34.4 (Storlazzi, USGS, written commun., 2021). Water
quality parameters sampled from Olowalu Beach indicate a pH range
from 7.92 to 8.03 (Glenn et al., 2013), with average nitrate concentra-
tion of 0.10 + 0.5 pmol L~! (Falinski et al., 2017).

2.2. Coral and calcifying fluid analysis

Using the density banding as a guide, carbonate boron analysis (5''B
and B/Ca) was conducted along the major growth axis of coral cores
(Supplemental Fig. S1). Measurements were carried out at GEOMAR,
Helmholtz Centre of Ocean Research in Kiel, Germany, using an ESI New
Wave Research UP193FX excimer laser, operating at 193 nm, connected
to a Thermo Fisher (former VG) Axiom MC-ICP-MS, following the
analytical procedures published in Fietzke et al. (2010) and Wall et al.
(2019b). The ICP was operated at hot plasma (NAI 11-14) to provide
stable matrix-independent measurement conditions (Fietzke and Fri-
sche, 2016). Sampling was conducted using a 150 pm spot size run as
line scan at 300 pm s~ .. Scans were repeated five times along parallel
tracks separated with 120 pm spacing, and the pattern was repeated in
18 runs. All 18 runs were integrated pixel-wise, scanning the same areas
on the coral sample. Final 5!1B and B/Ca (estimated from B/C data) data
represent the average of the five lines parallel tracks (e.g., first pixels of
each line integrated, 2nd pixels of each line integrated, etc.). Results of
four 5''B standards (JCp-1, JCt-1, NIST610 and NBS951) measured
repeatedly during the analytical sessions agree well with published
values (Supplemental Table S1), yielding a 611Bcarb precision of 1%o.
Seawater analyses for 5''B were performed on four samples collected at
the SSG during both low and high tide, and two samples north of the
SSG. The seawater samples were purified with anionic exchange resin
and analyzed on a Thermo Finnigan Neptune MC-ICPMS following
standard procedures (e.g., Foster, 2008; Stewart et al., 2021). The pre-
cision in SHBSW was 0.2%o (2SD) for 5 ng B. Accuracy was tested using
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NIST RM 8391 (14.51 £ 0.15%o) and JCp-1 (24.22 + 0.10%o). These
values are within the range of recent inter-comparison efforts (Gutjahr
et al., 2021; Stewart et al., 2021).

The equation of Zeebe and Wolf-Gladrow (2001) was used to
calculate pHcr based on measured coral 3''B composition:

pHCF = pKB - lOg [ - (snBsw - 6]]Bcarb)/(6]lBsw - a(B3—B4)6HBcarb )
— 1000 (atp3-sy — 1) ] @

where 5'1Bg, is the 5!'B composition measured in two ambient seawater
samples on the reef flat offshore of the SSG (40.01 + 0.05%.) and
8B ar is the 811B of boron inclusion of the carbonate, o(p3-84) = 1.0272
(Klochko et al., 2006) is the boron isotope fractionation factor, and pKg
is the dissociation constant of boric acid in seawater dependent on the
temperature and salinity (Dickson, 1990). The 8''B composition in
bottom water at the SSG during both low and high tide (39.94 + 0.10%o)
are similar to the ambient seawater. Given the lack of continuous in-situ
SSS and SST time-series, average satellite derived SST (25.2 + 0.3 °C)
and SSS (34.3 + 0.9) values were used over the length of the coral re-
cords, providing a minimum estimate in pHcg. The reason for this is that
the satellite data tend to underestimate site specific seawater tempera-
ture and overestimate seawater salinity at the SSG, resulting in lower
pKg values and thus pHcr (by ~0.3 for both). Time series of CF pH,
[CO%’] and DIC were calculated using combined carbonate 5''B and B/
Ca systematics with the computer code from DeCarlo et al. (2018). This
script was run using 1000 Monte Carlo simulations to estimate the non-
systematic error for the CF pH, [CO%*] and DIC outputs (Tables 1a, 1b
and 2; Supplemental Figs. S2, S3). The choice of partition coefficient
(Kp) between aragonite and seawater influences the application of boron
systematics given the dependency of Kp on fluid chemistry (Allison,
2017; Holcomb et al., 2016; Trotter et al., 2011). Three different Kp
formulas were considered (Supplemental Fig. S4). We used the Kp for-
mula from McCulloch et al. (2017) because the resulting [CO%‘]CF and
DICcr values were generally less than those from the other two options
(Holcomb et al., 2016; and DeCarlo et al., 2018) and was therefore
chosen as a more conservative approach. A one-way analysis of variance
(ANOVA) test indicates that there was no statistical difference between
the outputs from the different Kp options, except in the case of [CO% 1cr
from LobataHead06. For this single case the DeCarlo et al. (2018) Kp
approach resulted in [CO%’]CF values whose mean and distributions
were statistically different from the McCulloch et al. (2017) method.
However, even in this case, the RMSE between these two [CO%_]CF
outputs was less than the maximum error associated with the [CO%’]CF
calculation (51.9 compared to 199.5 pmol kg™!); thus, it seems
reasonable to conclude that the choice of Kp method is not important to
the computed [CO%’]CF and DICcr values relative to the overall uncer-
tainty, similar to recent results from a cross-Pacific study (Thompson
et al., 2022).

The aragonite saturation state (Qqarag) of the CF was calculated using

Table 1a
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an Excel Workbook Macro translation of the original CO2SYS program
(Pierrot et al., 2006) and is defined as the product of [CO%_] and [Ca?"]
divided by the aragonite solubility product (Ksp). Without in-situ cal-
cium data, the concentration was assumed to be proportional to changes
in salinity (34.3) and applied with a [Ca%'] of 10 mmol L~! and the
carbonate concentration was calculated from pH and DIC (derived from
5!'B and B/Ca respectively), and the values of K; and Ky (Pierrot et al.,
2006). The CO2SYS 2.0 program was run with dissociation constants K;
and Kj from Mehrbach et al. (1973) refit by Dickson and Millero (1987)
and Kgp4 from Dickson (1990), and boron-derived proxies for pHcr and
DICcp, average nutrient data at the SSG (0.21 pmol L~ P03~ and 10.45
pmol L~ Si) and away from the seep site (0.09 pmol L' PO~ and 2.81
pmol L' si) (Prouty et al., 2017b; Prouty et al., 2018), and satellite-
derived-SST and salinity. The time-varying uncertainties associated
with the Qarag values were determined using the Pierrot et al. (2006)
MATLAB CO2SYS 2.0 package (https://www.ncei.noaa.gov/access/oc
ean-carbon-acidification-data-system/oceans/CO2SYS/co2rprt.html).
These errors are shown in Supplemental Figs. S2, S3, S5, and the
maximum errors are given in Tables 1a, 1b, and 2.

According to the bio-inorganic model (IpHRAC) of McCulloch et al.
(2012a), gross calcification rates were calculated from boron derived
calcifying fluid conditions using the empirical exponential rate depen-
dence law for carbonate precipitation from Burton and Walter (1987):

G = K(QCF — 1)“ (2)
with the temperature-dependence for aragonite precipitation:

K= —0.0177T>+147T+ 149 3)
n = 0.0628 T+ 0.0985 (@)

and Qcr derived from skeletal derived boron signature and temperature
in Kelvin.

2.3. NMR analysis

High field ''B magic angle spinning nuclear magnetic resonance (‘!B
MAS NMR) spectroscopy was used to investigate the different species of
boron, specifically borate tetrahedral form (BO4) and boric acid trigonal
(BO3) (Klochko et al., 2006; Rollion-Bard et al., 2011), in selected coral
samples from Kahekili Beach Park. Discretely drilled coral samples
(~60 mg) were selected at eight time periods over the lifespan of each
coral for NMR analysis. The !B MAS/NMR spectra were acquired at
160.3 MHz with a 500 MHz (11.7 T) Varian Infinityplus spectrometer
and Chemagnetics-type probe assembly configured for 3.2 mm (o.d.)
rotors. A spinning rate of 8 kHz was employed for all 'B NMR experi-
ments. Excitation was provided by 1 ps pulses of a 50 kHz transverse
field, corresponding to a 5 ps non-selective 90° pulse. Each spectrum
represents 0.5-10°-1.6-10° scans, separated by a 0.15 s relaxation delay.

Range (minimum, maximum, average, and standard deviation) of boron systematics (8''B and B/Ca) from north of the South Seep Group (LobataHead05), calculated
calcifying fluid carbonate parameters (pHcg, DICcE, [CO% 1 and Qcp), maximum errors, seasonal range (average and standard deviation), and difference (average and

standard deviation) between carbonate and seawater composition (ASW) and magnitude of up-regulation expressed as “x”

times seawater. Gross calcification rates

calculated according to the bio-inorganic model (IpHRAC) of McCulloch et al. (2012a). *Average seawater composition from Prouty et al. (2017a, 2018).

LobataHead05 5 M1Bearb %o B/Cacarp, pmmol mol * PHcr [CO3 Jcr pmol kg * DIC,r pmol kg * Qcr Gross calcification rate mg cm 2 yr!
Min. 24.0 291 8.5 1276 3626 20.2 5.1
Max. 31.3 501 8.9 2178 7161 34.4 13.0
average 28.5 422 8.8 1711 4512 27.0 8.6
+SD 1.2 36 0.1 144 522 2.3 1.3
Max. error 0.2 10 7 x 1072 182 312 4.1

Seasonal range 3.1 64.4 0.2 430 1056 7.3 -
+SD 0.8 24.7 0.1 166 355 3.5 -
Seawater™ - - 8.0 193 1999 3 -
ASW n.a. n.a. 0.8 1513 2499 23.9 -
+SD n.a. n.a. 0.1 187 538 2.5 -

x SW n.a. n.a. 1x 9x 2x 9x -
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Range (minimum, maximum, average, and standard deviation) of boron systematics (5''B and B/Ca) at the South Seep Group (LobataHead06), calculated calcifying
fluid carbonate parameters (pHcr, DICcE, [CO% 1cr and Qcp), maximum errors, seasonal range (average and standard deviation), and difference (average and standard
deviation) between carbonate and seawater composition (ASW) and magnitude of up-regulation expressed as “x” times seawater. Gross calcification rates calculated
according to the bio-inorganic model (IpHRAC) of McCulloch et al. (2012a). *Average seawater composition from Prouty et al. (2017a, 2018).

LobataHead06 5 "Bearp %o B/Cacarp pmol mol ™! PHcr [CO% Icr pmol kg’1 DIC.r pmol kg’1 Qcr Gross calcification rate mg cm 2 yr’1
Min. 26.4 297 8.6 1478 3810 23.2 6.6
Max. 31.6 460 9.0 2782 6431 43.7 19.6
Average 29.3 392 8.8 1932 4752 30.5 10.6
+SD 11 31 0.1 169 473 2.7 1.6
Max. error 0.2 10 8x 1072 200 310 5.0
Seasonal A 2.9 70.8 0.2 391 942 5.9 -
+SD 0.9 23.1 0.1 135 434 2.3 -
Seawater - - 8.0 193 1999 3 -
ASW n.a. n.a. 0.8 1734 2684 27.2 -
+SD n.a. n.a. 0.1 221 504 3.1 -
x SW n.a. n.a. 1x 10x 2x 10x -
Table 2 5!'B and B/Ca time-series, respectively (Table 3). At the northern site
able

Average (£SD) values and maximum errors of the boron systematics (8'B and
B/Ca) at the control site (Olowalu Beach), and calculated calcifying fluid car-
bonate parameters (pHcg, DICcF, [CO3 1cr and Qcp), and gross calcification rate.

Olowalu beach variable Average (+£SD) Max. error
5"Bearp 23.7 + 1.8%0

B/Cacarb 349 + 20 pmol mol?

[CO% 1cr 1387 + 234 pmol kg ! 179

DIC.r 5980 + 396 pumol kg~ 280

pHcr 8.4+ 0.1 0.1

Qcr 21.8 +3.7 3.9

1

Gross calcification 6.0 + 1.8 mg cm 2 yr~

Additional spectra of some samples taken with a 1 s relaxation delay
showed no substantial differences and indicate that 75-80% of the
equilibrium magnetization is returned with the shorter relaxation time.
Differential relaxation effects could impart minor deviations of the in-
tegrated peak intensities from population ratios, up to about 2%. The ''B
MAS/NMR experiments for empty rotor assemblies yielded signal below
the detection limit (S/N < 3). Chemical shifts are reported with respect
to neat boron trifluoroetherate via an external datolite standard, the
peak position of which was set to 0.17 ppm at 11.7 T (Hansen et al.,
2004). Chemometrics analysis of the NMR data was performed to
decompose and extract relevant spectral information and calculate
percent contribution from boron species (Mason et al., 2012).

3. Results
3.1. Boron systematics and carbon isotopes

Monthly coral 5'!B and B/Ca variability was clearly observed in both
coral records from Kahekili Beach Park, (Fig. 2). Coral 5!'B at the SSG
(LobataHead06) range from 26.4 to 31.6%o with an average (+SD) value
of 29.3 + 1.1%o. and for the coral collected to the north of the SSG from
24.0 to 31.3%o with an average (+SD) value of 28.5 + 1.2%o. Coral B/Ca
values at the SSG ranged from 297 to 460 pmmol mol ! with an average
(+SD) value of 392 + 31 pmmol mol™! and from 291 to 501 pmmol
mol~! with an average (+SD) value of 422 + 36 pmmol mol ! at the
northern site (Table 1). Coral boron systematics at the control site are
distinct from the results reported above for the impacted study region of
Kahekili Beach Park. At Olowalu Beach, coral 5!'B ranged from 17.9 to
28.8%o with an average (+SD) value of 23.7 + 1.8%o (Table 2, Supple-
mental Fig. S5). Coral B/Ca values ranged from 310 to 487 pmmol mol !
with an average (+SD) of 349 + 20 pmmol mol L.

The Kahekili Beach Park coral boron data time-series are dominated
by variability in the interannual to sub annual timescale (Fig. 2, Sup-
plemental Figs. S6 and S7). At the SSG (LobataHead06), the first prin-
cipal component accounts for 65 and 67% of the total variance in the

(LobataHead05), 82% of the B/Ca variance is explained by an annual
signal, whilst the 5'!B time-series is characterized by a dominant period
of 1.8 years and accounts for 66% of the variance (Table 3).

Coral 6!3C values at Kahekili Beach Park ranged from —3.28 to
0.38%o0 with an average (+SD) isotopic composition of —1.59 + 0.65%o
at the north site, whereas at the SSG site the coral samples were '3C-
enriched, exhibiting a range from —1.95 to 1.55%. with an average
(+SD) 8'3C value of —0.23 + 0.59%o (Supplemental methods; Supple-
mental Fig. S8). For comparison, coral tissue and particulate organic
carbon 5'3C values from the reef flat were lower and varied from —5.12
to —2.77%0 and — 26.9 to —21.32%o, respectively. Coral 5'%0 values
were similar at the two Kahekili Beach Park sites ranging from —4.73 to
—3.07%o at the SSG site to —4.53 to —3.73%o at the northern site.
Spectral analysis of the isotope data captures an annual component in
the coral stable isotope time-series at the northern site (Supplemental
Fig. $6), whereas 5'3C and 520 at the SSG site yield a longer periodic
component (2.2 yrs.) (Supplemental Figure S7), which could potentially
be an artifact of a minor age error. Coral §!3C and §'%0 components are
in phase with each other yet do not exhibit a clear phase relationship
with pHcg.

3.2. Calcifying fluids

Results from Single Spectrum Analysis (SSA) of the boron-derived
carbonate chemistry time-series (see Supplemental Methods) mimic
the 5!'B and B/Ca data and display similar frequency behavior to the
PSD (Supplemental Figs. S6 and S7). At both Kahekili Beach Park sites
DICcr exhibits annual periodicity as does pHcr at the SSG site whereas
pHcr at the northern site has a dominant periodic component of 1.8 yrs.,
mirroring the 8''B record (Table 3). Variability in the chemistry of the
CF, including pHcp, DICcp, [CO% ]cr and Qcr was calculated as
described above and the range and average (+SD) values are reported in
Table 1. Average (+SD) pHcr value at both sites was 8.8 & 0.1, average
(+SD) DICcy values were 4752 + 473 pmol kg ! at the SSG and 4512 +
522 pmol kg™! at the northern site, and Qcp values were 30.5 + 2.7 at
the SSG and 27.0 + 2.3 at the northern site. In contrast to the Kahekili
Beach Park cores, average (+SD) pHcr from the control site at Olowalu
Beach was 8.4 + 0.1, 0.40 pH units lower. The average (+SD) DICcr
value was 5980 + 396 pmmol kg~ ?, higher compared to Kahekili Beach
Park, while calculated Qcr values were lower at Olowalu Beach with an
average (+SD) value of 21.8 + 3.7.

The average (+SD) seasonal range (i.e., difference between the
minimum and maximum values over a given year) at Kahekili Beach
Park for pHcr was between 0.20 + 0.06 and 0.22 + 0.05 (Table 3),
which is similar to the diurnal seawater pH range at the study site
(Prouty et al., 2018) and the seasonal pH range along the reef flat (Glenn
et al., 2013). The average (+SD) seasonal range in Qc is 5.94 + 2.26
and 7.26 £+ 3.54 at the SSG and north site, respectively, which is an
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Fig. 2. Time-series of coral boron isotope (8*!B; blue) and boron:calcium ratios (B/Ca; orange) from a) LobataHead05 north of the South Seep Group and b)

LobataHeadO06 at the South Seep Group. The first principal component reported in
this figure legend, the reader is referred to the web version of this article.)

Table 3

Dominant periods and percent variance explained by the first principal
component identified in Singular Spectrum Analysis (SSA), described further in
the Supplemental Methods.

Variable LobataHead05 LobataHead06
5" Bearb 1.8 yr (66%) 1.3 yr (65%)
B/Cacarp 1.3 yr (82%) 1.5 yr (67%)
[CO% 1cr 1.5 yr (69%) 1.8 yr (63%)
DICcr 1.3 yr (81%) 1.3 yr (68%)
PHcr 1.8 yr (71%) 1.3 yr (65%)
Qcr 1.5 yr (68%) 1.8 yr (62%)
53Cearpy 1.2 yr (83%) 2.2 yr (76%)
5'%0carb 1.3 yr (69%) 2.2 yr (71%)

Table 2 is plotted as thicker line. (For interpretation of the references to colour in

an inverse relationship between DICcr and pHcr at the Kahekili Beach
Park sites (r = —0.56; p < 0.01 SSG; r = —0.65; p < 0.01 north) (Table 3)
(Tables 4a and 4b), as shown in Fig. 3. Cross spectral analysis of the first
component of the SSA confirms the DICcr and pHcr antiphase rela-
tionship are out-of-phase (180°).

The DICcr and [CO3 ]cr concentrations at Kahekili Beach Park are
~2x seawater and 9-10x seawater values, respectively (Table 1).
Calculated Qcp values range from 23.2 to 43.7 at the SSG and 20.2 to
34.4 to the north. These values indicate Qcr conditions that are on
average 9 to 10x higher than the ambient seawater Q values. At both
Kahekili Beach Park sites the CF carbonate chemistry parameters are
higher relative to seawater, however at the SSG site the absolute pH

order of magnitude larger than the diurnal seawater range in Qg,. Sea-
sonal Qg, data are not available from this region nor from Olowalu
Beach. The seasonal range in CF carbonate chemistry parameters is
similar between the Kahekili Beach Park sites (Student t-test; p > 0.05),
with the exception of DICcr where the range at the SSG is 942 + 434
pmmol kg ! versus 1056 + 355 pmol kg~ ! at the northern site, and it is
much larger than the diurnal seawater range on the reef flat (<200 pmol
kg’l) (Prouty et al., 2018). The larger range calculated at the north site
may be disproportionally influenced by one anomalous high DICcg
measurement (7000 pmol kg 1) during the early record (1985), derived
from a lower coral ''B and B/Ca (Fig. 2). Omitting this value reduces
the average seasonal range at this site to 848 + 225 pmol kg ~1. There is

Table 4a

values are only slightly higher and the offsets (e.g., ApH) are larger.

Using the Qcr derived from skeletal derived boron data, the average
gross calcification rates were calculated as 12,100 at the SSG and 9800
pmol m~2 h™! at the north site, equivalent to 10.6 and 8.6 mg cm 2 yr !,
respectively (Table 1), whereas average gross calcification at the control
site a Olowalu Beach is almost twice as low relative to the SSG, 6800
pmol m~2h~! (6.0 mg cm™2 yr1).

3.3. Boron speciation

The !B NMR spectra are dominated by a single peak centered near
0.8 ppm with a width of 2.4-2.8 ppm FWHM (Fig. 4). This peak position
and relatively narrow width are consistent with assignment to 4-coordi-
nated B(O)4 groups (Turner et al., 1986), and are similar to previous

Pearson-product correlation coefficients (r; p < 0.01) between coral boron systematics (5''B and B/Ca) from north of South Seep Group (LobataHead05), calculated
calcifying fluid carbonate parameters (pHcr, DICcF, [CO% 1cr and Qcp), and calculated gross calcification.

LobataHead05 B/Cacarbp [CO3 Icr DIC.r pHcr Qcr Gross Calcification
5 "Bearp 0.48 0.37 -0.66 - 0.36 0.19

B/Cacarb —0.40 —0.88 0.48 —0.48 —0.20

[CO% Icr 0.20 0.37 0.65 0.34

DIC.r —0.65 0.42 0.18

pHer 0.36 0.19

Qcr 0.69
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Table 4b
Pearson-Product Correlation Coefficients (r; p < 0.01) between coral boron system
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atics (5!'B and B/Ca) at the South Seep Group (LobataHead06), calculated calcifying

fluid carbonate parameters (pHcp, DICcF, [CO% 1cr and Qcp), and calculated gross calcification.

LobataHead06 B/Cacarp [CO% 1cr DIC.r PHcr Qcr Gross Calcification
8 "Bearp 0.40 0.39 —0.56 - 0.42 0.26
B/Cacarb —0.45 -0.87 0.40 —0.52 -0.34
[CO% 1k 0.27 0.39 0.67 0.41
DICcr —0.56 0.47 0.26
PHcr 0.42 0.26
Qcr 0.77
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Fig. 3. Time-series of a) pHcr (blue), DICcr (orange; y-axis inverted) and b) Qcr (black) from LobataHeadO5 north of the South Seep Group and ¢) pHcr (blue), DICcr

(orange; axis inverted) and d) Qcr (black) from LobataHead05 at the South Seep

Group. The first principal component reported in Table 2 is plotted as thicker line.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reports for 1'B MAS/NMR spectra of synthetic and coral aragonite
(Mavromatis et al., 2015; Rollion-Bard et al., 2011; Sen et al., 1994). In
addition to the narrow peak at 0.8 ppm, the spectrum of raw material
from the upper portion (7 mm) of skeletal growth from LobataHead05
also contains peaks at 9.1 and 4.6 ppm that are absent from a spectrum
taken after treatment with a NaOCl solution (Supplemental Fig. S9).
Smaller peaks at similar positions are apparent in spectra of several
other samples. The relatively narrow widths of these additional peaks
indicate the quadrupolar coupling constants are small, consistent with 4-

coordinated boron.
4. Discussion
4.1. Up-regulation
A key finding of this study is that coral GHBcarb values at Kahekili

Beach Park are higher (28.5 to 29.3%o) relative to those at the control
site at Olowalu Beach (23.7 4+ 1.78%o) and tend to increase toward the
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Fig. 4. Centerband region of ''B MAS/NMR spectra of powdered Porites spp.
from Kahekili Beach Park of LobataHead05 north of the South Seep Group from
a) 1994 b) 2000 c) 2006 and d) 2012; and LobataHead06 at the South Seep
Group from e) 1969 f) 1989 g) 1998 and CF) 2007. Data acquired at 11.7 T and
8 kHz spinning rate, using 1 ps pulses and 0.15 s relaxation delay for 500,000-
1,600,000 acquisitions. Spinning sidebands lie outside the displayed spectral
region. The large peak at 0.8 ppm indicates the dominance of tetrahedral boron
(BO4) with percent contribution from borate shown for each sample.

main effluent regions. Additionally, those values exceed reported values
in the literature and from other locations in Hawai'i for Porites spp. Based
on previous work, typical shallow coral 8" Barp, values range between
20.41 and 26.03%o (Allison et al., 2014; Allison and Finch, 2010; D'Olivo
and McCulloch, 2017; Douville et al., 2010; McCulloch et al., 2018;
McCulloch et al., 2017; Wall et al., 2019a; Thompson et al., 2022). For
example, the average 5!'Bear, values in P. lobata from Lanikai, Oahu,
25.2 + 1.8%o, 24.14 £ 0.20%0 in P. compressa from Kane‘ohe Bay in
Oahu, Hawai'i (Andersson et al., 2020), and less than 25.5%. in
P. compressa from Kane‘ohe Bay and Waimanalo Bay, Hawai'i (Schoepf
et al., 2017). These data agree with our control site. The anomalously
high 8''Bear, values from Kahekili Beach Park suggest some systematic
differences in the physiological CF regulation or mechanisms of B
incorporation into the CF in the SSG corals derived from the wastewater
impact. Site specific 5''B values of the water in which the coral grows
can influence pHcr as these waters are the source of the boron in the
calcifying fluid (Eq. (1)). However, the 5B composition in bottom
water at the SSG during both low and high tide (40.01 + 0.05%o) and in
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ambient seawater north of the SSG (39.94 + 0.10%o) are only slightly
higher than values in the open ocean 39.61 + 0.04%o. (Foster et al.,
2010) and hence source water 5''B variability cannot explain elevated
811Bcarb at Kahekili Beach Park. Changes in DICs,, can also influence CF
composition. For example, Gagnon et al. (2021) found a systematic
decrease in 5'!'B of —1.08%. per mmol kg ! change in DICq, in cold-
water corals. They argued that this 5''B decrease is a function of
increased boric acid diffusion across coral cell membrane that thereby
provide a }'B-enriched source to the CF. While boric acid diffusion could
distort the &''B signal and mask the ability to derive CF carbonate
chemistry, this scenario contrasts with observations of directly
measured higher pHcr value in cultured Stylophora pistillata exposed to
elevated DICg,, (Comeau et al., 2017). Furthermore, since SGD at our site
is a source of additional DIC, the model proposed by Gagnon et al.
(2021) would dictate a 5''B decrease, opposite of what is observed in the
Kahekili Beach Park §!'B coral values and could only be compensated by
even higher pH upregulation.

4.2. Incorporation of borate ion

Other ways in which coral 5!'B values could be altered include the
incorporation of boric acid into the aragonite precipitate (Farmer et al.,
2019). Incorporation of boric acid into aragonite crystal, however, ap-
pears negligible (<15%; Mavromatis et al., 2015; Noireaux et al., 2015),
and previous studies indicate that the presence of boric acid does not
seem to be associated with an isotope effect (Noireaux et al., 2015).
Results from the NMR analysis confirm that boron is predominantly
present as borate with no evidence of boric acid (Hemming and Hanson,
1992). The increased chemical shifts of the minor peaks near +9.1 and
+4.6 ppm relative to those typical for borate ion and tetrahedral boron
in oxide materials suggest assignment to organoboron complexes (e.g.,
Bishop et al., 2004), which is consistent with the absence of these peaks
in spectra taken after treatment with an oxidizing solution. This obser-
vation indicates some tissue material might have been taken up during
microdrill sampling of the skeletal material given this period of growth
coincides with the organic rich tissue layer.

Although some previous studies have reported significant fractions
of boron in coral aragonite occurring as 3-coordinated B(O)s species
(Klochko et al., 2009; Rollion-Bard et al., 2011), the present results show
no evidence for such species in the samples examined here. Under the
NMR experimental conditions of this study, trigonal boron would yield
signal in the range from 16 to 8 ppm, based on the isotropic chemical
shifts (17-18 ppm) and quadrupolar coupling constants (2.3-2.5 MHz)
previously reported. Second-order quadrupolar effects significantly
broaden the MAS/NMR peak shape for trigonal boron, shifting intensity
from the isotropic chemical shift toward lower chemical shifts. Spectral
features observed near 10 ppm for the samples investigated here can be
accounted for by smaller proportions of the peaks from the organoboron
species most evident in the spectrum of the upper portion of Lobata-
HeadO06 taken prior to cleaning. Furthermore, intensity in the 16-8 ppm
chemical shift range cannot be simulated by calculated MAS/NMR peak
shapes using the NMR parameters determined previously for trigonal B
in coral aragonite (Klochko et al., 2009; Rollion-Bard et al., 2011) or
those calculated for proposed defect structures (Balan et al., 2016).
Absence of signal from trigonal boron is further supported by a model-
free chemometric decomposition of the spectral series in Fig. 4, using
the methods described by Mason et al. (2012). The results show that the
spectra can be reproduced with just two components in varying pro-
portions, one consisting of a narrow peak at +0.8 ppm and a second
containing symmetrical peaks at 9.1, 4.6, and 0.8 ppm (Supplemental
Fig. S10). The residuals consist only of random noise in the chemical
shift range 16 to 8 ppm, with no coherent signal that could be attributed
to trigonal B. Therefore, neither diffusion or incorporation of boric acid
is sufficient to explain the elevated Kahekili Beach Park 611Bcarb values
and therefore other biological and environmental drivers must be the
drivers of the pH up-regulation.
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4.3. Abiotic factors and coral physiology

Abiotic factors such as salinity and temperature can also influence
pHcr values given the sensitivity of pKg to changes in salinity and
temperature. However, adjusting pKp in the calculations for site specific
temperature and salinity in this case would result in an even higher pHcg
as explained earlier. Another way by which 8'!B¢p can be altered is
through changes in [Ca®'] sw- Experiments by Giri et al. (2019)
demonstrate that under high [Caer]sW conditions, the amount of Ca**
actively taken into the CF (Ca®*-pumping) is lower, resulting in higher
B/Ca ratios but lower pHcp values. Therefore, the reverse is plausible if
SGD limits the available calcium ions needed for the Ca-ATPase pump.
However, given the high concentration of calcium in seawater, SGD will
have a minimal impact on the available calcium ions, suggesting a
negligible impact on the Ca-ATPase pump and &!'Bcg.

Coral physiology must also be considered when exploring mecha-
nisms to explain CF pH up-regulation. Previous work has suggested that
PHcr increases to compensate for lower photosynthesis-driven supply of
metabolic DICqg (D'Olivo and McCulloch, 2017; McCulloch et al., 2017).
At a seasonal scale this explanation appears valid. At Kahekili Beach
Park pHcr and DICcr are negatively correlated, which may reflect
increased pHcr in the winter to compensate for reduced photosynthesis-
driven supply of metabolic DICcp, while less pH up-regulation is
required in the summer when photosynthesis is heightened. This anti-
phase relationship between pHcr and DICcr was also observed in corals
from the Great Barrier Reef where temperature- or light-driven changes
in the supply of metabolic DIC provided by the endosymbionts was
linked to seasonal to-annual trends in pHcr and DICcr (D'Olivo and
McCulloch, 2017; McCulloch et al., 2017).

While seasonality follows common patterns it does not explain the
overall shift toward higher Slcharb values, which may be linked to
chronic compound stressors (e.g., nutrient and sediment loading) that
further may modulate physiological performance. Chronic stressors may
distort the balance between host and symbiont and potentially disrupt
the supply of DIC by the endosymbionts. While changes in thermal
conditions is considered a trigger for negatively impacting symbiotic
algae, corals actively regulate their symbiont density in response to
other environmental conditions that can cause physiological stress,
including nutrient imbalance (Morris et al., 2019; Pogoreutz et al., 2017;
Rosset et al., 2017; Vega Thurber et al., 2014). For example, disruption
of the symbiotic partnership is largely attributed to increased nitrogen,
whereby increase nitrate assimilation encourages symbiont parasitism
(Baker et al., 2018). In turn, disruption of the symbiotic partnership can
alter the supply of metabolic DIC, thereby triggering a change in pH up-
regulation as part of the Ca-ATPase pump. Likewise, a greater reliance
on heterotrophic feeding relative to autotrophy (i.e., photosynthesis) in
eutrophic conditions could alter the supply of metabolic DIC. This
interpretation assumes the symbionts activity result in the modulation of
CF composition whereas removal of protons from the calcification site
via Ca?"-ATPase is controlled by coral enzyme production (e.g., Comeau
et al., 2017). Therefore, excess nutrient loading may potentially affect
enhanced pH up-regulation by altering the symbiotic alga photosyn-
thetic DIC supply, and/or increase the contribution of heterotrophic
feeding in response to nutrient availability as discussed below.

4.4. Compound stressors

Several factors, such as changes in seawater composition (pH, Ca,
DIC) as well as changes in coral physiology, can influence 611Bcarb and
PHcr. Other pollutants as pharmaceuticals, which have been detected on
the reef (Campbell et al., 2017), may also impact coral physiology
(Nalley et al., 2021). While it may be difficult to tease apart the specific
mechanism without conducting laboratory experiments, previous work
at Kahekili Beach Park has shown both primary and secondary effects of
nutrient rich, lower pH effluent-SGD. These impacts include increased
bioerosion rates and changes in carbonate chemistry along the reef flat,
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corroborating a previously suggested link between local wastewater
injection and degradation of the reef environment that cannot be
explained by changes in temperature or salinity. For example, during
periods of increased SGD, Prouty et al. (2018) observed a shift in car-
bonate dynamics that favored respiration and dissolution relative to
calcification and photosynthesis as captured in the increased DIC and
total alkalinity (TA) values on the reef flat. This shift to negative net
community calcification (-NCC) and negative net community produc-
tivity (-NCP) is attributed to a nutrient-driven increase in phytoplankton
biomass and ensuing decomposing organic matter (Prouty et al., 2018).
The dominance of net respiration (R) relative to photosynthesis (P)
suggests that the coral-algal association consumed more energy than it
produced during increase nutrient loading. The decrease in P:R ratio, as
a proxy for autotrophic capacity, is also consistent with an increase in
coral heterotrophic feeding relative to autotrophic feeding (Coles and
Jokiel, 1977; Hughes and Grottoli, 2013) and observations that coral
tissue thickness (i.e., stored lipid reserve) was negatively correlated to
coral tissue 5!°N values (r=—0.66; p = 0.08), with the latter serving as a
proxy for nutrient loading (Dailer et al., 2010). Thus, Prouty et al.
(2018) suggested that a reduction in coral tissue reflects preferential
heterotrophic feeding under high nutrient loading, with nutrient
enrichment by sewage effluent increasing primary production and
biomass in the water column (e.g., Pastorok and Bilyard, 1985; Smith
et al., 1981). While the Kahekili Beach Park coral §'°C data, as a tracer
for carbon acquisition (McConnaughey, 1989; McConnaughey et al.,
1997; Porter et al., 1989; Swart, 1983), are inconclusive, it is possible
that excess nutrient loading is shifting reef metabolism and triggering
up-regulation. In response, the corals are creating CF supersaturated
with respect to aragonite conditions that are 9 to 10x greater than
seawater (Qcg = 20-30), thereby employing a biological strategy to
promote mineral precipitation in response to nutrient-driven calcifica-
tion stressors. This response occurs year-round (superimposed on sea-
sonal variability) since even the seasonally low 5!'Band pHcr values are
high relative to other Porites spp. values. Such elevated saturation con-
ditions suggest higher gross calcification rates at SSG. This, however, is
in contrast to the lower net calcification as well as linear extension rate
reported from the CT analysis; net calcification and linear extension rate
at the SSG were 0.68 g cm ™2 yr ! and 0.69 cm yr~! compared to 1.02
em 2 yr~! and 0.95 cm yr! north of the SSG (Prouty et al., 2017a) and
warrants further investigation. Measured coral bioerosion rates at
Kahekili Beach Park, however, were up to 8 times greater than expected,
suggesting that eutrophication of reef seawater can magnify the effects
of OA through nutrient driven-bioerosion (Prouty et al., 2017a).
Therefore, positive gains in gross calcification due to higher Qcr may be
offset by both biological and chemical bioerosion as well as an imbal-
ance between net carbonate accretion and net carbonate dissolution
from exposure to nutrient-enriched, low pH SGD but not reflected in the
corals extension rate.

5. Conclusions

A dual geochemical approach using !B and B/Ca data suggests the
corals exposed to low pH, high nutrient waters that have an effluent
signature modify calcification rates over their ~20-year lifespan by
creating calcifying fluid supersaturated with respect to aragonite con-
ditions that are 9 -10x greater than seawater (Qcg = 20-30) and 13 to
26% higher than in corals from the control site, and from other Porites
spp. studies. While several factors can influence coral boron systematics,
including seawater composition and coral physiology, up-regulation
provides a potential coping mechanism to respond to nutrient-driven
calcification stressors, such as a shift in carbonate dynamics that favor
respiration-dissolution =~ processes  relative to  calcification-
photosynthesis. Gross calcification rates are elevated relative to the
control site; however, positive gains in gross calcification reported here
are offset by both chemical and mechanical bioerosion. This offset may
continue to expand given the vulnerability of reefs occupying densely
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inhabited shorelines to coastal acidification and eutrophication, adding
an additional stressor to thresholds tipping the balance between net
carbonate accretion and net carbonate dissolution. Results from this
study not only provide temporal and spatial information about the
footprint of the nutrient-enriched, low pH injectate plume, but also
provide insight into potential coral response to calcification stressors.
Coral boron systematics offer an important tool in evaluating coral
sensitivity to changes in coral reef conservation and management
practices that influence water quality, especially as local conditions
exacerbate global threats from rising SSTs and OA.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marchem.2022.104134.
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