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ARTICLE INFO ABSTRACT

Editor: Bao Ocean Acidification (OA) arises from the increase in atmospheric carbon dioxide concentration following the
industrial revolution. The ecological and socio-economic consequences of OA were first identified around 10-15

Keywords: years ago but remain poorly understood. This is particularly true in coastal regions where local processes can
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have dramatic consequences on pH trends through time, obscuring and compounding the long-term effects from
rising atmospheric CO,. Here we explore the possibility of generating long records of coastal ocean pH using the
skeletons of widely distributed coralline algae (CA). The skeletons of these slow growing (<1 mm/year) taxa
often contain micron-scale heterogeneities, making sampling for high-resolution climate reconstructions using
bulk sampling techniques difficult. Here we use laser ablation coupled to inductively coupled plasma mass
spectrometers to generate high-resolution 2D images of the element/calcium ratios and boron isotope compo-
sition (8''B) of a sample of Boreolithothamniom cf. soriferum from Loch Sween in Scotland, UK where we have
been monitoring temperature since 2004 and pH during 2014. By carefully correlating the geochemical images
with a scanning electron microscopy image we can segment them to remove the marginal portions of the
skeleton, isolating the central growth axis to generate an age model and growth rate. The 8''B-pH is significantly
elevated above the seawater pH in Loch Sween (8.4 to 8.9 vs. 7.9 to 8.1) consistent with other CA that show
internal pH elevation. On a seasonal scale, internal pH is negatively correlated with temperature and also ex-
hibits a long-term decline. By removing this temperature effect, internal pH can be correlated to seawater pH
during the 2014 monitoring period allowing us to reconstruct a seawater acidification trend from 2004 to 2018
of -0.018 pH units per year, 10x higher than open ocean trends but consistent with contemporaneous monitoring
efforts of UK coastal waters. Reconstructed aqueous CO5 suggests that prior to ~2008 Loch Sween was a sink of
CO» but after this date, particularly during the early summer, it was a substantial CO3 source. Comparison of
reconstructed aqueous CO2 with a record of calcification rate of our sample of Boreolithothamniom cf. soriferum
suggests this acidification and associated rise in local seawater pCO, may have freed this sample from carbon
limitation leading to a recent increase in calcification.

1. Introduction (HCO3) and carbonate (CO%’) following the dissociation of carbonic acid
(H2CO3) in seawater. Since the start of the industrial revolution in ca. CE
The ocean has absorbed around 25% of the CO; released to the at- 1850, globally averaged surface water pH (-logio [H'1) has declined by

mosphere since the industrial revolution. Ocean acidification, the un- ca. 0.1 pH units (a 25% increase in H™' ion concentration) while CO%’ has
avoidable consequence of that CO; uptake, is the result of the declined by ~20%. Depending on emission scenario, the magnitude of
simultaneous changes in the concentrations of H", CO,, bicarbonate OA could reach as much as 0.4 pH units by 2100 (Gattuso et al., 2015).
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Although organisms producing calcium carbonate shells, tests and
skeletons experience the strongest negative effects from ocean acidifi-
cation (e.g. Gattuso et al., 2015), the impacts are felt across marine
ecosystems (e.g. Ferrari et al., 2012). Likely negative effects include (but
are not limited to): increased mortality of shelled organisms (e.g. White
et al., 2014), increased chemical erosion of reef structures such as coral
reefs (e.g. Eyre et al., 2018), and shifts in species composition away from
calcifiers (e.g. Brodie et al., 2014). The projected costs of ocean acidi-
fication on the ecosystem services provided globally by coral reefs, wild
fisheries, and aquaculture is estimated to be in excess of $1 trillion
(Secretariat of the Convention on Biological Diversity, 2014).

While the magnitude of open ocean trends in pH are relatively well-
documented and understood (e.g. Bates et al., 2014), pH variability on
daily to decadal timescales in nearshore and coastal environments is
very large (i.e. >+ 0.4 pH units; e.g. Carstensen and Duarte, 2019;
Duarte et al., 2013). This is the result of local hydrodynamic (e.g. mix-
ing/stratification, local currents, freshwater inflows) and biological
processes (e.g. ecosystem primary productivity, respiration and calcifi-
cation) that can drive dramatic changes in dissolved inorganic carbon
(DIC) and total alkalinity (ALK), and thereby, pH (Carstensen and
Duarte, 2019). This confounds attempts to accurately determine the full
magnitude of past and future ocean acidification in these regions (Sutton
et al., 2019), a difficulty that is further compounded by the relatively
short interval covered by the available high quality carbonate chemistry
records in these environments (i.e. <10 years in most cases). While there
are considerable efforts to establish coastal carbonate system moni-
toring networks, natural variability is so large that the emergence of
long-term trends will require >25 years of monitoring (e.g. Sutton et al.,
2019). There is therefore an urgent need to better understand the natural
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and anthropogenic trends of pH in coastal regions, particularly given
that pH change in these regions is likely to have the largest impact on
humanity (Fitzer et al., 2014). However, continuous and reliable time
series of pH in coastal waters prior to around the early 2000s are sparse
and entirely lacking for many regions of the globe. One way to gain a
long-term view of coastal ocean pH is to reconstruct it from the boron
isotopic composition of marine calcifiers (e.g. D'Olivo et al. 2019;
Fietzke et al., 2015). Scleractinian coral skeletons are particularly useful
in this regard (D’Olivo et al., 2019) because they have an annually
banded skeleton, relatively high annual growth rates (up to 20 mm yr'!)
and high boron concentrations, allowing monthly resolved records of
past coastal pH to be constructed. Scleractinian corals, however, are
only found in the tropical ocean and therefore we must look to other
archives to get a global picture of the evolution of coastal pH.

One such archive that is receiving increasing attention is the high-Mg
calcite skeletons of coralline algae (CA). CA have a near global distri-
bution in coastal waters (van de Heijden and Kamenos, 2015) where
they are key ecosystem engineers, and also form annually banded
skeletons like corals. However, unlike corals where calcification occurs
largely within an isolated space between the coral animal and the
existing skeleton (Gilbert et al. 2022), CA calcification occurs within the
outer cell walls of the epithelial cells that cover the outer surface of the
skeleton (Nash et al., 2019). Previous work using boron isotopes
(expressed as 5!'B) has shown that the pH of the fluid from which
calcification occurs in CA is significantly higher than seawater (Fietzke
etal., 2015; Cornwall et al., 2017; Donald et al., 2017; Anagnostou et al.,
2019; Fig. 1), although for CA the exact processes responsible for this
observation remain the subject of discussion (e.g. Nash et al., 2019;
Cornwall et al., 2017; McCoy et al., 2023). Regardless, internal
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Fig. 1. Boron systematics and published boron isotope data. (a) aqueous speciation of boron in seawater as a function of pH, blue line shows the concentration (in
umol kg1) of borate ion and red line shows the concentration of boric acid. (b) boron isotopic composition (as !B in permil) for both aqueous species as a function of
pH. The dotted line is the boron isotopic composition of total boron in seawater (39.61 %o; Foster et al., 2010). Calculated with the seacarb package in R (Gattuso
et al., 2022) with a temperature = 10 °C and salinity of 35 for illustrative purposes. (c) Published 5''B data for coralline algae. Sporolithon durum (Sporo.), Amphiroa
anceps (Amphi) and some of the Neogoniolithon sp. (Neog.) data from Cornwall et al. (2017) with the remaining Neogoniolithon sp. data from Donald et al. (2017).
Clathromorphum compactum (Clathro.) data from Anagnostou et al. (2019). (d) A selection of the published 5!'B data for scleractinian corals. Porites sp. (P.sp.) are
from Krief et al. (2010), Acropora noblis (Acro) and Porities cylindrica (P.cyl) data are from Honisch et al. (2004), Porites asteroides (P.ast) data are from Eagle et al.
(2022), Desmophyllum dianthus (D. dianthus) data are from Rae et al. (2018) who supplemented the dataset of Stewart et al. (2016). Ordinary least squares best fit lines

in (c) and (d) were drawn using R.
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calcification pH in CA has been shown to vary as a function of external
pH, albeit 1 pH unit of external pH change is typically associated with
<0.5 pH units of internal pH change (Fig. 1). Mg/Ca ratios in CA skel-
etons have been used for some time to reconstruct coastal temperatures
(e.g. Halfar et al. 2000; Kamenos et al., 2012) and more recently Fietzke
et al. (2015) used an innovative laser ablation approach to measure the
8B of the skeleton of Clathromorphum nereostratum, documenting a
trend of increasing ocean acidification through the 20th century at Attu
Island, Alaska. In situ techniques like laser ablation are particularly
well-suited for analysis of CA because some species are comparatively
slow growing (< 1 mm yr'}), particularly at high latitudes where growth
rates can be as low as 100 pm yr'1 (Kamenos and Law, 2010). Further-
more, there is considerable heterogeneity at the micron-scale in many
species of CA and laser ablation and other in situ sampling techniques
such as electron microprobe analysis allow the primary high-Mg calcite
to be targeted (Halfar et al., 2000). These heterogeneities are associated
with reproductive structures known as conceptacles which are cavities
that can form annually through dissolution of existing skeletal material
(Adey, 1965) and are often infilled with secondary phases (e.g. dolo-
mite). The skeletal material around the conceptacles is also frequently
morphologically and chemically distinct (Fietzke et al., 2015).

Several studies have generated 2D geochemical maps of CA skele-
tons, elegantly overcoming many of these sampling issues (e.g. Halfar
et al. 2000; Fietzke et al., 2015). However, correlative multimodal im-
aging (CMI; Karreman et al., 2016; Walter et al., 2020; Zopf et al., 2021;
Standish et al., 2024), where images from different methods and of
different resolution are precisely combined to generate a holistic view of
a sample, is rarely carried out. Indeed, CMI is not often applied in the
Earth and Environmental Sciences, despite its use in other fields and its
potential utility in the study of material like CA skeletons. Here we apply
a range of techniques (scanning electron microscopy, laser ablation
inductively coupled plasma mass spectrometry (LA-ICPMS)) to image
the structure, element/calcium (E/Ca) and boron isotopic composition
of a sample of Boreolithothamniom cf. soriferum, hereinafter referred to as
B. soriferum, from Loch Sween in Scotland UK. By precisely correlating
the different imaging modalities we not only gain valuable insights into
the environmental sensitivity of calcification in this species of CA, but
we are also able to reconstruct ocean acidification trends in Loch Sween
over the last 20 years which compare favourably with nearby data from
the UK ocean pH monitoring network (e.g. Ostle et al., 2016; Findlay
et al., 2022).

2. Methods
2.1. Sample description, location and imaging

Live thalli (rhodoliths) of B. soriferum CS9 were collected at 5 m
depth by SCUBA from a coralline algae bed in Loch Sween, Scotland
(56°01.99'N 05°36.13'W; Fig. S1). This species was initially identified as
Lithothamnion glaciale at this site using traditional taxonomy (Irvine and
Chamberlain, 1994) and then Lithothamion soriferium using barcoding
(Pena et al. 2021). Subsequent advances in sequencing have enabled
more taxonomic resolution and this species has now been re-classified as
Boreolithothamnion soriferum (Gabrielson et al., 2023).

Loch Sween is fully marine sea-loch, with algae bed temperature
range of 6-17 °C and average pH of 8.10 (Attard et al., 2015). The
sample was transported to the School of Geographical and Earth Sci-
ences, University of Glasgow, to be dried and individual branches
mounted in Buehler EpoThin resin. These were then polished to form
transverse section and BSE images were collected on a Carl Zeiss Leo
1450VP scanning electron microscope (SEM) with W filament at the
University of Southampton before and after laser ablation. Unlike many
species of coralline algae, B. soriferum from this location rarely contains
conceptacles (Kamenos and Law, 2010). Prior to ablation the sample
was cleaned in a solution of 1% H,0, and 0.1 M NH4OH for 20 h before
being ultrasonicated for 5 min and rinsed three times in 18.2 MQ cm

Earth and Planetary Science Letters 646 (2024) 118976

(ultrapure) water to remove surficial organic material.

Instrumental pH data from Loch Sween were sourced from Mao
(2019). A YSI EXO2 sonde was deployed in the same rhodolith bed to
record pH for the period 14/08/13 to 25/07/14 (15-minute interval
sampling). During the deployment the instrument was calibrated
monthly using manufacturers specifications, with pH calibrated on the
NBS scale and converted to pH Total scale following Peltzer (1998).

2.2. Boron isotope measurements by LA-MC-ICPMS

Boron exists as two aqueous species in seawater, boric acid (B(OH)3)
and borate ion (B(OH)z). At a salinity of 35 the boron concentration in
seawater is ~433 pmol kg™! and, due to its long seawater residence time,
is well mixed (Lee et al. 2010). The relative abundance of the two
aqueous species is pH dependent (Fig. 1; Dickson, 1990). There are two
naturally occurring isotopes of boron, !°B and !B, and boron isotope
variations are described in delta notation:

llB/loBS
11l mp
5B = (W_l> 1000 €3]

where 11B/19B is the ratio of !'B to 1°B in the sample (Smp) and standard
(Std), which in this case is NIST SRM 951 (HB/IOB =4.04367; Catanzaro
et al., 1970). The structural differences between boric acid and borate
ion cause an isotopic fractionation to exist between the two aqueous
species of 27.2 %o (Klochko et al. 2006), such that as the abundance of
the species changes their isotopic composition must also vary in order to
keep the isotopic composition of total boron constant (39.61 %o; Foster
et al. 2010; Fig. 1). Although the exact mechanism of boron incorpo-
ration into CaCOs is the subject of ongoing research, it is thought that
the charged borate species dominates (Hemming and Hanson, 1992). In
calcites in particular, a secondary fractionation related to precipitation
rate may also exist (Farmer et al., 2019) although such fractionations are
not always seen in biogenic calcites (e.g. Rae et al., 2011). These issues
aside, because incorporation of the borate species is dominant the boron
isotopic composition of marine carbonates largely tracks the pH of the
fluid they precipitated in, via this equation (Zeebe and Wolf-Gladrow,
2001):

_ 8" By — 6" Beacos @
5llBM — o X (sllBCacog — 1000 x (aB - 1)

pH = pKp — log(

where SUBSW is the isotopic composition of seawater (39.61 %o, Foster
et al., 2010), pKp is the -logy¢ of the Kg, the boron dissociation constant
(a function of temperature, salinity and pressure; Dickson, 1990). Here
salinity is assumed to be 33, pressure 1 atm, and temperature is provided
by the temperature logger in Loch Sween since 2004 (Mao, 2019). op is
the isotopic fractionation factor (1.0272; Klochko et al., 2006) and
611BCac03 is the measured boron isotopic composition of the calcium
carbonate.

In scleractinian corals, the pH skeletal aragonite §''Bcacos records is
thought to be that of the calcifying fluid, that is itself a function of
seawater pH (e.g. Holcomb et al. 2014). Whereas in foraminiferal
calcite, the pH recorded by 8" Bcacos is thought to be that of seawater
(Rae et al., 2011) or their diffusive boundary layer (Henehan et al.
2016). Why these distinct behaviours exist is currently unknown but
may relate to the degree of boron enrichment in the calcifying fluid from
boric acid diffusion (Gagnon et al. 2021). For CA the existing 5B data
largely overlaps with coral 8''B (Fig. 1), leading most previous authors
to interpret the CA 51B-derived pH data in terms of internal pH (e.g.
Cornwall et al., 2017; McCoy et al. 2023), even though CA are also
characterised by elevated pH in their diffusive boundary layer due to
photosynthesis (e.g. Hurd et al., 2011).
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2.3. Mass spectrometry and geochemical imaging

Boron isotope analyses were performed on a Thermo Scientific
(Thermo Fisher Scientific, Waltham, MA, USA) Neptune Plus multi-
collector (MC)-ICP mass spectrometer coupled to an Elemental Scientific
Lasers (Bozeman, MT, USA) NWR193 excimer laser ablation system with
a TwoVol2 ablation chamber. Analytical protocols broadly followed
Chalk et al. (2021) and Standish et al. (2024). '°B and ''B were
measured on the L3 and H3 Faraday cups installed with 10 Q resistors.
Potential surface contamination was removed prior to data collection by
ablating the sample and standard surfaces with a low laser power den-
sity (~1 J em'2) and fast laser tracking speed and repetition rate (200 pm
s and 20 Hz, respectively). Operating conditions during data acquisi-
tion are detailed in Table S1. Samples and standards were ablated in
line-mode. Data were collected in static mode, with each standard
analysis consisting of 100 integration cycles of 2.194 s (ca. 2.2 mm in
length). The sample analyses consisted of 20 parallel and adjacent
ablation transects with a laser beam size of 50 pm diameter, with each
transect consisting of ca. 142 cycles of 2.194 s integration cycles. This
resulted in an ablated area ca. 1 by 3 mm. Dynamic blank corrections
were applied cycle by cycle assuming a linear relationship between the
preceding and succeeding blank measurements, and instrumental mass
bias was corrected by standard-sample bracketing with NIST SRM610
glass reference material and the isotope composition published by
Standish et al. (2019). Matrix interferences from scattered Ca ions (see
Standish et al. 2019) were corrected for based on a power-relationship
(Evans et al., 2021) between §''B inaccuracy and UB /interference of
carbonate reference materials JCp-1, Porites sp. coral and JCt-1, Tridacna
gigas clam (Inoue et al., 2004; Gutjahr et al., 2021), where the inter-
ference was measured at m/z of 10.10. Standard and sample data were
screened and cycles falling outside of 2SD (standards) or 3SD (samples)
of the mean were removed.

Internal reference material PS69/318-1, a fragment of cold-water
coral, was ablated throughout the analytical session as a guide to in-
ternal precision, external reproducibility and accuracy. Internal preci-
sion, expressed as 2 SE of the mean of the 100 integration cycles, was
<0.6 %o. The mean !B of the repeat analysis of PS69/318-1 (n = 3) was
14.3 + 0.5 %o (2 SD; Table S2), consistent with a solution measurement
of 13.83 4 0.29 %o (20; Standish et al., 2019).

E/Ca element analysis was performed on a Thermo Scientific X-Se-
ries II Quadrupole ICP mass spectrometer coupled to an Elemental Sci-
entific Lasers NWR193 excimer laser ablation system with a TwoVol2
ablation chamber. Samples and standards were ablated in line-mode and
analysed for 7Li, B, 24Mg, 43Cca, 8%sr, 1%7Ba, and 2°8U to enable
calculation of E/Ca ratios. Standard analyses consisted of ca. 680 inte-
gration cycles of 0.173 s (ca. 1.2 mm lines), whilst sample analyses —
which ablated the same area as analysed by LA-MC-ICPMS (20 adjacent
ca. 3 mm long ablation transects), consisted of ~1730 integration cycles
of 0.173 s. Operating conditions are detailed in Table S1. On-peak blank
corrections were applied based on the mean intensities of preceding and
succeeding blank measurements. Instrumental drift and mass bias were
corrected by standard-sample bracketing with NIST SRM612 and the
values from the interlaboratory comparison study of Jochum et al.
(2011). Standard and sample data were screened and cycles falling
outside of 2SD (standards) or 3SD (samples) of the mean were removed.

In-house reference material PS69/318-1 was ablated throughout the
analytical session as a guide to internal precision, external reproduc-
ibility, and accuracy. Internal precision, expressed as 2 SE of the mean of
the total number of integration cycles, was <5% for all ratios (see
Table S2). External reproducibility, expressed as 2 SD of the mean of 3
analyses, was <5% for all ratios. Mean accuracy of all ratios is to within
13% relative to measurements by solution ICP-MS for Li/Ca, B/Ca, Mg/
Ca, Sr/Ca, Ba/Ca, and Li/Mg, and within 26% for U/Ca.

The construction of isotopic and elemental maps from these trace
element and boron isotope data was performed in R (R, 2010) using an
adapted script from Chalk et al. (2021) and the Raster package (Hijmans,
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2022). Each laser line for Li/Ca, B/Ca, Mg/Ca, Sr/Ca, U/Ca and 5!'B was
subjected to a 3SD to remove any outliers before a moving average was
used to smooth the data. The width of the moving average window was 5
points for both TE/Ca and 3 points 8''B to reflect their differing inte-
gration times. The sets of 20 smoothed laser lines were mapped onto an
equal spaced grid using their X and Y spatial coordinates from Elemental
Scientific Lasers NWR193 excimer laser ablation system using the Raster
package (Hijmans, 2022). The pixel size of the images produced was
approximately 2.1 x 50 pm per pixel for the TE/Ca and 25 x 50 um for
the 5!!B. The actual resolving power of the images in the direction of
travel is less than the pixel size (2.1 um and 25 um for the TE/Ca and
51B images, respectively) due to: i) the 5 and 3 point smoothing we
applied; ii) mixing at the scale of the spot (as discussed in, for e.g., Fox
et al., 2017); iii) signal mixing during aerosol transportation (as dis-
cussed in, for e.g., Aonishi et al. 2018).

2.4. Correlative imaging

Datasets were imported into Dragonfly 2022.1 (Object Research
Systems, Montreal) as individual tiff images. Both a pre- and post-
ablation SEM image of CS9 were imported, with the two images
aligned using Dragonfly’s automated image registration tool, specif-
ically the implementation of a rigid Maximisation Of Mutual Informa-
tion (MMI) algorithm (Fig. 2a—c).

Once aligned, the pre-ablation SEM image was further manually
segmented into subsets (similar to Standish et al., 2024), to separate
pixels most clearly associated with the central and marginal parts of the
skeleton using Dragonfly’s ROI painter tool (Fig. 2d). Each pixel
assigned to the central parts of the skeleton (displaying clear light-dark
banding) was allocated a pixel intensity of 1, each pixel attributed to the
marginal skeleton (near the skeletal margins where banding was largely
absent) a pixel intensity of 2, background pixels an intensity of 3, and
the outermost skeleton, which represents the epithallus and therefore
likely contained remnant tissue, was assigned an intensity of 4.

This alignment of pre- and post-ablation SEM images allowed the
ablation scar left following TE/Ca and 8''B mapping to guide the
alignment of the TE/Ca and 5!'B maps to the SEM. For this second
alignment, the ablation scar from the post-ablation SEM image was
segmented using Dragonfly’s ROI painter, and the TE/Ca and 5!'B maps
were imported as an image stack. Again, MMI was used to align the map
dataset to this ablation area (Fig. 2e), with the TE/Ca and 5!1B datasets
then resampled to match the dimensions of the SEM, preventing down-
sampling of the SEM resolution (Fig. 2f).

The creation of a pixel classifier image allowed the sub-setting of the
skeleton of CS9, including the associated TE/Ca and 8''B maps and pre-
ablation SEM greyscale values indicative of skeletal density (Fig. 2g).

2.5. Depth, time series, extension rate and rate of calcification

Once aligned and segmented, the data (including the greyscale
values of the SEM image and pixel classifying image) most closely cor-
responding to the central growth axis were selected (Fig. 2h). This was
done by further subsetting the aligned dataset to only include the
rightmost 26 columns of pixels. As discussed above, all the images were
resampled to the resolution of the SEM image to retain the visible
density banding, and so for the TE/Ca and 8!'B maps this equates to the
rightmost 4 ablation lines. These were then averaged and a standard
error calculated with n = 4 to reflect the original resolution of the
dataset (except for the SEM where n = 26). These average values were
then plotted vs. depth and a preliminary age model was constructed
using the time of collection (March 2018) and the light/dark banding
evident on the aligned SEM image and depth series where each light/
dark pair represents 1 year of growth with the SEM-dark bands (i.e. the
low density) growing during the warmer months of the year (Kamenos
and Law 2010). This preliminary age model was then refined further by
tuning the Mg/Ca variation to Loch Sween logger temperature (see
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Fig. 2. Correlative imaging of B. soriferum sample CS9. (a) pre-ablation SEM image of CS9. (b) post ablation SEM image of CS9. (c) Overlay of pre- and post-ablation
SEM image of CS9. (d) Manual sub-setting of the ablated area into central and marginal portions and the outermost surface layer. (e, f and g) the steps associated with
the alignment of the different imaging modalities and, once aligned, the transference of the manually sub-setted area to the aligned geochemical maps. (h) The area
isolated as the central growth axis for constructing the depth and time series shown in Figs. 4 and 5 is illustrated as a white box. This box is 26 pixels wide. (i) Li/Ca
map (umol/mol), (j) B/Ca map (umol/mol), (k) Mg/Ca map (mmol/mol), (1) Sr/Ca map (mmol/mol), (m) Ba/Ca map (umol/mol), (n) U/Ca map (umol/mol), (o) Li/
Mg map (mmol/mol), (p) 5B map (%o). Scale bars in each image are 750 pm.
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Section 2.1), assuming the positive relationship between these variables
seen in other studies of this species (Kamenos et al., 2008). Peak, trough
and midpoint (where growth rates allowed it) of each time series were
used as tie points using the astrochron package in R (Meyers, 2014).
From the resultant depth-time relationship, the amount of skeleton
grown at each time step was determined, allowing an extension rate (in
pm/year) to be calculated for the line of section. Calcification rate (in
g/cm?/yr) is the product of density (g/cm>) and the rate of extension
(cm/yr; e.g. see Lough et al., 2016). Here we do not have an absolute
measure of skeletal density, but because the skeleton is grey and the
pores are black (or near black) when imaged using SEM, when averaged
over multiple pixels SEM greyscale reflects the macro-porosity of the
skeleton (e.g. Chalk et al. 2021) and thus is a measure of skeletal
macro-density. Greyscale variations in the SEM image may also reflect
material density, but we do not consider that here. We are therefore able
to calculate a relative calcification rate by multiplying normalised SEM
greyscale by the normalised linear extension rate determined by our age
model. Although care was taken to section the sample perpendicular to
its main growth axis, it is possible that the direction of maximum
extension is not captured by our plane of section. However, Yudelman
and Slowey (2022) suggest this phenomenon is unlikely to unduly bias
the estimates of extension calculated in this way. Seasonal cycles were
extracted from the timeseries generated by first removing the long-term
trend defined by a Lowess smoother in R.

Monthly averages of the published ocean pH and aqueous pCOy
timeseries from the Stonehaven and L4 observatories (Fig. S1; Ostle
et al,, 2016) and Loch Sween logger data were made using the Zoo
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Package in R (Zeileis and Grothendieck, 2005).
3. Results and discussion
3.1. 2D geochemical images and observed geochemical variation

The aligned geochemical images are shown in Fig. 2 and Video 1, and
the unaligned and aligned data can be found in Tables S3 and S4,
respectively. There is a clear visual correlation between the dominant
geochemical variability and skeletal variation visible on the SEM image,
with well-defined annual banding in the majority of geochemical vari-
ables coincident with the SEM-light/SEM-dark growth banding (Fig. 2).
It is also evident in the SEM image that the annual banding is most
clearly expressed in the central part of the skeleton but towards the
margins that banding is obscured, and the skeleton is more dense
(lighter SEM; Fig. 2). From a simple visual comparison between the
geochemical variation and these differences in banding it appears that
the composition of the denser, un-banded margins of the skeleton is
different to the majority of the banded skeleton. It is also evident that in
several places the high-density (SEM light) skeleton on the margins
continues into the main growth axis, at which point the light-dark
annual growth banding appears disrupted (Fig. 2). Similar departures
in chemical composition (most notably in Ba/Ca) can also be seen in the
outermost layer, the epithallus, that is inhabited by living tissue
(Fig. 2m). To explore the chemical and isotopic composition of these
features in more detail we segmented the SEM image and translated this
segmentation to all the aligned geochemical images (Fig. 2). Given that
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all the images were on the same X-Y grid we are then able to extract the
pixel values of the various segmented regions and cross plot them to
fully explore the geochemical and skeletal co-variation (Fig. 3). This
confirmed what is evident in the 2D images (Fig. 2), that there is
considerable the geochemical co-variability in the central part of the
skeleton, with Mg/Ca, Sr/Ca, 611B, and Li/Ca in particular showing
strong correlations. Weaker, but significant, correlations are also seen
with B/Ca and U/Ca and SEM greyscale (a proxy for skeletal density).
The marginal parts of the skeleton (shown in blue in Fig. 3) tend to
cluster at one end of any arrays defined by the more central portion. The
denser parts of the skeleton of B. soriferum from Scotland form during the
winter when the rates of extension are low (Kamenos and Law, 2010).
Given the continuation of chemical composition between what is found
in winter in the central portion and the composition of the denser
skeletal margin, we propose that there has been additional precipitation
of CaCO3 on the margins, and within certain parts of the central growth
axis of the skeleton. Given the geochemical similarity to winter grown
CaCOg, it is possible this occurs during several winter intervals. How-
ever, this will need further study to confirm it is the case. Regardless,
although the causes of this remain unclear at this stage, for the rest of the
data analysis here we will not consider these, or the outermost, portions
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of the skeleton and focus on the well-banded CaCO3 within the central
parts of the skeleton (Fig. 2d).

3.2. Time series of pH.s and seasonal cycles of calcification rate and
skeletal density

The data from the central growth axis (Fig. 2h) were averaged and
plotted as a depth series in Fig. 4. The data itself can be found in
Table S5. Using Mg/Ca, a consideration of the SEM-light/SEM-dark
growth banding and the temperature logger data from Loch Sween,
we placed these data into an age framework (Fig. 5& Table S6). Calci-
fying fluid pH (pHs) shows clear seasonal cycles with low pH in the
warm summer months and high pH in the winter (Fig. 5), superimposed
upon a gradual long-term decline of 0.021 pH units per year. Note, this
same sense of seasonal variation is evident in the 5''B data (Fig. 4), so
this seasonal cyclicity is not simply imparted by the temperature data
used to calculate pH from !B (equation [2]). There is a close corre-
spondence between pHc and skeletal density from SEM greyscale (R% =
0.46; p<<0.05) on both the seasonal scale and the long-term (Fig. 5),
forming a well-defined correlation when cross plotted (Fig. 6). Extension
rates range from ~100 to ~300 pm/yr and are inversely correlated to
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pHcf and skeletal density, both on the long-term and short-term, being
higher by about a factor of 2-3 during warm vs. cold seasons. Calcifi-
cation rate closely corresponds to extension rate showing similar sea-
sonal variations (Fig. 5) and is inversely related to pHs (Fig. 6).

In tropical corals, calcifying fluid pH is also seen to be inversely
correlated with temperature, with a slope that is similar to our
B. soriferum data when either considering the dataset as a whole, or just
the well-banded portions of the central growth axis (Fig. 6). To explore
the effect of seawater pH on pHg¢, we follow D’Olivo et al. (2019) and
attempt to normalise the pHs to a single temperature to remove this
temperature dependency. This can be achieved by using the slope of the
temperature to calcifying fluid pH relationship (Fig. 6) defined by the
well-banded data from the central growth axis (—0.032 pH units per °C)
and multiply this by the AT, the difference between the temperature at
time t and the mean temperature for the time series. Given we have
seawater pH logger data for 2014 from Loch Sween, we can then isolate
this portion of the CS9 time series and regress pHg,, against temperature
normalised pH (Fig. 7 and Table S7). This indicates that pH¢f = pHgy *
0.73 &+ 0.12, a change in internal pH for a given change in pHg, that is
higher than other CA species and that seen in some, but not all, coral
species (0.3 to 0.8; e.g. see compilation of Eagle et al. 2022). Taken
together it therefore appears that the boron isotope systematics, and
hence the behaviour of pHs, of B. soriferum is very similar to that seen
for tropical corals (Figs. 1and 7). Whether this is due to the existence of
the similar biomineralisation mechanisms is currently unknown,
although this has previously been speculated to be the case (e.g. Corn-
wall et al. 2017).

To the best of our knowledge, the boron isotope composition of
inorganically produced high-Mg calcite has yet to be determined. Ex-
periments that have been carried out with calcite show that, in contrast
to abiogenic aragonite, there are significant offsets between the
5" Bcacos and 8!B of borate. Using surface kinetic modelling, Farmer
et al. (2019) propose this arises either from a precipitation rate depen-
dent incorporation of boric acid or kinetic isotope fractionation of the
borate ion during incorporation. While those authors favour the former
process, it remains debatable as to how much of this inorganic effect is
expressed by biogenic calcites such as foraminifera (e.g. Rae et al.,
2011). A prediction of the model proposed by Farmer et al. (2019) is that
as the precipitation rate decreases the degree of positive fractionation of
calcite from borate increases and the concentration of boron is reduced.
Therefore, if such rate dependent fractionation was controlling the
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boron systematics here, higher 5'!B should be associated with lower
B/Ca and this should occur when calcification rates were lowest. While
lower calcification rates are associated with higher 8''B in our
B. soriferum, B/Ca is positively correlated with 3'!B rather than nega-
tively correlated (Fig. 3). Also, the range in precipitation rate in the
model of Farmer et al. (2019) required to drive the ~8 per mil variation
in 5'!B exhibited here by B. soriferum is >3 orders of magnitude which is
much larger than the 2-3x variations we observe (Fig. 5).

If these isotope rate effects are not of sufficient magnitude to drive
the variations in B. soriferum 5!'B and hence pHf, drawing on the
available literature for corals, we are left with two principal explana-
tions: either the cycles in pHe¢ result from environmentally driven var-
iations in CA physiology (e.g. Cornwall et al., 2017) or they arise from
the combined effect of seawater chemistry and temperature on the rate
of calcification and calcifying fluid buffering capacity (Guo, 2019).
Given that the patterns are similar between the scleractinian corals and
our B. soriferum as well as other CA, we favour the latter hypothesis. If
this is the case, then the seasonal cycles in pH¢s we observe are caused
by: (i) the buffering capacity of seawater being reduced at lower
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temperature which is an abiogenic effect that causes pH (but notably not
CO%’) to be lower at higher temperature for a given DIC and ALK, and (ii)
the production of 1 mole of CaCO3 removes 1 mole of DIC and 2 mol of
ALK, causing the pH¢ (and C0%) to decline. The rate of inorganic calcite
precipitation is a strong function of temperature (Burton and Walter,
1987) so higher temperatures result in more calcite precipitation in the
calcifying space at any given time. The close correspondence between
PHyy, calcification rate and temperature on seasonal time-scales provides
strong support for the importance of this process (Fig. 8). Skeletal
density reflects the combined effect of the rate of calcification and the
rate of extension, and as Fig. 8 shows, skeletal density is lowest when
temperature is warmest, this is because although calcification rate is
higher when temperatures are higher (Fig. 8), the rate of extension is
great enough to result in the enhanced CaCOs precipitation to be
distributed over a great area per unit time, causing a less dense skeleton
(Fig. 8). A similar inverse relationship between skeletal density and
temperature, and a positive relationship between rate of extension and
temperature has been noted before in this species (then Lithothamnion
glaciale) by Kamenos and Law (2010).

3.3. Ocean acidification and pCO2 change at Loch Sween

From 1982 through to 2021, recent compilations suggest the pH of
the global surface ocean has declined at a rate of —0.0166 + 0.001 per
decade (Ma et al., 2023), with open ocean rates around the UK slightly
lower than the global mean (ca. —0.015 per decade). The shelf seas
around the UK, like in many areas of shallow water close to the conti-
nents, display considerably more spatial and temporal variability than
the open North Atlantic (Findlay et al. 2022; Carstensen and Duarte,
2019). Observations are however sparse, with long-term monitoring
restricted to two locations: Marine Science Scotland’s Stonehaven sta-
tion located 5 km off the east coast of Scotland, and Plymouth Marine
Laboratory’s Western Channel Observatory station L4, 7 km off the
southwest coast of southern England (Fig. S1), that have been measuring
pH weekly since 2008 (although only data from 2008 to 2015 are
currently publicly available). Despite the considerable inter-annual
variability, both stations show similar seasonal dynamics in carbonate
system: generally lower pH in the winter, and higher pH in the summer
thought to be driven by a combination of temperature and biological
activity (e.g. seasonal variations in the balance between net ecosystem
calcification and net ecosystem primary productivity; Findlay et al.
2022). Although we only have a little under a year of pH data from Loch
Sween, a similar pattern is seen albeit with peak pH occuring during the
spring with a broad pH minimum extending from late summer to early
winter (Fig. S2).

Using the pHgy, to temperature corrected pH¢s relationship we
established above (Fig. 7), we can estimate pHg,, from our pH record
for the interval 2004 to 2017 (Fig. 9 and Table S8). Note we have
removed the dense skeletal deposits that extend from the skeleton
margins from this analysis to better isolate a primary pHg, signal. As
expected, the agreement for the year where we have logger pH is very
good. Outside of the calibration interval overlap with the Stonehaven
and L4 data is also very good (Fig. 9). In terms of long-term trend, for
Loch Sween we record a rate of —0.025/year for the entire record, and
—0.018/year for the 2008-2014 interval that temporally overlaps with
the Stonehaven data. These trends are compared to L4 and Stonehaven
in Table S9, and although L4 appears to be acidifying slower than the
Loch Sween, there is good agreement between our 5''B-derived rates of
ocean acidification and the observations from Stonehaven (—0.019/
year). Notably, as others have found (e.g. Carstensen and Duarte, 2019)
these coastal locations are acidifying an order of magnitude faster than
the nearby open ocean. While the cause for this is currently unclear, it
may involve long-term trends in riverine nutrient supply to the coastal
locations as has been proposed elsewhere in Europe (Cartensen and
Duarte, 2019) and is evident in the UK (Worrall et al., 2016).

To calculate the effect of this ocean acidification on seawater pCO;
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(pCO4sw) at Loch Sween we need an estimate of ALK, which was
measured as 2243-2261pmol kg during a study that took place be-
tween 14/05/2019-16,/05/2019 (MacDonald et al., in review). As dis-
cussed in Hain et al. (2018), uncertainty in ALK does not contribute
substantially to an estimate of pCO2 when pH is known, nonetheless we
used a uniform uncertainty of + 50 pmol kg here to encompass the
likely range. Fig. 9 shows our reconstruction of Loch Sween pCOagy since
2004 and we see a substantial increase through the record with a trend
of +22.7 patm per year, similar to the trend at Stonehaven (+19.3 patm
per year) but higher than that at L4 (+6.4 patm per year; Table S3;
Table S8). As with the rates of pH change, these rates of pCOyg, increase
are around 10x faster than those of the atmosphere (~2.6 patm per year;
Fig. 9). It is notable that prior to ~2008 our reconstruction suggests Loch
Sween was a sink of COy (i.e. pCOssy was lower than atmospheric
levels), but post ~2008, particularly during the early summer it was a
substantial source, with pCOys, reaching 600 patm, nearly 200 patm
above atmospheric levels (Fig. 9). As with pHgy, the seasonal pCOagy
variations we reconstruct (Figs. 8and 9) are likely the result of seasonal
changes in ecosystem level biological activity and water temperature.

3.4. Insights into the long-term environmental sensitivity of B. soriferum
calcification and growth

As discussed in Section 3.2, the good correlations that we observe
between pH.s and SEM-based density and calcification rate suggest the
carbonate system within the calcifying fluid of B. soriferum plays a key
role in skeleton construction (Fig. 6). We discussed in Section 3.1 that

10

the seasonal temperature cycle was a likely driver of seasonal variability
in the pHgf, density, extension rate and calcification rate; pHgy, (and
pCOqsyw) display a seasonal cycle that is quite different to the calcifica-
tion related properties (Fig. 8). Since there is no significant long-term
trend in temperature over the interval from 2004 to 2015 (m = 0.06 +
0.06, p = 0.34), the driver of the long-term trends in calcification,
density and pHc is likely the long-term pHg,, decline (Figs. 9and 5).

Ragazzola et al. (2012) examined the cell structure of L. glaciale and
showed that cell wall thickness decreased as pCOqsy increased from 422
to 1018 patm (a pH change from 8.03 to 7.72). A decrease in skeletal
density with ocean acidification has also been seen in a number of other
species of CA (e.g. Clathromorphum nereostratum and Clathromorphum
compactum; Williams et al., 2021). Skeletal density determined here in
CS9 is linearly correlated with seawater pH and seawater pCO,, with a
particularly strong relationship evident in the long-term signal isolated
using a Lowess fit (Fig. 10). Finite element modelling from Ragazzola
et al. (2012) showed that such an increase in porosity severely weakens
the skeleton, suggesting continued ocean acidification at Loch Sween
will lead to increasingly porous skeleton for this species with potentially
serious impacts on its fitness.

Kamenos et al. (2013) also cultured B. soriferum (then L. glaciale) at
two pH’s (8.2 and 7.7) and found that net calcification was higher at the
low pH treatment by around a factor of 3. Such a positive relationship
between pH and calcification in CA is unusual in the meta-analysis of
Cornwall et al. (2022), but 10-15% of CA species display a parabolic
response where although calcification initially increases with decreasing
pH, at high pH stress calcification rates decline. Our correlations
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between calcification rate and seawater pH or pCO.g,, are significant but
their R? are very low (0.08; Fig. 10). By isolating the long-term trend
from the seasonal cycle using a Lowess fit, it is evident that, as seen by
Kamenos et al. (2013), the increasing pCOasy and decreasing pHg,, are
well correlated with a decrease in density and increase in extension rate
and calcification rate (bold lines in Fig. 10).

Carbon is essential for photosynthesis in macro algae, but in aqueous
environments it is often limited, leading to many marine algae using a
variety of carbon concentrating mechanisms to actively concentrate CO,
at the active site of RuBisCO. Using carbon isotopes, Bergstrom et al.
(2020) showed a range in the extent to which CA rely on diffusive CO»
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Fig. 9. Time series of carbonate system reconstructions for Loch Sween from the 8''B data generated on CS9 (data can be found in Table S8). Only the data generated
from the well-banded parts of the central growth axis are shown, data from the dense bands that extend from the skeletal margins are removed (grey bands). (a)
reconstructed seawater pH (pHsy) for Loch Sween in red with 95% confidence band. In blue are monthly averaged pH logger data for Loch Sween; (b) Monthly
averaged pHy,, from observation timeseries from UK coastal waters (from Ostle et al., 2016), see Fig. S1 for locations of these stations, a key is in panel (d). 95%
confidence band for the 5''B-based PHsy reconstruction is shown as a red band. (c) reconstructed seawater pCO5 (pCOxsy) for Loch Sween constructed using 5!'B
measured on CS9 and an assumption of total alkalinity (see text for details). A 95% confidence error band is shown. The dotted line is contemporaneous atmospheric
pCO, measured at Mauna Loa (https://gml.noaa.gov/ccgg/trends/ and https://scrippsco2.ucsd.edu/). (d) reconstructed pCOog, from Loch Sween shown as 95%
confidence band along with monthly averaged logger based pCOas,, from Ostle et al. (2016). See Fig. S1 for station locations. The dotted line is contemporaneous
atmospheric pCO, measured at Mauna Loa (https://gml.noaa.gov/ccgg/trends/ and https://scrippsco2.ucsd.edu/).
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transfer vs. active pumping. Although B. sorifierum was not examined in
that study, the congeneric Lithothamnion proliferum had a relatively high
reliance on CO, diffusion (60-70% of its C; Bergstrom et al. 2020) to
meet its carbon needs. Mao et al. (2024) recently confirmed the
importance of diffusive COq supply for B. soriferum calcification using a
radioisotope approach, where calcification was severely retarded by an
inhibitor of carbonic anhydrase — an enzyme crucial for the hydrolysis of
CO,. Given that Loch Sween switched from being a sink of CO; to being a
seasonal source of CO5 around 2008 (Fig. 9) it is thus possible that the
increase in linear extension and calcification and the decrease in skeletal
density we observe that begins around this time, is the result of the
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Reconstructed seawater pH vs. relative calcification rate (in arbitrary units). (d) Reconstructed seawater pCO» (in patm) vs. SEM grey scale, which reflects skeletal
macro density/porosity (high values = higher density). (e) Reconstructed seawater pCO, vs. the rate of linear extension (in um/yr). (f) Reconstructed seawater pCOy
(in patm) vs. relative calcification rate (in arbitrary units). 95% confidence error bars are shown for all data. The black lines are ordinary least squares best fit lines
through all the data and relevant regression statistics are shown in each panel. The thick grey lines show a cross plotting of Lowess smoothed lines through each
timeseries and pick out the long-term relationships between the variables free from the seasonal cycle (shown in Fig. 8).

ocean acidification freeing up B. soriferum from carbon limitation.
However, given the nature of the CA calcification when subjected to
extreme ocean acidification, it is likely that this benefit will be short
lived. Indeed, as Ragazzola et al. (2012) have shown, any decrease in
skeletal density is already likely to have decreased the strength of the
B. soriferum skeleton, and hence anthropogenic climate change has
already negatively impacted the fitness of this important ecosystem
engineer in Loch Sween.

4. Conclusions

In this study we add to the growing body of work demonstrating that
the skeletons of coralline algae can act as high-resolution archives of
past climate. Here we present a novel methodology based on elemental
and isotopic micro-analysis and correlative multimodal imaging that is
well suited to exploit the varying chemical and isotopic composition of a
CA skeleton to provide seasonal-scale reconstructions of seawater pH.
We show there are strong correlations between geochemical tracers and
that image segmentation is a useful approach to isolate the central
growth axis and avoid areas that have experienced additional stages of
calcification. By generating an age model, based on the measured Mg/Ca
and nearby temperature logger data, we are able to show that there are
marked seasonal variations in pH. which are strongly negatively
correlated with water temperature, in an analogous fashion to pH in
corals (e.g. Ross et al., 2018). Although the exact cause of this behaviour
in CA requires a better understanding of the relevant calcification me-
chanics, by removing this temperature dependency (as in D’Olivo et al.,
2019) and making a pHs-pHgyw calibration using a year of logger data,
we reconstruct the temporal evolution of pHg, for Loch Sween at a
seasonal scale. The rate of ocean acidification revealed since 2004
(—0.025/year) is over 10x higher than the rates in the open North
Atlantic (Ma et al., 2023), but is very similar to that recorded by the
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Stonehaven Monitoring station off the east coast of Scotland (Findlay
et al., 2022). As the water in Loch Sween has become more acidic, the
skeleton of B. soriferm CS9 became less dense, but the rate of extension
and rate of calcification increased. Our reconstructions indicate pCOxgy
was low in Loch Sween in the early part of our record (~200 patm), but
increased from 2004 by on average ~22 patm per year to reach around
400 patm in 2017 with warm season peaks up to 600 patm. The point
when Loch Sween switched from being a perennial sink of CO5 to a
seasonal source of COy was around 2008, therefore we propose that as
the water of the loch rapidly acidified it gradually freed B. soriferum from
carbon limitation promoting its growth. However, given the available
laboratory and field studies, these benefits may be short lived (Cornwall
et al., 2022).
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